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Abstract

The mechanism which real °ying insects useto de-
tect body rotation hasbeen simulated. The resultsshow
that an angular rate sensorcan be made basal on such
a biological mechanism. Two types of biomimetic gy-
rosmpes have been constructed using foils of stainless
steel. The rst devie is connected directly to a com-
pliant cantilever. The second devie is placed on a
mechanically amplifying fourbar structure. Both de-
vices are driven by piezeelectric actuators and detect
the Coriolis force using strain gages.The experimental
results showsuaessfulmeasurementsof angular velac-
ities and these devies have the kene'ts of low power
and high sensitivity.

1 Intro duction

Micro aerial vehicles (MAVs) have drawn a great
deal of attention in the past decadedue to the quick
advancesin microtechnology. Commercial and mili-
tary applications for micro-robotic deviceshave been
identi ed including operations in hazardous erviron-
ments, searh-and-rescuewithin collapsed buildings,
reconnaissanceand surveillance, etc.. Although sev-
eral groups have worked on MAVs based on "xed
and rotary wings [6], °apping °ight provides superior
maneuwerability that would be bene cial in obstacle
avoidanceand for navigation in small spaces[11].

Inspired by the exceptional °ight capabilities
achieved by real insects, the UC Berkeley Microme-
chanical Flying Insect (MFI) project useshiomimetic
principles to dewelop a °apping wing MAV that will
be capable of sustained autonomous °ight. The over-
all structure of the MFI has beendesignedand some
componerts have beenbuilt and tested[3],[10],[11]. As
with real insects, angular rotation detection by the
sensorysystemof the MFI is important for stabilizing
°ight. Although precise MEMS gyroscopes are com-
mercially available, their designs(package size, power
requiremerts, etc.) arein generalnot suitable for the
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MFI. On the other hand, piezcelectric vibrating struc-
tures have beendeweloped and have proven to be able
to detect Coriolis force with high accuracy[8]. There-
fore, based on the gyroscopic sensingof real °ies, a
novel design using piezcelectric devicesis being con-
sidered. This paper describesthe simulations and fab-
rication of this type of biologically inspired angular
rate sensorfor useon the MFI.

2 Haltere Morphology

Researt on insect °ight revealedthat in order to
maintain stable °ight, insects use structures, called
halteres, to detect body rotations via gyroscopicforces
[5]. The halteres of a °y ewlved from hindwings and
are hidden in the spacebetweenthorax and abdomen
so that air current has negligible e®ecton them (see
“gure 1). The halteresresenble small balls at the end
of thin sticks. There are about 400 sensillaembedded
in the °exible exosleleton at the haltere base. These
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Figure 1. Schematic of enlarged halteres of a °y.

mechanoreceptorsfunction as strain gagesto detect
the Coriolis force exerted on the halteres [4]. During
°ight the halteresbeat up and down in vertical planes
through an averageangle of nearly 18%° anti-phase to
the wings at the wingbeat frequency When a °y's hal-
teresare remaoved or immobilized, it quickly falls to the
ground. In addition, the two halteres of a °y are non-
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Figure 2: Haltere force modulation.

coplanar (each is tilted badkward from the transverse
plane by about 3(°) sothat °ies can detect rotations
about all three turning axes.

As detailed in [7], a complex force, as a result of
insect motion and haltere kinematics, acts on the hal-
teresduring °ight (see gure 2). Assuming no transla-
tional motion of the insect, this force can be expressed
in vector notation by the following:

F=mgjmajmL_Erim! £( £r)j 2m! £v (1)

where m is the massof the haltere, r, v, and a are
the position, velocity, and acceleration of the haltere
relative to the insect body, ! and ! are the angular
velocity and angular accelerationof the insect, and g is
the gravitational constart. Further, this force can be
decomposedinto radial, tangertial, and lateral compo-
nents as depicted by the exploded view of the haltere
in “gure 1. Insect's body rotations produce certrifugal

(i ml £ £ r)) and Coriolis (j 2m! £ v) forceson
the halteres. The certrifugal forceis generally smaller
than the Coriolis force and mostly in the radial and
tangertial directions. Moreover, since the certrifugal

force is proportional to the squareof angular velocity
of the insect, it provides no information on the sign
of rotations. The Coriolis force, on the other hand,
is proportional to the product of the angular velocity
of the insect and the instantaneous haltere velocity.
The Coriolis force has componerts in all three direc-
tions and contains information on the axis, sign, and
magnitude of the insect's body rotation. The angular
acceleration force (j m!_£ r) is proportional to the
product of the angular acceleration of the insect and
the instantaneousposition of the haltere. The angular
accelerationand the Coriolis force signals are separa-
ble becauseof the 90° phaseshift (they are orthogonal
functions). The primary inertial force (j ma) depends
on the haltere accelerationrelative to the insect body.
This forceis orders of magnitude larger than the Cori-

olis force and has only radial and tangertial compo-
nents. The gravitational force (mg) is always constart
and depending on the haltere position and the insect's
body attitude in space,its distribution in the three
directions varies. Howewer, the e®ectof this gravita-
tional force on the angular velocity sensingis negligible
becauseit is a tonic lateral componert which can be
consideredas DC o®seton the Coriolis force and re-
moved easily by the subsequeh signal processingstep.

3 Simulations

To detect angular rotations, the lateral forceson the
halteres are measuredbecausethe large primary iner-
tial force has no cortribution in the lateral direction
and henceit is possibleto measurethe Coriolis sig-
nal amongall other interfering force signalsappearing
in this direction. Figure 3 shows the lateral compo-
nents of the Coriolis force on both halteres for rota-
tions about the roll, pitch, and yaw axes. Becauseof
the dependenceof the Coriolis force on the haltere ve-
locity, these force signals are modulated in time with
haltere beat frequency For a roll rotation, the sig-
nal is modulated with the haltere beat frequency and
the left and right signalsare 18(° out-of-phase. For a
pitch rotation, the signal is also modulated with the
haltere beat frequency but the left and right signals
are in-phase. For a yaw rotation, the signal is modu-
lated with double the haltere beat frequency and the
left and right signalsare 180° out-of-phase.
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Figure 3: Coriolis lateral forces for rotations about
roll, pitch, and yaw axes. Signalsduring one haltere
cycle are shown.

Utilizing the characteristics (frequency, modula-
tion, and phase) of theseforce signalson the left and
right halteres, a demodulation schemeis proposedto
distinguish roll, pitch, and yaw rotations. First, a



pitch rotation can be separatedfrom roll and yaw ro-

tations by adding the left and right signals. Because
the left and right signals are in-phase for pitch while

out-of-phasefor roll and yaw, adding the left and right

signalsretains pitch componert and eliminatesroll and
yaw componerts. Then, roll and yaw rotations can be
separatedby multiplying demaodulating signals of dif-

ferent frequencies. A sinusoidal signal at the haltere
frequency retrieves the roll signal while a sinusoidal
signal of double the haltere frequencyretrievesthe yaw
signal. Figure 4 illustrates the proposeddemaodulation

scheme. Ideally, the magnitudes of the ampli'ers, A;,

Ay, and A, would be proportional to j 1=2m, where
m is the massof the haltere.

Figure 4. Demodulation scheme of haltere forces.

4 Haltere Design Issues

The results of the simulation show that a
biomimetic medanical haltere is feasible for the pa-
rameters of a robotic °ying insect. The next stepis to
show with experimental resultsthat it is feasibleto use
a medanical haltere to measureangular velocity. To
do this, the simulation parametersare usedasthe de-
sign parameters for the haltere. The key parameters
for the design are the haltere length, mass, velocity,
and stroke amplitude. Little attention is paid to the
haltere orientation sinceit is assumedthat it can be
arbitrarily placed upon a robotic insect.

Unlik e the force sensingmethods usedin [1],[2],[10],
the haltere must have only one sensingdegreeof free-
dom. The design of the haltere must allow for high
sti®nessin the tangertial direction and compliancein
the lateral direction. Thus, the inertial forceswill not
be sensed,and the smaller Coriolis forcescan be de-
tected. The best casemedanically for this is a °at
beam with the wide face in the plane of the haltere
beating. The ratio of the sti®nessin the two direc-

tions is given by the following:
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wherel; and |, arethe tangential and lateral crosssec-
tional momerts of inertia, bis the width of the beam,
and h is the thickness.

One of the major concernswith the design of the
haltere is actuation. Since the Coriolis force is pro-
portional to the haltere velocity, it is desiredto have
a high haltere beat frequencyand a large stroke. Two
methods of actuation will be discussedhere. The sim-
pler of the two placesthe haltere on a vibrating struc-
ture with a high Q compliant beamin between. The
vibrating structure, in this casea piezoelectric actua-
tor, drivesthe haltere into resonancewhile its high Q
gives large stroke amplitudes. This method has the
bene ts of not only being simple to construct, but
also this structure has the ability to be driven par-
asitically from the body vibrations of the MFI. The
secondmethod placesthe haltere on the output link
of a fourbar mecdanism driven by a piezcelectric ac-
tuator, similar to the method usedto drive the MFI
wing as described in [3],[9],[11].

The rst designto bediscusseds the piezo-actuated
vibrating structure. The medanical haltere measures
the Coriolis force using strain gagesat its basewhich
measuremomerts applied in the direction orthogonal
to its beating plane. The rst step in the haltere de-
sign is to determine from the simulation parameters
what the minimum Coriolis force acting on the haltere
will be. Using the simulation parameters of 400H z
beat frequency at an amplitude of ® = 0:5rad, and a
length | of 5:5mm, the peak velocity of the massis
found to be 2:27m=s. Now, as a low-end estimate of a
small angular velocity that a °ying robotic insect will
encourter, ! nin wassetto lrad=s Finally, the mass
was set to 10mg, sothat the minimum Coriolis force
acting on the massis 22.7:N .

The haltere can be thought of as a cartilever, with
oneend xed at the point of rotation. Thus, the Cori-
olis force acting on the massproducesa strain in the
beam de ned by the following:

M EI?

Fe = i x  z(li x) (3)
where F. is the Caoriolis force, M is the generatedmo-
mert, X is the distance from the baseof the cartilever
to the strain gage, E is the Young's modulus of the
haltere material, | is the cross sectional momert of
inertia, z is the distance from the neutral axis to the
strain gage,and 2 is the strain in the haltere. From



equation 3, it is clear that the maximum momert, and
thus the maximum sensitivity will occur by placing
the gageas closeto the point of rotation as possible.
The haltere is constructed in such a way that there is
a high Q compliant sectionto allow for rotation, and
then the beamis twisted to allow compliancein the de-
sired direction. Thus, the minimum dimension x was
constrained to be 2mm. The modulus E is given to
be 193 GP a sincethe material usedwas stainlesssteel.
The crosssectionalmomert of inertia is de ned to bel

= bh®/12, thus the nal parametersto be determined
for the haltere wereband h. Using a thicknessof 50tm

and a width of 0:5mm, along with the minimum Cori-
olis force gives the minimum strain 2., = 2£10 °
which is above the noise °oor for typical strain gage
signal conditioners. Also, from equation 2, the ratio

of tangential to lateral sti®nessis 100. For actuation,

the haltere was connecteddirectly to the free end of a
cartilevered PZT unimorph. This was donein suc a
way that the Q of the haltere was suzciently high to
allow for greater motion than that of the PZT alone.

Figure 5: Haltere description and designparameters.

The last designissuewas how to orient the strain
gagesand deal with their wires. Since the gagesare
extremely sensitive to thermal drifts, a full Wheatstone
Bridge is the most desirable con guration for the sen-
sors. However, becauseof the limited surface area of
the haltere, only a half bridge was possible. This was
done by placing one gageon either side so that one
would always be in compressionwhile the other wasin
tension. The sensorsused were Imm long £ 100'm
wide semiconductorstrain gagesmadeby Entran, Inc.
The main concernwith the gageplacemert is success-
fully using the delicate gold leadsto bring the signal
o®the haltere while not damagingthem or adding ad-
ditional parallel sti®nessto the structure. This was
done by placing bond pads on the compliant end of
the haltere as shavn in "gure 5. The lead wires were
“xed to these pads and more sturdy wire was coiled

and connectedto the pads. Figure 6 shows the com-
pleted haltere.

Figure 6: Completed haltere with half bridge strain
Sensor.

The designof the secondhaltere is similar to the de-
sign of the MFI thorax structure asis described in [3].
Instead of driving the haltere from a vibrating struc-
ture, it is placed on the output link of a medanically
amplifying fourbar structure. The fourbar takes the
small linear displacemen of the actuator and trans-
forms this into large anglesat the output [3],[11]. This
technique gives better control over the motion of the
haltere, allowing for large stroke amplitudes at high
resonan frequencies. Since the Coriolis force acting
on the haltere massis proportional to the haltere ve-
locity, this method of actuation should give greater
sensitivity for detection of body angular velocity.

Assuming similar kinematic and dynamic con-
straints as the MFI thorax, 12 stroke amplitude
at 150H z, and resolution constraints for sensingthe
forces, there are again four parametersto determine.
Three geometric parameters and the massof the hal-
tere are constrained by four de ning equations. First,
it is desiredthat the sti®nessin the lateral direction
of the haltere is signi cantly higher than the drive fre-
quency so that the lateral resonat mode is not ex-
cited during actuation. Setting the lateral resonan

frequency at 500H z givesthe following:
r— r

ki Ebh?
1, = — =
2/0500= A5 4)

where k; is the lateral sti®ness,m is the massof the
haltere (again assumedto be greater than the can-
tilever mass), E is the modulus of the material used,
and b, h, and | are the width, thickness,and length
of the cartilever, respectively. Next, the minimum
Coriolis force is given as a function of the minimum
detectable strain.

Ebh®
Femin = szin )

For the given kinematic parametersand the desired
drive frequency the haltere velocity is 200/¢1. Now



from equation 1, the minimum Coriolis force can be
related to the minimum detectable angular velocity
(again assumedto be 1rad=g) by the following:

Femin = 2M! mjp £ v = 400/¢m ¢l (6)
Equating equations 5 and 6 givesthe following:
Ebh®2iny = 2400/4¢m ¢12 7)

where the minimum detectable strain is a known pa-
rameter. The last constraint is from the dynamics of
the MFI thorax and is based upon the desired MFI
wing inertia. Equating the haltere inertia with the
wing inertia givesthe following:

J=m¢l? (8)

The inertia of the haltere, J = 40mg-mm?, is only
twice the MFI wing inertia [11]. Choosingb = 1mm
becauseof geometric constraints of the fourbar gives
three unknown parameters to be solved from equa-
tions 5, 7, and 8. Choosingm = 4mg, | = 5mm, and
h = 50'm givesa closet to the three constraints,
while still consideringconstruction di+culties.

5 Exp erimen tal Setting
5.1 Test Setup

To test the rst haltere, it was setup on a servo mo-
tor, oriented sud that at rest the haltere wasalongthe
I -axis. This experiment would be equivalent to sens-
ing the pitch angular velocity. The servo motor had an
angular velocity range of approximately 0:1; 10rad=s
Ideally, the motor would be allowed to freely rotate to
sensea pure angular velocity. However, for wiring con-
cerns,the range of motion wasrestricted. One concern
in the actuation of the haltere wasto orient the haltere
on the actuator such that when there was an applied
angular velocity, the inertial force of the haltere would
not interfere with the sensedsignal. Howewer, as-
suming perfect alignment, the inertial force sensedby
the haltere at | = Irad=sis m! ?sin(®=2) = 2:59N ,
roughly an order of magnitude lower than the Coriolis
force. Much carewastakento ensurethat the haltere
was aligned directly along the ! -axis. The fourbar
driven haltere was tested in a similar manner to the
rst haltere. However, to obtain a smother angular
velocity, the structure was placedon a harmonic oscil-
lator. The position of the structure on the oscillator
was determined by using high-speedvideo footage and
somesimple image processing.After construction, the
haltere resonan frequency was found to be 70H z, at
a stroke amplitude of 90°. This haltere structure can
be seenin "gure 7.

Figure 7: Fourbar actuated haltere at rest.

5.2 Results

The experimental results for the “rst haltere setup
showved that the haltere detectsboth the Coriolis force
and the inertial force of the mass. Figure 8 shows the
measuredangular velocity and the angular velocity of
the motor. The measuredsignal was demaodulated as
described in Section 3. First, the signal was multi-
plied with a unity magnitude sine wave of precisely
the haltere frequencyand phase. Note that the haltere
phasewas not measuredbecauseposition sensorsfor
the haltere are dixcult to implement on such a small
scale. Instead, the actuator phasewas measured,and
since the haltere is at resonance,it is assumedthat
its phaselags 9C° behind that of the actuator. Then,
this demodulated signal was Ttered with a 39 order
Butterworth lowpass Tter with a cuto® frequency of
4H z to eliminate remaining high frequency noise.
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Figure 8: Pitch detection by the rst haltere.

The results for the secondstructure are seenin "g-
ure 9. One key di®erencebetweenthe two is that with
the fourbar driven structure, the position of the haltere



canbe sensedising actuator-mounted strain sensorsas
described in [10]. After testing, this position was nor-
malized to yield a unity magnitude sine wave which
represened the haltere phase. This was then usedto
demadulate the signal using the same demodulation
schemeasthe rst structure.

 Angular Velocity (rads)

Angular Velocity (rad/s)
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Figure 9: (a) Result for the fourbar actuated haltere;
(b) Zoomedin to show accuracy

6 Conclusions and Future Work

There are se\eral advantages for the MFI in using
halteres instead of MEMS gyroscopes as angular rate
sensors.First, the haltere needsvery little power since
it doesnot useactive actuation. It canbedriven para-
sitically from the body vibrations whenit is placedon
the MFI body. Second,the haltere hasa large dynam-
ical range. It can detect angular velocities from aslow
as tens of degreesper secondto as high as hundreds
of thousands of degreesper second,which is often en-
countered during sharpturns of °ying insects. Finally,
when the wings of the MFI are °apping, the wing in-
ertia will causethe MFI body to oscillate about the
axis perpendicular to the stroke plane. The haltere
can reduce the error causedby these oscillations by
phase-laking to the wing. Table 1 shows a compar-
ison of the halteres to a MEMS gyroscope made by
Irvine SensorsCorp. In future revisions, the wiring of
the haltere will be passedthrough slip rings sud that
the ertire structure is free to rotate during testing. In
addition, two halteres will be used together and ori-
erted di®erenly along the ! -axis to senseeat of the
three angular velocities and further test the demodu-
lation techniques.

Haltere 172 | Haltere 1172 | MEMS Gyro °
Mass (mg) 12 30 1
Res. (°=s) 50 50 6
Max Rate (°=s) § 100; 000 § 300; 000 § 60
BW. (Hz) 5 15 10
Power (mW ) 1 1 45

1 Assuming parasitic driv e.
2 Assuming 1% duty cycle strain gage sampling.
3 Using thinned Si micromac hined device.

Table 1. Comparison of di®erert angular rate sensors.
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