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Abstract

This paper presents some recent improvements in
the fabrication and control of the Micromechanical Fly-
ing Insect (MFI), a centimeter sized aerial vehicle cur-
rently being developed at the University of California,
Berkeley. We report a lift of 506µN from a single
wing, which is sufficient for a 100 mg machine to lift
itself off the ground. This lift matches very well with
predictions based on quasi steady state models. We
present some recent improvements in thorax fabrica-
tion leading to the development of a light weight plat-
form (≈ 100 mg), which generates 400µN of lift with a
single wing. We also present a new sensor mechanism
which makes it possible to sense the motion of the ac-
tuators without having to add anything to the structure
itself.

1 Introduction

Micro Aerial Vehicles (MAV) are an attractive plat-
form for sensor deployment, search and rescue, recon-
naissance etc. because of their very small size and high
maneuverability. Early work on microrobotic flight
was done by Shimoyama et al [1], while various aspects
and approaches to micro aerial flight are being pursued
by various groups [2, 3]. The Micromechanical Flying
Insect (MFI) project at UC Berkeley aims at build-
ing one such MAV with a wing span of about 25 mm
and weighing about 100 mg. Fundamental work by
Dickinson et al [4, 5] showed that insects depend on
a complex interaction of unsteady state aerodynamics
to generate the necessary forces for lift and maneuver-
ability. In order to generate these forces, they showed
that insect wings must be capable of 2 degrees of free-
dom (DOF) called flapping and rotation. For sufficient
forces, the wing must be able to go through about 120◦

of flapping and about 90◦ of rotation.

∗This work was funded by ONR MURI N00014-98-1-0671
and DARPA.

Early work on the MFI proposed a flexible (or ac-
cordion shaped) wing to generate these 2 DOF [6].
Later, a rigid wing approach was adopted to generate
better aerodynamic forces and to enable easier fabri-
cation. A detailed dynamic model of the mechanism
was derived and a framework for optimizing the var-
ious fabrication parameters based on this model was
constructed [7]. At the time however, limitations in
fabrication technology limited the performance of the
structures.

This report summarizes the improvements in vari-
ous performance parameters for the MFI. Section 2 de-
scribes the improvements to the structural dynamics
from an improved wing differential design. Section 3
describes a flight force measurement experiment and
compares the measurement to predictions by a quasi
steady state model. Section 4 presents a technique
for directly measuring the lift and thrust forces of the
newest version of the MFI. Section 5 describes a new
sensor mechanism which enables the external measure-
ment of actuator (and wing) displacements and de-
scribes how this sensor can be used to estimate the
wing damping for the MFI.

2 Improvements in Thorax Dynamics

The major mechanical component of the MFI is
the thorax which consists of two fourbar mechanisms
which amplify the motion from the piezo electric ac-
tuators and a spherical wing differential mechanism to
convert these amplified motions into wing flapping and
rotation. One of the major recent improvements in the
thorax is a change in the basic structure of the wing
differential. Previously, the wing differential consisted
of a modification to the basic spherical four-bar mecha-
nism using a spherical joint composed of three flexures
as shown in Fig. 1(a). Because this mechanism uses a
larger number of flexures, it is able to tolerate greater
fabrication misalignments without jamming, but suf-
fers from too much stiffness. Recently, improved fab-
rication techniques with much better precision have
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enabled the use of proper spherical four-bars consist-
ing solely of single DOF flexural joints (See [8] for a
treatment of spherical fourbars and [9] for a treatment
of flexures). Since we use a smaller number of flexures,
serial stiffness is increased allowing for greater power
transmitted into the wing. Fewer flexures to prestress
also means vastly improved fabrication times.
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Figure 1: Improvement in Wing Differential Design (a)
The wing differential mechanism design in [7] (b) The
new wing differential mechanism design.

The dynamic behavior of the thorax however, re-
mains the same as before because the change only
manifests itself as a (favorable) lower differential stiff-
ness without affecting anything else. This model was
derived in [10, 7] and consists of a coupled 2×2 matrix
which links the fourbar actuations (torques) to wing
motion.

[
θ1

θ2

]
=

[
G11(s) G12(s)
G21(s) G22(s)

]
︸ ︷︷ ︸

=: G(s)

[
τ1

τ2

]
(1)

The diagonal terms of this transfer function are the
drive transfer functions, while the off diagonal terms
represent coupling between the fourbars through the
wing differential. Ideally, we like the two drive trans-
fer functions to be identical and the coupling to be
negligible compared to the drive.

Advances in the fabrication of the fourbar and dif-
ferential reported by Wood et al [11], have enabled
these criteria to be met with much greater success
than previous generations of the MFI which used a
µ-origami approach proposed in [12]. As a compar-
ison, consider the behavior of the structure reported
in [7] shown in Fig. 2(a), which shows a very coupled
system arising from a large differential stiffness and

a high inertia. The present generation of the MFI,
whose performance is shown in Fig. 2(b), shows a re-
markably low coupling, a high resonance and excellent
DC motion. Although these are predictions, they have
been experimentally verified on various occasions. See
[7] for one of the experiments which verified these pre-
dictions.
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Figure 2: Predicted Frequency responses. (The magni-
tudes shown are the peak-peak wing displacements at
150V) (a) Thorax constructed in May 2002 (b) Thorax
constructed in March 2003.

Table 1 shows the evolution of the inertial compo-
nents of the MFI thorax over the past 2 years which
has a large part to play in the improved dynamics. Ta-
ble 2 show the evolution of the predicted wing power
for the MFI based on its performance.

3 Flight Force Measurement

3.1 Quasi Steady State Analysis

Schenato et al. [13] and Sane and Dickinson [5] have
derived a framework for calculating the expected wing
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12µm SS
(Aug 01)

6µm SS
(Jan 02)

40µm CF
(Sep 02)

Actuators 3 3 3
Fourbar 30 15 10
Differential 10 8 8
Wing 21 17 8
Total 60 43 29

Table 1: Evolution of thorax inertia parameters
(mg-mm2) (The first row describes the major struc-
tural material at various stages of the project which
changed from stainless steel (SS) to carbon fiber (CF).)

Wing Resonance Wing Power
Aug 2001 100 Hz 1.5 mW
Jan 2002 120 Hz 2.3 mW
Sep 2002 160 Hz 3 mW

Table 2: Evolution of MFI wing beat frequency and
power

forces using a quasi-steady state model which assumes
that the force equations derived for 2D thin aerofoils
also hold for time varying 3D flapping wings. Yan
and Fearing [14] have adapted this model to the MFI
wings accounting for the specific wing morphology of
the MFI and the fact that the MFI kinematics is not
identical to insect wing kinematics as far as rotational
axes go. This method is briefly outlined here. For the
wing shown in Fig. 3(a), the instantaneous differential
force contributions from a vertical wing blade element
of thickness dr at a distance r from the wing pivot are
given as follows:

dFtr,N(t, r) =
CN (φr(t))ρc(r)U2(t, r)dr

2
(2)

dFtr,T(t, r) =
CT (φr(t))ρc(r)U2(t, r)dr

2
(3)

dFrot,N(t, r) = Crotρc2(r)φ̇rU(t, r)dr (4)

where the “tr” and “rot” subscripts indicate whether
the contribution is due to translational or rotational
motion, the “N” and “T” subscripts indicate that the
direction is either normal or tangential to the wing (no-
tice that the rotational component is always assumed
as a normal pressure force), ρ is the density of air,
φr and φf are the wing rotation and flapping angles,
U is the velocity of the blade element, c is the wing
chord width, CN and CT are dimensionless transla-
tional force coefficients for the normal and tangential
components to the wing (both are functions of φr), and
Crot is the rotational force coefficient. Crot is taken to
be a function of the non-dimensional axis of rotation

x̂0 which varies linearly from zero at the leading edge
to unity at the trailing edge:

Crot = π

(
3
4
− x̂0(r)

)
(5)

It is important to note here that x̂0 is usually taken
to be a constant but this does not seem to adequately
consider how the position of the blade element relative
to the rotation axis changes the force so it has been
written here explicitly as a function of r.

(a) Geometry of MFI wing (b) Carbon Fiber
Differential and
Wing

Figure 3: Wing shape.

In our setup, the body is stationary so this simplifies
the force estimate as there are no body dynamics to
consider. Setting U(t, r) = φ̇f (t)r, equations (2)-(4)
can be integrated:

Ftr,N (t) =
ρCN (φr(t))φ̇2

f (t)
2

I (6)

Ftr,T (t) =
ρCT (φr(t))φ̇2

f (t)
2

I (7)

Frot,N (t) = ρπφ̇r(t)φ̇f (t)Ĩ (8)

where I is the second moment of area of the wing about
axis A and

Ĩ =
∫ (

3
4
− x̂0(r)

)
c2(r)rdr (9)

The wing of Fig. 3 has center of area located at
(xca, yca)=(6.70,-1.49) mm and the chord length is pa-
rameterized according to the equation:

c(r) =




2
5r + 4

5 mm if 3 mm ≤ r < 8 mm
4
3r + 142

3 mm if 8 mm ≤ r ≤ 11 mm
0 otherwise

(10)
For this wing, I=1020 mm4 and the value of Ĩ can be
calculated as −140 mm4.
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Stroke angle (pk-pk) 125◦

Rotation angle (peak) ±45◦

Measured Lift force (mean) 506 µN
Predicted Lift force (mean) 526 µN

Table 3: Results from flight force experiment on 03−δ

3.2 Experimental Setup

For this particular experiment, we used 03− δ, one
of the latest versions of the MFI. This version uti-
lizes oversized PZT-5H actuators each weighing about
120 mg each. It should be noted however, that the
final scale PZN-PT actuators (each of which weighs
about 20 mg) provide the same performance as the
PZT-5H. Since the entire structure is too heavy for
being placed on a body force sensor as described in
section 4, we utilize a commercially available precision
weighing balance to measure the lift force. We use the
AAA 250 from Adam Equipments with a repeatability
of 2.5µN and a settling time of approximately 20s in
practice. The technique is similar to the one described
in [14].

For this experiment, we used simple sine wave drives
to the two actuators at 150Hz. The drive signals were
adjusted till a flapping angle of 120◦ and a rotation of
±45◦ were obtained. By taking a movie of the wing
motion from the top view and identifying various dis-
tinct wing features, the wing trajectory was computed.
Fig. 4 shows a sample of the frames from the movie and
Fig. 5 shows the trajectory extracted from such image
sequences. From this it is easy to identify some key
features of the wing motion. Firstly, we see that the
wing moves through about 120◦ of flapping and that
the rotation timing is well suited for generating lift.
We see that the wing flip occurs before the end of the
downstroke at one end and right near the end of the
stroke for the upstroke. Moreover, the wing maintains
a reasonable angle of attack for a good percentage of
the downstroke which is also important from a lift per-
spective.

When this trajectory is used to predict the wing
forces according to equations (6)-(8), we obtain a wing
lift trajectory over the wing beat as shown in Fig. 6.
The predicted mean lift is found to be 526µN , which is
in remarkable agreement with the measured lift force
of about 506µN . Table 3 presents a summary of the
results from this experiment.

4 Direct MFI Force Measurements

This section describes a flight force experiment per-
formed on 03 − γ, a final scale version of the MFI

Figure 4: Motion of 03 − δ at 150Hz captured by il-
luminating the wing with a strobe light (see video).
The frames are arranged in increasing order from left
to right and top to bottom.
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Figure 5: Wing Trajectory of 03-δ

fabricated using techniques described in [11] weighing
approximately 80mg. To measure the actual forces the
MFI is generating on a wingbeat per wingbeat basis,
it is placed upon a 2DOF force platform. For this
test, only one half of the MFI is necessary, thus the
one wing, 2DOF structure shown in figure 8 is used.
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This platform allows the lift force and drag or thrust
force to be measured independently and in real time
[15]. This was done previously with real insects, how-
ever until recently the mass of the MFI has limited the
use of this structure.

4.1 Open Loop Control Strategy

We employed an open loop feedforward control
strategy to generate the drive voltages for this struc-
ture. This consists of using strain gage sensors
mounted at the base of the actuator to identify the
thorax transfer function. The details on how to ac-
complish this are presented in [7]. A pseudo-inverse of
this plant is then calculated. The desired wing trajec-
tory is then given as an input to the plant generating
the required drive voltages as shown in Fig. 7.

To test the lift capabilities of this structure, the
wing is driven under kinematic control with a desired
trajectory of ±20◦ phase difference (which gets con-
verted into ±45◦ of wing rotation through the differ-
ential transmission) superimposed upon 120◦ of flap-
ping motion for the leading and lagging wing spars
respectively. Due to structural limitations, we obtain
a wing trajectory of ±20◦ of rotation superimposed on
70◦ of flapping. This structure with these kinematics,
driven at its resonant frequency of 170Hz gives an av-
erage lift of approximately 400µN and the resulting
force traces are given in figure 9. Thus this one wing
structure gives a lift just shy of half the total nec-
essary force required for the MFI to hover. This test
platform provides an important tool for future testing.
For a given kinematic parameterization, the resulting
lift and thrust forces can be obtained in real time. This
will allow searches over these parameter spaces to be
quicker, putting the structure through less fatigue and
obtaining more reliable results.
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required drive voltages to the actuators.
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Figure 7: Feedforward Control of MFI thorax

5 Optical Sensing

Recent advancements in sensing and characteriza-
tion of thorax structures have improved prototype
fabrication speed and performance. Specifically, the
adoption of optical sensing to observe actuator (and
therefore wing) deflection allows external sensing with-
out restrictions on the size and weight of the equip-
ment. One mobile unit can also be used on many
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Figure 9: Measured lift and drag forces.

prototypes as opposed to the former method of strain
gauge mounting, which needs to be done for each
model.

The technique employed aims an infrared beam at
the back of the actuators and receives the reflected
signal using a photo-transistor. Careful adjustment
can lead to linear voltage output of the sensor with
respect to actuator deflection. After proper amplifica-
tion, actuator deflections in the range of 1µm can be
successfully detected.

This new sensing technique was employed on a
1DOF fourbar/wing to both demonstrate the ease of
characterization it can introduce and to verify its ac-
curacy. The setup employed appears in Fig. 10. Using
a dynamic signal analyzer, a bode plot of the input
voltage to the actuator vs the output of the optical
sensor was created. The plot was then converted into
wing stroke by measuring the wing angle at 10 Hz at
the same voltage signal as used during the frequency
sweep. Because the sensor is linear, the magnitude
of the bode plot can be calibrated by multiplying by
the constant value between the signal analyzer output

at 10 Hz and the wing stroke measured with a micro-
scope camera at that frequency. The calibrated bode
plot appears in Fig. 11.

Optical Sensor Actuator

Fourbar Wing

Figure 10: One DOF optical sensing setup
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Figure 11: Bode plot for high amplitude flapping

To verify the accuracy of the procedure using opti-
cal sensing, the system’s stiffness, transmission ratio,
Q, and wing damping were calculated and compared
with expected values. As can be easily observed, the
Bode plot in Fig. 11 was produced using a high ampli-
tude input signal, so one expects a low Q for this sys-
tem with an aggressively flapping (and therefore highly
damped) wing. A Q of 2.21 can be directly observed
from the resonant peak in the bode plot. Knowing the
stiffness and transmission ratio (measured at DC) to
be

ktotal = 280.5N/m (11)

T = 2.6 × 103rad/m (12)

One can use the observed resonant frequency (204
Hz) to find the inertia of the system
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J =
ktotal

w2
r

= 1.71 × 10−4kg (13)

and finally the wing damping can be found by

b =
1

T 2

√
ktotalJ

Q
= 14.6 × 10−9Nms/rad (14)

Preliminary estimates of the wing damping based
on insect weight were reported in [6] as 8.65 ×
10−9Nms/rad. Since that estimate was for an insect
wing beating at 150Hz, while this experiment had the
wing beating at 204Hz, the higher value seems to be
in good agreement.

6 Conclusions

This paper presented an important milestone in the
MFI project. We report a lift of 500µN , the “break-
even” point for the first time. The wing differential
mechanism has also crossed the elusive 120◦ flapping
and 90◦ rotation for the first time. Flight force mea-
surements validate several important things about the
MFI. Firstly that generation of adequate lift is feasi-
ble with the present mechanism and actuator design.
Next it also provides important corroboration to the
quasi steady state models derived in [13]. New ma-
terials and fabrication techniques have made possible
real time control and flight force sensing of the MFI
thorax yielding a force of 400µN from a single wing
robot weighing about 80mg.
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