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Abstract—Recent developments in millimeter-scale fabrication aeromechanical platform to achieve a lift to weight ratio
processes have led to rapid progress towards creating airborne greater than unity.
apping wing robots based on Dipteran (two-winged) insects.  powever, the bene ts of underactuation and passive com-

Previous work to regulate reaction forces and torques generate liance can extend bevond simole reduction of mechanical
by two apping wings has largely focused on wing trajectory pi X y Imp uctl :

control. An alternative approach introduces additional degrees complexity, in particulr.;lr for devices in V\{hiCh the distr’(hD.n. '
of freedom to the wing apping mechanism to passively regulate of forces and torques is of fundamental importance. A ubiqui
these forces and torques. The resulting ‘mechanically intelligent' tous example is the automobile differential, an underdetha
devices can execute wing trajectory corrections to realize desite yachanism commonly used to distribute engine power to two
body forces and torques without the intervention of an active . T .
controller wheels. The differential incorporates an additional degvé

This paper describes an insect-scale apping wing aerome- freedomoe to balgnce the torque delivered to each wheel
chanical structure consisting of a piezoelectric bimorph power (see Fig. 1). The differential fundamentally operates oeelh
actuator, an underactuated transmission mechanism, and pas- torques instead of rotations; aided by passive mechanisms,
sively rotating wings. The transmission is designed to passively the \wheels can rotate along complex relative trajectories,

modulate wing stroke velocity to eliminate the net roll torque maintaining traction on the around without closed loop\acti
imparted to the airframe. g9 g p

The system is modeled as having four degrees of freedomcontrol.
driven open-loop by a single power actuator. The theoretical
model predicts lift-generating wing trajectories as well as a
passive reduction in roll torque experienced by the airframe.
An at-scale structure constructed using Smart Composite Mi-
crostructure (SCM) fabrication techniques provides experimenal
support for the theoretical model.

I. INTRODUCTION

Advances in millimeter scale fabrication processes have
enabled rapid progress towards the development of apping

the order of 100mg [1]. However, ight stability and control
mechanisms for these mass and power limited systems rem% -
active areas of research.

Investigation into the aerodynamics of biological insect
ight has produced approximate aerodynamic models allgwirfig. 1: A car differential balances output torques using an
computationally inexpensive prediction of aerodynamicés underactuated mechanism. Degree of freedgmreceives
and torques from wing trajectories [2], [3]. Accordinglyengine torque whilep is unactuated.
research into transmission and control mechanisms of ragppi
wing robotic insects has focused on control of wing trajgcto  Previous work has introduced the concept of Passive
For example, the Berkeley Micromechanical Flying Insedteromechanical Regulation of Imbalanced Torques (PARITY)
(MFI) is a FWMAV platform with the ability to execute in the context of insect-scale FWMAV design [5]. Embodying
a range of predetermined wing trajectories using a fulthe PARITy concept, the "Drag PARITY' is an underactuated
actuated wing drive mechanism, neglecting elastic defooma two degree of freedom FWMAV transmission that, analogous
of the transmission and wings [4]. In one notable exceptiotg an automobile differential, passively distributes pofvem
the Harvard Microrobotic Fly (HMF) has proven capabl@ single actuator to balance torques delivered to two wings.
of realizing qualitatively biomimetic wing trajectoriesing Previous work has demonstrated its effectiveness within a
passive compliance to allow variation of wing angles of@itta planar two degree of freedom system with x&® wing
[1]. The associated reduction in complexity has allowed thangles of attacks. Though the transmission was shown to




passively balance drag induced roll torques, a 88 angle
of attack prevents the wings from generating lift.

This paper describes a lift-generating FWMAV design in-
tegrating passively rotating wings with the Drag PARITy
transmission. Variation of wing angle of attack is achieved
by incorporating a compliant “wing hinge' (Fig. 3c) into the
wing, similar to the approach taken by [1]. The complete
design described in this paper has four degrees of freedom, a
signi cant increase in dynamic complexity over the two dsgr
of freedom system previously demonstrated in [5]. A single
power actuator applies an oscillatory force, exciting otin
all four degrees of freedom through a variety of aerodynamic
and inertial effects. : . . Fig. 2: De nition of roll, pitch, and yaw in the body frame.

The underactuated apping wing system is shown to execute
stable, qualitatively biomimetic, lift-generating wingajecto-
ries, indicating that the Drag PARITy is a viable transmis-

sion design for insect-scale FWMAVs. A theoretical mOdf'i‘|(1e<ally, the wings should execute whatever trajectories ar

of the system is developed to investigate torque balanc'ﬂgcessary to realize these desired forces and tofgquées.

ﬁgzrirﬁcatﬁ;lsst;irhnetsr :E:m;l;stltgr% gecrsgltwr;)tlregtg:i)lgs)s}\r/l:“g; I;nmdnvetram th_at passively regulatgs these forqes and &;rqu
) : . W a short timescale may simplify a longer timescale ight
of roll torques imparted from each wing, compensating for fa controller

rication variation. In “1-Cut' and "2-Cut' trials, the sgsh is '

simulated with successive removal of planform area from oneThis alternative short term behaviour is conjectured to pro
wing (to provide an asymmetric disturbance) and is shown @ice systems that reject short timescale disturbancesgigss
continue successfully balancing roll torques, compengédtr  alleviating requirements on active control systems. Itl&a
large inertial and aerodynamic wing asymmetries. By pa$giv €xpected to compensate for some fabrication asymmetries,
diverting more power to an underperforming wing, the desigeassively realizing the necessary adjustments to wingdsaj

is also shown to indirectly compensate for imbalanced lifery. This feature is extremely attractive, since fabimat
generation. Finally, an at-scale test device is constduatel Variation is a major concern for devices manufactured at the

observed to execute wing trajectories supporting thezaketi millimeter scale.

predictions. Prior to describing the experiment, howetg®,  ynder the PARITy methodology, long timescale control is
PARITy methodology for FWMAV control which motivates achieved not by altering the wing trajectories directlyt bu
this investigation will rst be outlined. by modulating the dynamics of the short timescale passive
system. In the context of PARITy based FWMAV designs,
) . control inputs would perturb the setpoint of short timescal
Though it would allow for a highly capable FWMAV, gystem dynamics. For example, the “Drag PARITY' drivetrain
fully-actuated high-bandwidth control of wing trajecsihas 4najyzed in this paper passively balances body roll torques
not been achieved on a 100mg platform. Millimeter-scalg,narted by each wing. However, actuation of an active cbntr
fabrlcathn te_chljlques have not yet demonstrated thes&qwinput could bias system dynamics such that the roll torque
complexity within mass constraints. Furthermore, powett afmparted by one wing is passively regulated to be 10% higher
mass constraints are likely to limit the bandwidth of elestc a1 that from the other wing. This local passive regulation
sensing and control systems on these lightweight platformqnay enable direct active force and torque control at long

Acknowledging these limitations, research has been cofinescales, simplifying the control problem for mass-tei
ducted into “time-averaged' wing control, seeking to cohtr apping wing aeromechanical platforms.

average forces and torques by applying kinematic wing tra- , ) .
jectory corrections on a long timescale (longer than a wing Such active control mechanisms are the subject of future

apping period) [6]. Assuming that active control will notWork and will not be discussed in depth in this paper, but
be attempted at short (sub-wingbeat) timescales, the iqnest €l Prief mention serves to motivate the detailed analysi
of the ideal short timescale behavior of a wing appingff smpler PARITy drivetrains wnhqut control capablhﬂjhe
mechanism is raised. Traditional kinematic control apphes 0llowing sections analyze a specic FWMAV system intro-
tacitly assume that rigid speci cation of wing trajectory 4 dUCing passively rotating wings to an actuated Drag PARITy
preferred short timescale behavior. transmission.

However, the speci c wing trajectory executed is not fun-
damentally important to an FWMAV. Rather, an active ight
control system for a ro_bOt'C ier uses the wings asl a t90| to 1The speci ¢ trajectory may be important for ef ciency concsrrbut is
generate desired reaction forces and torques on its aefranrelevant for the purposes of stabilizing and controllthg airframe.

II. THE PARITY METHODOLOGY



[1l. THE MECHANISM The transmission mechanism has two degrees of freedom;
A. Actuation referring to Fig. 3b,q; is actuated and allows power to be

. . : . injected into the system, while, is passively determined.
Piezoelectric actuation has been chosen due to its th e dearee of freedors coules the upstroke of one win
bandwidth and high power density [7]. The actuator is a bj- g T P P g

morph PZT cantilever, with a peak-to-peak actuation stake to the downstroke of the other, allowing the mechanism to

approximately 500m. The base of the cantilever is grounole$assively modulate wing stroke velocities to balance the ro
to the FWMAV airframe, while the output is af xed to the orques imparted by the wings on the airframe. An invertible

S . kinematic mapping relatag andg, to R and '; either pair
transmission input (Fig. 3). of coordinates can be used to describe the con gurationef th
B. The Drag PARITy transmission transmission. A more detailed description of this mechanis

The Drag PARITy transmission is a millimeter scale pland? available in [5].
linkage constructed using Smart Composite Microstructuge Wings

(SCM) fabrication techniques [8]. Unidirectional carbober , )
beams form rigid links, while revolute joints are realizeg b Wings consist of a 1.5m polyester membrane supported by

polymer exure interconnects. The transmission has a eingqarbOn ber venation, shown in Fig. 4. Fabricated wings have

actuated inputy and dual outputs driving the stroke angled'@sses under 1mg and are effectively rigid plates, exhgiti
of each wing. The right wing stroke angI& is illustrated in Imited deformation while apping. In an approach pionegre

Fig. 3c, while the left wing stroke angle" (not shown) is by [1], each wing is attached to a transmission output ireseri

the analogous angle on the opposing wing. with a p.olymer exure ‘wing.hinge' t'hat'allows'the rigid yving
to passively rotate around its longitudinal axis (see Fig. 3

Compliance around the wing hinge axis allows the angle of
Actuator attack of each wing to vary passively while apping.

IV. THEORETICAL SIMULATION
A. Actuation

Actuator drive voltage is the single input to the simulation
model. Using results from a laminate plate theory analysis,
the rst bending mode of the cantilever power actuator has
been modeled as a grounded spring in parallel with a voltage-
proportional force [7]. The cantilever beam has a linear
spring constant of 467mN/mm, and under a 100V amplitude
sinusoidal drive signal, the actuator exerts a 120mN aog#it
sinusoidal force. The drive signal is applied at 110Hz, near
mechanical resonance to increase stroke amplitude antl limi
reactive power.

B. Mechanical model

The transmission mechanism along with the wing hinge
has been treated using a pseudo rigid body model [9]. All
carbon ber links are assumed to be in nitely stiff, while
polymer exure interconnects have been modeled as perfect
revolute joints in parallel with linear torsion springs. riygy
constants for the transmission joints and wing hinges have
been calculated using classical beam theory, and no damping
or other internal loss mechanisms have been modeled.

The wings themselves are the only signi cant inertias withi
the system and are the only inertias considered in the model.
The mass of the SCM linkage mechanism is neglected. Though
the piezoelectric actuator mass is signi cant, due to the
large transmission ratio the effective inertia of the amiua
) ] ) is negligible and has been omitted from the model.

Fig. 3: (a) Diagram of the FWMAV design. (b) The four the nai theoretical system has four degrees of freedom:
degrees of freedomy, ¢y, b and R with respect to airframe g are contained within the Drag PARITY transmission, whil
ground. (c) A view of the shoulder clarifying rotation angl§ne two wings each add a degree of freedom from their

R. Right wing stroke angIeFf can be determined fromy  yegpective wing hinges. The orientation of each wing can be
andg, as can " of the left wing (not shown). fully described by the angle of the corresponding transioniss




apping in mineral oil [2]. Calculation of wing rotational ot

] ments, important for realizing passive wing rotation,eglon

8 additional experimental work quantifying a non-dimensibn

i center of pressure Iocatioq’i\Cp of fruit y wings [3], [10].

Rotational damping, proportional te?, the square of wing

rotational velocity, has been modeled in accordance with

18 experimental and theoretical work on tumbling plates [11].
The complete aerodynamic model can be distilled into the

following four aerodynamic moments applied to each wing:

] My = 1sgn() 2Cn( ) 1)
1 Mt = 1sgn()2Cr( ) 2)
] M = 259 5 “Cuq 3)
8 M, = alep( ) 4 sgr(9 2Cn( ) (4)

In the previous set of equation$/t acts about an axis

] perpendicular to the wing plane and is the result of aero-
dynamic forces acting in the wing plan®, and M4 are

the rotational and rotational damping moments, respdgtive
both acting on the wing around the wing hinge akiky acts

i about an axis perpendicular to both the wing plane normal and
the hinge axis, and results from aerodynamic forces normal
to the wing. The three aerodynamic coef cients, related to
Fig. 4: The wing with membrane outline indicated for theéangential Ct), normal Cy ), and rotational dampingQiq)
Uncut, 1-Cut, and 2-Cut trials, from top to bottom. Axis snitaerodynamic forces, are described in [10].

are in mm. For inertial components in Table |, Theand x The parameters;, », 3, and 4 have units of mgnn?
coordinate axes correspond to horizontal and vertical @nagnd can be calculated from the air densitand the specic

axes, respectively. wing morphology (see Table | for calculated values). Relate
work has produced extensive experimental data verifyirg th
Wing | Left  Right Right Right this aerodynamic model adequately describes passivaamtat
Tlrx'i" Ag"o U;r‘;“lt 1;%“(; zéczué of a single wing executing a predetermined stroke angle tra-
lyy | 505 486 420 341 jectory, along with generated lift forces [10]. This refeced
lzz | 156 149 143 129 work contains a detailed description of the aerodynamicehod

Ixz | 420 387 338 297
1| 468 382 287 212
> | 0587 0438 0419 0.387
3 | 175 135 106  9.10 D. Mathematical formulation

4 | 0712 0.952 0787 0.691

brie y summarized here.

For the theoretical model, the four coordinates specifying
TABLE I: Inertial and aerodynamic parameters used for th@e device con guration were taken to be the left and right
left and right wings for the Uncut, 1-Cut, and 2-Cut tl’ia|Swing stroke angles c~ and R, respectively) along with the
All values have units of mgn?. The coordinate frame for |eft and right wing rotation angles £ and R, respectively).

inertial components is described in Figure 4. These four quantities and their time derivatives, R, -,
and _R form the full eight element state vector of the dynamic
system.

output (the “stroke angle') and the de ection angle of the  The body inertia of a robotic 100mg FWMAV is assumed
wing hinge (the ‘rotation angle'), illustrated for the right to be orders of magnitude larger than the wing inertias. This

wing in Fig. 3c. assumption is representative of many biological inselktsjgh
) some exceptions exist (e.g. butter ies). Accordingly, traaly
C. Aerodynamic model frame has been treated as an inertial reference frame for

Aerodynamic effects have been simulated using a modbe purpose of predicting wing dynamics. This assumption
derived from the blade element method, assuming a perfeatigcurately represents the grounded-airframe experiment u
rigid wing planform. As modeled, lift and drag torques arédertaken in Section VI. Furthermore, theoretical wing dyita
proportional to -2, the square of stroke velocity. Averaged lifpredictions are not expected to be impacted signi cantlyHzy
and drag coef cients, strong functions of the rotation &g} non-inertial nature of the body frame of a free ying FWMAV.
were taken from experimental data collected from dynaryical The equations of motion for the wings were derived from
scaled models of a fruit y Drosophila melanogast¢rwing an Euler-Lagrange formulation assuming a xed body frame.
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Fig. 5: Theoretical roll torque experienced by the airfram¢he (a) Uncut, (b) 1-Cut, and (c) 2-Cut trials.

Since the only modeled inertias in the system are those of timedel, but the details have been omitted for brevity. The
two wings, the form of kinetic energy is straightforward:  four 2" order differential equations produced from (7) were
expressed as a rst order system of eight coupled nonlinear
differential equations. All theoretical results for the agr

) L R o PARITy design are the result of numerically integratingsene

In the preceding equatiom,” and! ™ are the inertial tensors gigterential equations using a Runge-Kutta based method as

of each wing, constant in the wing frame and calculated aquplemented by the MATLAB function ode45.
an origin de ned by the closest point on the wing hinge axis

to the shoulder axis (see Table | for calculated values). The 35

1 1
T:7+LT|L+L+§+RT|R+R (5)

small shoulder offset of the Drag PARITy transmission has ol ol N
been neglected, thus no translational kinetic energy temas g | —Riontwing \
present. The term' is the angular velocity of the left wing, £ Baselne g
a function of -, L, t and . An analogous statement aor Rightiwing
applies to the right wing angular velocity?®. §15
The potential energy has the following form: Ew
1 2, 1 5 °
V= > ki i+ Ekaoh (6) .
i=1
The full device contains nine polymer exure joints: two SR S énmz(ms)é § fo i1

wing hinges along with seven internal to the Drag PARITy
transmission. The quantities represent the angular de ection
of each exure joint, functions of -, -, R, and R. The
constantsk; represent the linearized torsional spring constants The theoretical dynamics model has been used to investigate
for each polymer exure joint. The constait, is a linear the reaction torque regulating properties of the system in
spring constant describing the restoring force of the @otuaresponse to wing asymmetry. The system was compared with
in response to its linear de ectiogy, itself a function of - 3 paseline design in which the Drag PARITy transmission has
and R. been replaced with a conventional transmission charaetri
The LagrangiarL is dened asL = TV, and the equa- py fully actuated wing stroke angles. This baseline design i
tions of motion are derived from the Euler-Lagrange equatiorealized by freezing the degree of freedam of the Drag
for each of the four coordinates 2f “; “; ®; Rg: PARITy tog = 0 (equivalent to the constraint = R). This
d @L @L constraint is accommodated by introducing a time-dependen
dt @ @p_ i Lagrange multiplier to the Lagrangian:
Actuation force as well as aerodynamic torques appear in the
model as generalized forces Actuation occurs along; (see
Fig. 3) and aerodynamic torques are more naturally cakedlatn the modi ed equations of motion given by (7)(t) repre-
in the wing frame, so the appropriate Jacobians have beeh usents an internal constraint force and is calculated adgeddty
to map these forces onto the con guration variables. at each timestep to satisfy the kinematic constraint. Itois t
All necessary Jacobian matrices and partial derivatives habe noted that this baseline three degree of freedom design is
been derived in closed analytical form for use within th&lentical to that of the HMF [1].

Fig. 6: Yaw torque in the 1-Cut Trial.

L=T V+ (% R (8)



A control trial, which will be called the “Uncut' trial, was (Fig. 5a), where the transmission has passively compehsate
simulated using a structure mechanically and aerodynarfor fabrication and assembly error present in the nominally
cally symmetric to the tolerances achievable with the SCBymmetric structure.
manufacturing process. Two additional trials were underta
with intentionally asymmetric wing parameters, realized b
removing successive amounts of planform area from theldista
extent of the right wing. These trials will be called the 1-

Cut and 2-Cut trials, respectively. Images of the right wing
planform for all three trials are shown in Fig. 4. The left in
is nominally identical to the Uncut right wing for all three
trials.

All wing parameters were measured directly from wings
fabricated for the experimental test structure. Inertisoes for
the wing were constructed using a baseline mass measurement
coupled with a photogrammetric process to determine the
spatial distribution of wing mass. Aerodynamic parameters
for the wings were calculated using the photogrammetsicall
determined wing planform areas shown in Fig. 4. Since
both inertial and aerodynamic properties are highly smesit
to wing mounting accuracy, the photogrammetric techniques
were conducted in situ to avoid disturbing the device. Fabri
cation variation has resulted in measurable asymmetry even
in the Uncut case, apparent in theoretical and experimental
results. See Table | for all calculated inertial and aeradlyic

parameters. _ ]
In all trials, the Drag PARITy design is observed to execute Wing Wing

stable wing trajectories qualitatively similar to thoseexted _ _

by biological insects. Wing stroke angles and R oscillate Wing Hinges

over approximatelyl00 with a rotation angles - and R Actuator

oscillating between 60 , approximately90 out of phase.

These rotation angles correspond to an angle of attaci®0 _Smm_
at stroke extents and = 30 midstroke. Theoretical wing
trajectories are plotted in Figs. 9a and 9c. Fig. 8: Upper images are synchronized frames from the two
cameras during the Uncut trial. Tracked points are inditate
Wing Actuator along with their trajectories over the course of the video.
Wing Lower image illustrates test structure.
Another interesting result of this theoretical study is the
o Airframe indirect balancing of lift dominated yaw torques. The résul
Transmission for the 1-Cut trial are presented in Fig. 6. In the drastjcall

asymmetric 1-Cut and 2-Cut trials, use of the Drag PARITy
design reduces the large average yaw torque imparted on
the airframe by 71% and 72% respectively. However, in the
nominally symmetric Uncut case, the Drag PARITy did not

) o ) reduce the small average yaw error torque.
The Drag PARITy design distinguishes itself from the

baseline design in the theoretical reaction torques iredart VI. EXPERIMENTAL VERIFICATION

by the apping wings on the airframe. The Drag PARITy After acquiring data for the Uncut trial, the right wing

is designed to balance the roll reaction torques imparted s cut in situ to conduct the 1-Cut and 2-Cut trials without
the apping wings. Fig. 5 plots the theoretical roll torqueperturbing the alignment of the wing on the transmission
experienced by the body of a FWMAV using a Drag PARITputput. As previously mentioned, all dynamic wing paramsete
transmission compared to that experienced by a FWMAWere measured without disturbing the device and are predent
using a conventional transmission. In all three trials,sit iin Table I.

apparent that the Drag PARITy transmission has succeededwo high speed video cameras were positioned such that
in balancing the roll torques experienced by the body due ¢éach obtained a clear view of both wings over the entire
each wing. The results are especially striking in the Ungatt apping motion. Prior to acquiring video, the cameras were

Fig. 7: Front view of the experimental device.

V. PASSIVE BODY TORQUE REGULATION
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calibrated using routines from the CalTech Camera Calidmat by aligning the theoretical and experimental drive sighals
Toolbox for MATLAB [12]. Once calibrated, the toolbox omitted from the plots for clarity. The functional form ofeth
allows reconstruction of three dimensional coordinates applied voltage signal as a function of time (in seconds) is:

points identi ed in both camera views. V(t) = 100V + 100V sin (110 2t ) 9)

A 110Hz 200V (peak to peak) sinusoidal voltage was Fig. 9. itis i diatel hat the th ical
applied to the power actuator and synchronized high speed:rom 'g. 9, itls Immediately gpp.arentt att gt_eoretlca
video was acquired from both video cameras at 10 OOOfﬁEOdeI accurately captures qualitative characteristicghef

1]

or 91 frames per wingstroke period. Sample still frames a?é(pe_rimental model, with rota_tion angle exhibiting an ap-
shown in Fig. 8. proximately90 phase lag behind the stroke angleFurther-

more, the theory also accurately predicts oscillation &onbts

Three easily distinguished features of the wing venatipym applied drive voltage, an achievement considering the
pattern were manually tracked across 300 frames for ea&;l;}nplexity of this nonlinear dynamic system.

trial. Identi cation of all three points in two camera views Theoretically predicted trends in wing trajectories as the

allows stereophotogrammetric reconstruction of the fullgv ight wing planform is altered are apparent in experimental
orientation. The sinusoidal drive voltage applied to th&alor  §5t3 The model predicts a monotonic increase ft) am-

has been recorded and digitized at 5kHz, synchronized Wifityde as planform area is successively removed from i ri
the high speed video stream. wing, coupled with an associated decrease in the amplitfide o
The observed stroke and rotation angles are plotted as 'a(t). This trend is re ected in the experimental data as the
function of time in Fig. 9, along with predictions produceg b Drag PARITy transmission passively diverts additional pow
the theoretical model. Time synchronization has been aetlie to the underperforming right wing. The model also predicts a



successive decrease in the amplitudes of both wing rogtiaoncern airframe forces and torques, is an exciting re$titteo
L(t) and R(t) as wing membrane is removed. This trend iPARITy methodology. Demonstration of such control feagure
apparent in the observed trajectory df(t), though somewhat will motivate one track of future work.
ambiguous in the observed trajectory of (t). A second research track involves introducing alternative
Among features not predicted by this simulation model agr additional passive degrees of freedom to an FWMAV
the square-wave appearance of observed wing rotations andetrain to regulate different or expanded subsets of the
the complex non-sinusoidal details of stroke angle trajges. body forces and torques produced by the wings. The Drag
In future work, it is hoped that these discrepancies will bBARITy drivetrain is a mechanically intelligent device tha
reduced by a more detailed theoretical model includingefer has demonstrated regulation of body roll torques, arising i
ample, mechanical loss mechanisms and nonlinear desecigptipart from aerodynamic drag. In one nascent concept, careful
of polymer exures to better predict dynamic charactecssti introduction of passive features may enable an FWMAV
at large joint angles. The transmission design itself wél bdrivetrain that directly regulates yaw torques arisingnfro
re ned to limit unintended and dif cult to model behavior. aerodynamic lift in addition to roll torques. The design &pa
For example, one source of error in this experimental triaf such mechanically intelligent structures is vast, antdrii
was off-axis transmission compliance, resulting in meaisier work will attempt to produce a variety of force and torque
deviation of the wings from their mean stroke planes. regulating FWMAV structures.
The PARITy methodology has the potential to simplify ight
control of insect-scale robotic FWMAVs. It is hoped that
This paper has presented further evidence supporting gure research into this novel methodology will providelto
utility of passive underactuated mechanisms in FWMAVSg increase aerodynamic performance and reduce requisite

Signi cantly extending previous work, the load balancingystem complexity, hastening the arrival of an autonomous
Drag PARITy transmission has been shown to be compatibigomg-scale robotic FWMAV.

with longitudinally compliant wing hinges allowing passiv
variation of wing angle of attack. The resulting singly attd ACKNOWLEDGEMENT
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