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Abstract— This paper continues the exploration of the design
space for an insect-sized autonomous flapping-wing MAV with
the goal of stable hovering. Previous work has focused on the use
of a large primary power actuator to generate flapping motion
and smaller “control” actuators to asymmetrically alter wing
kinematics. Here a new iteration of this concept is presented,
merging the two actuator types to create a “hybrid” power-
control actuator. Kinematic and dynamic models for wing
motion are presented, and the predictions of these models are
compared to experimental results from a prototype design.
Controllable asymmetry in wing kinematics can be mapped
into controllable body torques via an aerodynamic model, and
this information can be used for the generation of control laws
for stable hover and eventually highly agile aerial vehicles.

I. INTRODUCTION

Recently there has been increased research in the area of

flapping-wing micro air vehicles (MAVs), typically defined

to have a wingspan of less than 15cm [1], because of

the advantages they may demonstrate over their traditional

fixed-wing counterparts. Inspired by extremely agile natural

flyers, flapping-wing MAVs will be useful for exploration in

confined spaces such as urban environments, indoor areas,

and collapsed buildings - areas typically off-limits to larger

flying vehicles.

There are numerous examples of MAVs inspired by in-

sects, small birds or bats [2], [3], [4], [5], [6]. Insect-scale

MAVs (Fig. 1) were first developed at Berkeley’s Biomimetic

Millisystems Lab [7], [8], [9], and continued development

at the Harvard Microrobotics Lab [10], [11], [12]. Unique

fabrication and actuation challenges at the insect scale have

been met through the development of novel meso-scale man-

ufacturing techniques [13] and the use of high energy density

piezoelectric actuators [14] respectively. Miniaturization of

power electronics to meet the high voltage requirements of

piezoelectric actuators is an ongoing research area [15], [16].

Another unique challenge in flapping-wing MAV design

is the reconstruction of insect-like wing kinematics. Insects

possess dozens of muscles and redundant control inputs

[5], and it is a daunting challenge to reproduce structures

on the scale and complexity of a Dipteran (fly) thorax.

Instead, many MAV designs rely on the use of parallel

mechanisms to produce primary flapping motion, and either

rely on passive dynamics or additional actuators to drive

wing rotation about the spanwise axis (hereafter referred

to as stroke angle φ and rotation angle ψ respectively).
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Fig. 1. Two previous iterations of the Harvard Microrobotic Fly.

Without the use of thrust vectoring via a device such as a tail

rudder, asymmetric control of wing kinematics is required

to generate asymmetric aerodynamic forces, and thus body

torques.

The most immediately apparent solution to this problem is

to have separate power actuators for each degree of freedom

(two per wing, four total). However, this design can be

costly in terms of overall weight budget, a critical concern

for insect-sized MAVs, due to potentially unnecessary (and

heavy) power actuators. An approach that has proven more

successful is to use a single power actuator to generate

primary flapping motion while relying on passive dynam-

ics for wing rotation. We have previously demonstrated a

thoracic topology which combines the efficiency of passive

rotational dynamics with small, low-power control actuators

to achieve asymmetric wing motions [17]. Here we expand

upon this concept by introducing a “hybrid” 2-DOF power-

control actuator.

II. MECHANICAL DESIGN

The original Harvard Microrobotic Fly design consisted

of a single power actuator and symmetric 1-DOF four-bar

transmission, which converts a linear input δ1 from the

actuator to rotational motion φ of the wings (Fig. 2a). Pitch

torques could be generated by shifting the DC value of the

power actuator signal (Fig. 3b), but asymmetric wing motion,

thus generation of roll or yaw torques, was impossible.

The design introduced in [17] made use of two smaller

“control” actuators in addition to the primary power actuator.

These actuators introduced control inputs δ2 and δ3, allow-

ing movement of the previously grounded wing pivots and

asymmetric modulation of wing kinematics (Fig. 2b). The

ability to asymmetrically modulate stroke amplitude allows

controllable generation of yaw torques (Fig. 3c). This design

was inspired by thoracic mechanics of Dipteran insects,

where large indirect power muscles generate the primary

flapping motion, and small control muscles at the base of

the wing fine-tune wing kinematics for steering purposes
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Fig. 5. Kinematic model for stroke amplitude of the left and right
wings plotted over a range of control actuator motion, for a fixed
power actuator input (δ1 = ±300µm).

III. KINEMATICS

The stroke angle φ can be written as a function of

transmission geometry and actuator inputs δ1 and δ2 as

follows:

φ = acos

(
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2 + C1

C2

√

L2
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)
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−
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(1)

where Lx = L3 + δ2 or Lx = L3 − δ2 for the left and right

wings, respectively, and

Ly = L1 + L2 − L4 (2)
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3
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2
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√
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3
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Using (1), the effect of control actuator movement on wing

stroke amplitude can be predicted (Fig. 5). In the control

actuator’s neutral position, the stroke amplitudes of the left

and right wings are equal and thus there will be no net yaw

torque. When the control actuator moves in either direction,

it increases one wing’s stroke amplitude while decreasing

the other. This difference in amplitude will create different

average lift forces on each wing, and thus a yaw torque (as

shown above in Fig. 3).

IV. DYNAMICS

The kinematic model assumes the actuator acts as a

linear displacement source. It is more realistic to model the

dynamic system and include the actuator as a force source.

This also allows the study of resonant effects, which cannot

be done with a purely kinematic model. An Euler-Lagrange

energy formulation can be used to derive the second order

differential equation of motion for the system. Examples

of this derivation are presented in [17] and [19] and will

not be repeated in full here, however a brief explanation is

warranted.

The actuator is treated as a sinusoidally applied force

source in parallel with a linear spring (due to internal elastic

deformation of the actuator). Wing inertia is dominant over

Fig. 6. Diagram for the dynamic model of the actuator, transmission
and wing system (not to scale).

other components of the system and thus is included in

the model. An aerodynamic damping force is applied at the

center of pressure of the wings (a distance rcp from the wing

base). The aerodynamic damping is based on a quasi-steady

blade element model [20]. Finally, to reduce the system to

1-DOF, the rotation angle ψ is correlated to the stroke angle

φ from empirical observation (in practice, ψ is observed to

be approximately 45◦ at the mid-stroke and 90◦ at the ends

of the stroke). The dynamic model is summarized in Fig. 6.

Note that while the actuator terms are expressed in the power

actuator coordinate δ1 and the aerodynamic terms are written

in the wing coordinate φ, δ1 and φ are related explicitly via

(1) so either can be selected as a generalized coordinate for

use with the Euler-Lagrange formulation.

The dynamic model can be applied in a manner similar

to the kinematic model in order to determine the effect of

control actuator position on wing motion, given a power ac-

tuator signal (in this case a force instead of a displacement).

Numerically solved wing trajectories are shown in Fig. 7

for three different control actuator positions. As expected,

the dynamic model shows that control actuator motion will

create asymmetric wingstroke amplitudes. This is illustrated

in Fig. 8, which shows stroke amplitudes for the left and right

wings as a function of both power actuator frequency and

control actuator position. The control actuator motion has the

same effect as predicted by the kinematic model (increased

φR,tot and decreased φL,tot for δ2 >0, vice versa for δ2 <0),

but here we also see that there is a clear resonant peak

for wing amplitude. However, the difference between stroke

amplitudes depends primarily on control actuator position

and is fairly independent of drive frequency (Fig. 9).

Most important from a control standpoint, the blade-

element aerodynamic model can be used to calculate the

lift force on each wing. This allows calculation of net body

torques, and thus angular acceleration using a rough first-

order approximation that ignores any rotational aerodynamic

damping on the body. Predicted body torques are on the order

of 1mN·mm. This is consistent with dynamic simulations
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Fig. 7. Numerical solutions for wing trajectory as a function of time for three different control actuator positions. As predicted with the
kinematic model, the dynamic model shows that the control actuator will create an asymmetry in stroke amplitude.
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Fig. 8. Results of numerical simulations showing left and right wing
stroke amplitudes as a function of both power actuator frequency
and control actuator position. A shallow resonant peak in stroke
amplitude is evident around 30Hz.
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Fig. 9. Numerical simulations showing the difference between wing
stroke amplitudes.
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Fig. 10. Net yaw torques and resulting angular accelerations as
a function of control actuator position (at constant power actuator
frequency), from numerical simulations.

from [17] and torque measurements of tethered insects [21].

Due to the robotic fly’s low mass moment of inertia about

the yaw axis (1.1g·mm2 as calculated with a Solidworks

model), this allows for high angular accelerations on the

order of thousands of deg/sec2 (Fig. 10). Previous work has

shown that rapid turns during insect flight are actually inertia-

dominated and not viscous-dominated [22], so ignoring ro-

tational aerodynamic damping in this calculation is not an

unreasonable assumption.

V. EXPERIMENT

While kinematic and dynamic models are useful as design

tools and for conceptualizing different control strategies,

experimental validation of their predictions is vital. Inaccu-

racies arise in both the kinematic and dynamic modeling

approaches that limit their applicability. For example, the

kinematic model assumes the transmission structure consists

of rigid links connected by ideal revolute joints, while in

reality there is a finite compliance in the mechanism and

the flexure joints may experience axis drift. It also assumes

perfect geometric construction (exact 90◦ angles, symmetric

alignment etc.), which is currently difficult to achieve when

manufacturing devices at such a small scale. The dynamic

model is limited both due to difficulties in accurately pre-

dicting actuator force and stiffness, and assumptions inherent

in the quasi-steady aerodynamic model, e.g. neglecting span-

wise flow along the wing, vortex shedding, wake capture, and
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Fig. 11. Sample screenshots from ProAnalyst software showing wing markers being tracked through a video. Stroke angles are automatically
calculated with the software based on marker positions.
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Fig. 12. Wing trajectories extracted from videos using the ProAnalyst software. While not perfectly symmetric due to minor manufacturing
defects, the resulting wing motion is comparable to that of the dynamic simulations as shown in Fig. 7.

other aerodynamic effects that are known to be beneficial to

insect lift generation.

Therefore, a test device was constructed to empirically

determine the effects of control actuator motion on wing

trajectory (Fig. 13). The structure was designed with over-

sized actuators and built on a rapid-prototyped acrylic base

in order to serve as a robust test bed and proof of concept.

Future designs will incorporate optimal-energy density actu-

ators onto a lightweight carbon fiber airframe.

Two retroreflective markers (small pieces cut from Reflex-

ite tape [23]) were placed on the leading edge of each wing.

Note that these markers significantly increase the inertia of

the wings, which is compensated for by the oversized power

actuator. This has the effect of significantly lowering the

system resonant frequency (about 30Hz for this test structure,

compared to 110Hz in previous designs). Since the markers

are used only for data collection and serve no other functional

purpose, they would not be required on a final design.

A high-speed camera was oriented toward the leading

edge along with two fiber-optic light sources for illumination

(Fig. 14). With a black background, this allowed filming of

high-contrast video in order to automatically track the wing

markers. Automated tracking was performed with 2D image

analysis software (ProAnalyst [24]). Sample video frames

(with a white background for image clarity and illustration

purposes) with tracked markers are shown in Fig. 11, and

sample wing trajectories extracted for three different videos

are shown in Fig. 12.

Tests were performed over a range of control actuator

positions (-75µm to +75µm) and power actuator frequencies

(20Hz to 40Hz) while holding power actuator amplitude

constant. The total and difference in stroke amplitudes are

presented in Fig. 15 and Fig. 16 respectively. As predicted

by the kinematic and dynamic models, control actuator

motion has a large effect on relative wing motion. While

drive frequency does have an effect on the individual stroke

amplitude of each wing, it has little effect on the difference

in amplitudes. A “slice” of the data from Fig. 15 at 30Hz

is shown in Fig. 17. This plot makes the asymmetry of

the data more evident - changes in wing amplitude are

not perfectly symmetric about the control actuator’s neutral

position, as predicted by the kinematic or dynamic models.

This can likely be attributed to a manufacturing asymmetry

in the transmission or actuator, and highlights the need for
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Fig. 17. Total stroke amplitudes of the left and right wings plotted
against the applied control actuator displacement, at a constant
power actuator frequency of 30Hz.

forward or laterally the insect will tilt in that direction,

giving a horizontal component to the aerodynamic force

vector [25]. Similarly, the design presented here can control

two of the three rotational degrees of freedom and the

magnitude of thrust (by modulating stroke frequency and

amplitude), sufficient for stable hover. Additional controlled

body degrees of freedom may be desirable to allow for a

more agile vehicle.

In addition to controllable body degrees of freedom, in

order to hover a thrust to weight ratio greater than unity is

also required. The minimal design presented in [10], [11],

[13] had a mass of 60mg and a 2:1 thrust:weight ratio.

This leaves an absolute maximum of 60mg for additional

payload (control actuators, power electronics, sensors etc.).

For a larger (or smaller) desired payload, vehicle wing area

and wingbeat frequency (and thus resultant wing loading

and required actuator size) must be scaled appropriately; for

insects wing area scales with body mass0.71 and wingbeat

frequency scales with mass−0.24 [25].

VI. CONCLUSIONS AND FUTURE WORK

This paper has presented a control method for generating

yaw torques on a microrobotic insect platform. A “hybrid”

power-control actuator is used to provide primary flap-

ping power while simultaneously asymmetrically modulating

wing kinematics. Experimental results from a test platform

show reasonable agreement with kinematic and dynamic pre-

dictions, but also highlight the need for higher fidelity mod-

eling and more repeatable manufacturing processes. Next

steps include integration of this technique into a flightweight

platform (Fig. 18), as well as the exploration of other control

methods. These include, but are not limited to: separate

power and control actuators [17]; a hybrid bending-twisting

power-control actuator; more traditional approaches, such as

thrust vectoring with flaps; and more novel approaches, such

as using active materials with variable elasticity properties to

Fig. 18. A 3D CAD model of a flightweight design utilizing
the hybrid actuator structure (top), and a next-generation prototype
(bottom).

dynamically alter the system response. Such techniques will

be explored and applied in order to help meet the demanding

challenges of sub-100 milligram flying vehicles, to move

toward the ultimate goal of fully autonomous flight.
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