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Abstract— Control of insect-scale flapping-wing robots is
challenging due to weight constraints and inherent instabilities.
Instead of adding more actuators to increase the controllability
of the flapping-wing robot, we use a single actuator to drive a
system of mechanical linkages to cause bilaterally asymmetric
changes in the wing hinge spring rest angle of the left and
right wings. We show in simulation that such a control input
can generate wing motions which produce yaw and roll torques.
A kinematic model of the mechanism was developed and an at-
scale prototype of this concept was built. High speed videos of
its wing motions are consistent with the kinematic model and
according to the simulation, are capable of generating adequate
yaw and roll torques for attitude control.

I. INTRODUCTION

The agility of hummingbirds, dragonflies, bees, and fruit

flies has inspired scientist to study how they use flapping

wings as a means to generate aerodynamic forces capable of

producing often complex maneuvers in air. Various groups

have reported success in building Micro Air Vehicles (MAV)

using rotary-motors to drive flapping wings and propellors,

rubber bands to power butterfly-like wings and rotary mo-

tions that mimic the flight of samara seeds [1], [2], [3],

[4]. As we try to shrink the MAV to insect-scale, use of

conventional components such as rotary motors, bearings and

airfoils become inefficient. This is due to dominating effects

of surface and viscous forces over Newtonian forces [5] and

lift producing aerodynamic inertial forces respectively.

To design a flapping-wing microrobot to work in such

a different environment, our group takes inspiration from

bees and flies, constructing our MAV (termed the RoboBee)

from components that have an analog to features normally

associated with bees (and other flying insects which use asyn-

chronous muscles [6]). The flight muscle of the RoboBee

is a piezoelectric bimorph actuator that converts a linear

input to an angular output which drives a pair of wings

through a transmission (thorax). By harnessing passive wing

rotation (a phenomenon also observed in nature [7]), the

Harvard Microrobotic Fly (HMF) [8] was the first insect-

scale robot to achieve a thrust-to-weight ratio greater than
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Fig. 1. Prototype of the RoboBee. The control actuator is shown here
located dorsally while the power actuator is hidden ventrally by the support
structure. A U.S. penny in the background is shown for scale.

one. To control more degrees-of-freedom, small piezoelectric

bimorph control actuators were added within the thorax of

the RoboBee, enabling the wings to have different stroke

amplitudes [9]. Finio’s design of the RoboBee produced roll

torques by applying static control inputs and yaw torques by

phasing the control input with respect to the power input. A

hybrid approach taken by Ma et al.– using two piezoelectric

bimorph actuators to drive each wing independently– showed

that it could generate sufficient torques for control purposes

[10]. Ma’s design generated roll torques by independently

increasing/decreasing the stroke amplitude of a wing and cre-

ated yaw torques by adjusting the upstroke and downstroke

velocities of its power actuators. All previous designs can

generate pitch torques by biasing the power actuator forward

or backward (this gives the direction of the pitch torque). An

alternative way to generate torques for control is by varying

the Angle-of-Attack (AoA) of the wings.

If the AoA of each wing can be tuned to achieve different

lift and drag force profiles, control torques can be generated

[11]. By measuring the untethered flight kinematics of fruit

flies, Bergou et al. modeled a fly’s wing hinge as a torsional

spring that passively opposes the wing’s tendency to over

rotate due to aerodynamic and inertial forces. By changing

the spring rest angle, an asymmetric AoA can be generated

in the upstroke and downstroke of the fly [12]. In this paper

we report progress in changing the AoA of the RoboBee’s

wings by using a system of mechanical linkages to cause

bilaterally asymmetric changes to the wing hinge spring rest
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TABLE I

NOTATION

Symbol(s) Meaning

ARB ≡ Rb̂k
(D) Rotation matrix mapping the right-handed

orthogonal unit vectors b̂x, b̂y and b̂z to
the right-handed orthogonal unit vectors
âx, ây and âz via a positive rotation of

angle D about b̂k where k=x,y or z

!r E/F Position vector of point E from F

!g · !f dot product of vector !g and !f

ĥ a unit vector

sθ sin(θ)

cθ cos(θ)

tθ tangent(θ)

angle by using a single control actuator. We simulate the

effect of changing the wing hinge spring rest angle on the

aerodynamic force produced by each wing—showing that

yaw torques can be created by biasing the control actuator

and roll torques are produced by phasing the control actuator

with respect to the power actuator (this concept flips the

way yaw and roll torque is generated as compared to [9]).

We construct a kinematic model of the mechanism and build

an at-scale non-flight weight RoboBee to verify that we can

generate wing motions as predicted by the kinematic model.

II. MECHANICAL DESIGN AND KINEMATIC MODEL

Power to the RoboBee is provided by a single piezoelectric

bimorph actuator in a configuration similar to the design

in [13]. The power actuator provides a linear input δPIz

to two planar four-bar linkages which results in angular

outputs φJ , where J=Left (L) or Right (R), are defined to be

the RoboBee’s left and right stroke amplitudes respectively

(Tables I and II detail the notation and variables used in this

paper. See table III for rotation matrix definitions that relate

the rotation of a rigid link with respect to its neighboring

rigid links in Fig. 2 [14]).

To combine the power and control inputs in a decoupled

manner, the Sreetharan linkage [15], a spherical five-bar

linkage, was used to combine an angular control input ψ0J,i

along n̂y and an angular power input φJ along n̂x. Instead

of using two control actuators [9], the left and right side of

the RoboBee are coupled differentially by two planar four-

bar linkages driven by a single piezoelectric bimorph control

actuator.

The control input mechanism consists of two planar four-

bar linkages connected in series. When a positive control

input δCIy
is applied at CI , CRA deflects downward in the

n̂z direction while CLA deflects upward in the −n̂z direction

(See Fig. 2). This causes the left and right sides of the

RoboBee to have differential angular outputs ψoJ at the wing

hinge connectors SL3 and SR3 respectively (Fig. 2C).

The long axis of the control actuator is designed to be

mounted along n̂x to minimize the weight of the overall

support structure by using the same support structure holding

the power actuator. This caused the quasi-linear control input

to be applied in the n̂y direction which translates into angular

inputs around the n̂x axis. Since the Sreetharan linkage was

designed to take in the angular control input along the n̂y

axis, a spherical four-bar linkage was used to rotate the

control input θCJA
from along n̂x to n̂y about n̂z to the

wing hinge spring rest angle input ψ0J,i (Fig. 2B). The

power angular input (φJ ) is conveniently located along the

required n̂x direction which enables it to couple directly to

the Sreetharan linkage (Fig. 2B).

In order to construct the kinematics of the device, position

constraints are applied to close the kinematic chains. Starting

from the left side of the RoboBee with the control input (Fig.

2C), the position of cLBcI is constrained according to:

%r cLBcI/No · n̂z = −L3 (1)

%r cLBcI/No · n̂y − δCIy
= L1 + L2 − L4. (2)

Moving along the chain, the four-bar spherical linkage (Fig.

2B) is knitted together by the joint connecting SL1 and DL:

ŝL1′,z · d̂L,z = 1 (3)

ŝL1′,z · d̂L,x = 0. (4)

Next to the four-bar spherical linkage (Fig. 2B), the Sreetha-

ran linkage is constrained by the joint connecting SL3 and

SL2:

ŝL3,z · ŝL2,z = 1 (5)

ŝL3,z · ŝL2,x = 0. (6)

Finally, ending at the power input of the left side of the

RoboBee, the position of pLBpI is constrained according to:

%r pLBpI/No · n̂y = L3 (7)

%r pLBpI/No · n̂z − δPIz
= −L1 − L2 + L4. (8)

By repeating the constraints on the right side of the

RoboBee, eight more constraints are formed. The resulting

sixteen constraints form a nonlinear system of equations

with the following unknowns:

%xL =
[

θCLA
θCLB

βL ψoL,i γL ψoL φL θPLB

]

%xR =
[

θCRB
θCRA

βR ψoR,i γR ψoR φR θPRB

]

,

%x = [%xL, %xR], (9)

and δCIy
, δPIz

the inputs to the system. These equations

can be expressed as follows:

fi(%x, δCIy
, δPIz

) = 0, i = 1 . . . 16. (10)

By differentiating the position constraints to form velocity

constraints:

gi(
·

%x, %x,
·

δCIy
,
·

δPIz
) = 0, (11)

the resulting system of equations is linear with respect to
·

%x

·

%x = hi(%x,
·

δCIy
,
·

δPIz
), i = 1 . . . 16 . (12)
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Fig. 2. (A) Overview of the proposed mechanism that enables the left and right wings to have different wing hinge rest angle. (B) Shown here are the
spherical linkages on the left side of the RoboBee. From the left to the right of the page, a spherical four-bar linkage rotates the rotation axis of an angular
input by 90◦ and a Sreetharan linkage (spherical five-bar linkage) that combines two independent angular inputs and maps them onto the wing hinge
connector SL3. The centers of the linkages are shown as solid red circles in (A) are PL1 and PL2 respectively. We define such a combination of linkages
as the left shoulder of the RoboBee (C) The power actuator is connected to two planar four-bar linkages (only one is shown here due to symmetry) while
the control actuator is connected to another two planar four-bar linkages that produces differential angular input angles to the spherical four-bar linkages.
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TABLE II

LIST OF VARIABLES AND THEIR DEFINITIONS

Quantity Identifier Type Initial Value (for
variables)

Distance between
pJBpI/cJBcI and
pJApJB/cJAcJB

L1 constant 0.44 mm

Length of a link in PJA/CJA L2 constant 0.48 mm

Length of a link in PJA/CJA L3 constant 0.40 mm

Length of a link in PJA/CJA L4 constant 0.61 mm

Control input from CI to the
control transmission

δCIy
specified

Power input from PI to the
power transmission

δpIz specified

Angle between n̂y and ĉJA,y θCJA
variable 0◦

Angle between n̂y and ĉJB,y θCJB
variable 0◦

Angle between n̂z and p̂JA,z φJ variable 0◦

Angle between n̂z and p̂JB,z θPJB
variable 0◦

Angle between ĉJA,z and d̂J,z βJ variable 0◦

Angle between ŝJ1′,y and d̂J,y αJ variable 0◦

Angle between ŝL1,y and
ŝL1′,y

ζ constant 35◦

Angle between ĉLA,y and
ĉLA′,y

ζ constant 35◦

Angle between ŝR1,y and
ŝR1′,y

−ζ constant -35◦

Angle between ĉRA,y and
ĉRA′,y

−ζ constant -35◦

Angle between n̂x and ŝJ1,x ψ0J,i variable 0◦

Angle between ŝJ1,y and ŝJ2,y γJ variable 0◦

Angle between ŝJ2,x and ŝJ3,x ǫJ variable 0◦

Angle between p̂JA,x and ŝJ3,x ψ0J variable 0◦

\
oL,i

I
L

(A)

−40 −30 −20 −10 0 10 20 30 40

−60

−40

−20

0

20

40

60

(B)

 

 

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

�q

�q \
oL,i �q

I
L
�q

−60

−40

−20

0

20

40

60

−40 −30 −20 −10 0 10 20 30 40

Fig. 3. (A) Contour map of
∂ψoL
∂ψoL,i

(B) Contour map of
∂ψoL
∂φL

Given the initial conditions %x0, a specified
·

δCIy
and

·

δPIz
,

the kinematics of the RoboBee are found by stepping

forward in time.

A. Transmission Characteristics

1) Spherical Four-bar Linkage: Picking the left side of

the RoboBee, we expand both eqn. (3)

1 = cβL
cθCLA

cψoL,i
+ sβL

(cζsψoL,i
+ sζsθCLA

cψoL,i
)

to form

1

cβL
cθCLA

cψoL,i

= 1 +
sβL

(cζsψoL,i
+ sζsθCLA

cψoL,i
)

cβL
cθCLA

cψoL,i

(13)

and eqn. (4)

TABLE III

DEFINITION OF ROTATION MATRICES USED IN THE KINEMATIC MODEL

Power Transmission
PJARN ≡ Rn̂x

(φJ )

PJBRN ≡ Rn̂x
(θPJB

)

Control Transmission
CJARN ≡ Rn̂x

(θCJA
)

CJBRN ≡ Rn̂x
(θCJB

)

Spherical Four-bar Linkage

CJARN ≡ Rn̂x
(θCJA

)

CJA′RCJA ≡

{

RĉLA,z
(ζ)

RĉRA,z
(−ζ)

SJ1′RSJ1 ≡

{

RŝJ1,z
(ζ)

RŝR1,z
(−ζ)

DJRCJA′ ≡ RĉJA′,y
(βJ )

SJ1RN ≡ Rn̂y
(ψ0J,i)

Sreetharan Linkage

PJARN ≡ Rn̂x
(φJ )

SJ3RPJA ≡ Rp̂JA,y
(ψ0J )

SJ1RN ≡ Rn̂y
(ψ0J,i)

SJ2RSJ1 ≡ RŝJ1,x
(γJ )

0 = cβL
(cζsψoL,i

+ sζsθCLA
cψoL,i

)− sβL
cθCLA

cψoL,i

to form

sβL

cβL

=
cζsψoL,i

+ sζsθCLA
cψoL,i

cθCLA
cψoL,i

. (14)

By substituting eqn. (14) into eqn. (13) we get,

cβL
= cθCLA

cψoL,i
. (15)

Using small angle approximations to eqn. (14) and eqn. (15)

results in,

βL = cζψoL,i + sζθCLA
(16)

β2

L = ψ2

oL,i + θ2CLA
−

ψ2

oL,iθ
2

CLA

2
. (17)

After combining eqn. (16) and eqn. (17), the resulting higher

order terms are removed which yields the following relation

between the input θCLA
and the output ψ0L,i:

ψoL,i =

(

1

tζ

)

θCLA
. (18)

This enables us to pick values of ζ to amplify or reduce

the output of the linkage. Here, our goal is to rotate the

input and keep the magnitude the same. We chose ζ = 35◦

because our simulations indicated that ψoL,i ≈ θCLA
over a

larger range of input angles as compared to a linkage with

ζ = 45◦ where at larger input angles ψoL,i < θCLA
.

2) Sreetharan Linkage: By expanding eqn. (6) we have,

0 = sψoL
cψoL,i

− sψoL,i
cψoL

cφL
(19)

After simplification, this yields the following relationship:

tψoL
= tψoL,i

cφL
(20)

To examine how the coupling of the inputs ψoL,i and

φL affects the left wing spring rest angle, ψoL, the partial
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Fig. 4. Yaw and roll torques can be generated by modulating the DC value,
B, and the phase, Φ, of △ψ0.

derivative of ψoL with respect to its inputs are calculated.

The partial derivatives are plotted in Fig. 3 where φL and

ψoL,i are limited to the domains [−70◦, 70◦] and [−45◦, 45◦]
respectively. ∂ψoL

∂ψoL,i
≈ 1 and ∂ψoL

∂φL
≈ 0 over a wide range

of the input parameter space which indicates that the control

input ψoL,i maps to ψoL well and is largely decoupled from

the power input φL.

∂ψoL

∂ψoL,i
=

cφL

c2ψoL,i
[1 + (tψoL,i

cφL
)2]

(21)

∂ψoL

∂φL
=

−sφL
tψoL,i

[1 + (tψoL,i
cφL

)2]
(22)

III. GENERATING YAW AND ROLL TORQUES

Pitch torques have been shown in [9] to be generated by

biasing the offset voltage of the power actuator. Since, for

the case of δCIy
= 0 (i.e. zero control actuator motion) this

design is identical to that in [9], pitch torques are created

in the same manner. Here, we provide an alternative way

of generating yaw and roll torques by causing bilaterally

asymmetric changes to the wing hinge spring rest angles,

ψ0J , of the RoboBee.

25 30 35
−50

−40

−30

−20

−10

0

10

20

30

40

50

time (ms)

a
n

g
le

 (
°
)

 

 

25 30 35
0

0.5

1

1.5

2

2.5

3

3.5

time (ms)

fo
rc

e
 (

m
N

)

 

 

 ψ for right wing

 ψ for left wing

φ

Lift for right wing

Lift for left wing

Drag for right wing

Drag for left wing

Fig. 5. Simulation of ψ and φ with △ψ0 = π
6

and wing hinge stiffness

of 5.5
µNm
rad

. Here the asymmetric drag profiles on the left and right wing
generate a mean yaw torque of 4 µNm.

For small inputs into the system, we can simplify the kine-

matics greatly to gain insight into how the control actuator

input will affect ψ0J . Applying small angle approximations

to eqn. (2) gives

θCJA
=

1

L3

δCIy
(23)

Similarly, eqns. (18) and (20) reduce to

ψoJ,i =







(

1

tζ

)

θCLA

−

(

1

tζ

)

θCRA

(24)

ψ0J = ψ0J,i (25)

Defining the relative difference between the left and right

wing hinge spring rest angles as,

△ψ0 ≡ ψ0L − ψ0R, (26)

and combining eqns. (23) to (25), an expression relating δCIy

to △ψ0 is found to be,

△ψ0 =
2

tζL3

δCIy
(27)

Based on kinematic data from fruit flies

(D.melanoaster), Bergou, et al. proposed that the

flies use a non-zero △ψ0 to generate yaw torques by

creating asymmetries in the AoA of the downstroke and

upstroke [12]. Work by Mahjoubi and Byl showed that a

constant non-zero ψ0j can produce asymmetric lift on the

upstroke and downstroke (whether more lift occurs on the

upstroke or downstroke depends on the sign of ψ0j) [11].
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In order to generate roll torques, we would need to generate

more lift on both the downstroke and upstroke strokes of

either wing (this implies the other wing would have less lift

due to coupling of the left and right sides of the RoboBee).

This is done by driving the control actuator at the same

frequency as the power actuator and in phase or anti-phase

with
·

φ . Using the blade element method [16] to simulate

the effect of ψ0j on the aerodynamic forces produced by

the wings, we show in Fig. 5 and 6 that it is possible to

generate yaw and roll torques by modulating the DC value

and phase of △ψ0 (ψ the pitch of the wing is defined in

[16]).

In this simulation, only one wing is driven. We can

simulate the effect of two wings and the control mechanism

by simulating the left and right wing independently by

prescribing a wing stroke function:

φJ = −Aφcos(2πft), (28)

and a wing hinge spring rest angle input function, one for

the left and another for the right hinge:

ψ0L = Aψsin(2πft+Φ) +B (29)

ψ0R = Aψsin(2πft+Φ− π)−B (30)

which is equivalent to an input of

△ψ0 = 2Aψsin(2πft+Φ) + 2B, (31)

where Aφ is half the peak-to-peak value of φJ , Aψ is half the

peak-to-peak value of ψ0J , f the flapping frequency of the

wing and B the DC value. Φ, the phase of the wing hinge

spring rest angle, is π or 0 depending on the desired roll

torque direction. To simulate a yaw maneuver (Fig. 4A), we

set Aφ = 50◦, f = 100 Hz Aψ = 0◦, B = 15◦ and Φ = 0◦.

The resulting aerodynamic force profile (Fig. 5) generates a

mean yaw torque of 4 µNm and a mean lift of 1.06 mN.

Next, a roll maneuver (Fig. 4C) was simulated by setting

Aφ = 50◦, f = 100 Hz Aψ = 15◦, B = 0◦ and Φ = 0◦

which generates a mean roll torque of 3.7 µNm with a mean

lift of 1.16 mN (Fig. 6).

IV. EXPERIMENTS AND RESULTS

The kinematic model presented is a useful tool to guide

the design of the RoboBee. In order to validate the model, an

at-scale non-flight weight version was built. The kinematic

model assumes that the linkages are rigid, the joints are

revolute with flexures acting as torsional springs and per-

fectly aligned 90◦ folds. In practice, these assumptions are

extremely difficult to achieve. By using techniques from [17],

we can, to a certain degree, approach the kinematic alignment

necessary for such a device to function. However, for this

prototype, simple manual folding with kinematic stops were

used to align 90◦ folds. This fabrication technique, though

not as precise, was less complex in its design which suited

our goal of creating the first prototype of this RoboBee

concept.
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sin (2πt) and wing hinge

stiffness of 5.5
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rad

. Here the asymmetric lift profiles on the left and right
wing generate a mean roll torque of 3.7 µNm.

The piezoelectric bimorph actuator [18] is made from

two Lead Zirconate Titanate (PZT) plates (Piezo Systems

Inc.) sandwiching a carbon layer. A bias voltage of 300V is

applied to the top plate and 0V applied to the bottom plate

(order depends on poling direction of the PZT plate). The

control signal is

Vcarbon =
Apeak−to−peak

2
sin(2πft+Φsignal) + Voffset

applied at the carbon layer which induces a quasi-linear

deflection at the tip of the actuator. Apeak−to−peak is the

peak-to-peak voltage amplitude, f is the driving frequency,

Φsignal is the signal’s phase and Voffset is the signal’s

offset voltage. Typical operation of the the actuator requires

Apeak−to−peak in the order of 200 V to 300 V 1.

The prototype was mounted onto a laser cut acrylic base

and was filmed by a high speed camera with fiber optic

light sources illuminating the device. For the first test, we

drove the control actuator at 1 Hz with Apeak−to−peak set

to 280V (see supplemental video). ψ0J,i was measured by

post-processing the video frames (Fig. 8). Then, the displace-

ment of the control actuator tip was measured by manually

tracking its midpoint. Next, a sinusoidal fit to the data (Fig.

7) was applied. With δCIy
extracted from the experimental

data, we simulated the RoboBee to compare how the physical

prototype performed relative to the kinematic model.

1Although the input voltages are high, current draw is in the order of 1
mA [19]
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Fig. 8. The control actuator is driven at 1 Hz which causes the left and right wing to rotate differentially. Here, we compare the wing spring rest angle
input ψ0J,i of the left and right Sreetharan linkages to the prediction from the kinematic model.

(A)

(B)

Fig. 9. Power actuator frequency at 80 Hz. (A)The control actuator with a Voffset of 10V is deflected in the −n̂y direction. (B) The control actuator
with a Voffset of 290V is deflected in the n̂y direction. Highlighted are the mid-strokes of both cases showing the difference in the AoA during the
upstroke and downstroke (time between frames is ≈ 3.2 ms).

(A)

(B)

Fig. 10. Power and Control actuators were driven at 80 Hz. (A) Control actuator moving in anti-phase with mid-stroke wing velocity. (B) Control actuator
moving in phase with mid-stroke wing velocity. Highlighted are the mid-strokes of both cases showing the difference in the AoA during the upstroke and
downstroke (time between frames is ≈ 3.2 ms).

As seen in Fig. 8, the kinematic model consistently over

predicts the wing hinge spring rest angle by as much as

35% on the right side and 29% on the left side. This could

be due to a number of reasons. The main source of error

likely stems from the assembly of the spherical four-bar

linkage and the Sreetharan linkage. These two components

are made in a planar 2D scaffold and then manually folded

with the aid of kinematic stops. This method, though easy to

implement, is unable to make precise 90◦ folds. The second

source of error arises from the narrow joints in the spherical

linkages. Most of the joint widths are around 300 µm. The

narrower the joint, width wise (joint geometry is defined

in [16]), its behavior starts to deviate further from an ideal

revolute joint due to the off-axis compliance of the flexure,

and becomes more like a ball and socket joint. Such errors

would cause this prototype to have kinematics that deviate

from the model.

The next set of tests involved driving the power and
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Fig. 7. Measurement of the control actuator tip deflection. A sinusoidal
fit to the measurements was made to be fed back into the simulation to
compare the kinematic model with the prototype.

control actuator at the system’s resonant frequency (which

was empirically found to be 80 Hz) to see if we can

generate wing motions that could potentially produce yaw

and roll torques as highlighted in section III(see supplemental

video). For yaw, we drove the power actuator at 80 Hz with

Apeak−to−peak set to 260V and the control actuator at a

Apeak−to−peak set to 0V, f at 0 Hz and Voffset set to 10V

followed by 290V. Images retrieved from the high speed

camera (images were captured at 5000 fps) qualitatively

confirmed that the mechanism produced wing motions that

in simulation could generate 0.14 µNm of yaw torque (Fig.

4(A), (B) and Fig. 9). In a like manner, wing motions to

generate potential roll torques were created by driving the

power and control actuator at 80 Hz. In-phase motions of

the control actuator tip with
·

φJ was achieved by introducing

a phase difference of 90◦ between the power actuator and

control actuator while anti-phase motions were made by

driving the control actuator with a phase of -90◦ with respect

to the power actuator. Again, post-processing of images from

the high speed video indicated that wing motions generated

by such inputs from the power and control actuator could

generate in simulation 1.34 µNm of roll torque (Fig. 4(C),

(D) and Fig. 10).

V. CONCLUSION AND FUTURE WORK

We showed in this work that the Sreetharan linkage in

combination with a spherical four-bar linkage can effectively

decouple the power input and control input to the RoboBee’s

wings. By using a single control actuator, as opposed to two

[9], considerable weight savings can be made. In order to

use a single control actuator and a single power actuator, an

innovative combination of two spherical four-bar linkages,

two Sreetharan Linkages and four planar four-bar linkages

was developed. Although there are differences between the

experimental performance and the kinematic model, the

prototype demonstrated its ability to cause differential AoA

with trends consistent with the kinematics. Fruit fly data [12],

indicates that a △ψ0 of ≈ 15◦ is sufficient to enable turning

maneuvers. Encouragingly, this RoboBee could generate a

peak-to-peak △ψ0 of ≈ 45◦ (Fig. 8).

Although the simulated torques (as inferred from wing

kinematics) are lower than measured roll and yaw torques

generated by Finio’s [9] and Ma’s [10] designs, we expect

that torque generation capability of this concept will improve

by using a more precise fabrication technique [17].

In the future, roll and yaw torques generated by differential

AoA will have to be measured to verify the feasibility of

such a control scheme. Only then will a flight weight version

be built through optimization of the control actuator size,

strategic placement of the passive wing hinge (to minimize

the aerodynamic load on the control actuator) and tuning of

the wing hinge stiffness.
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