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Elastic Element Integration for Improved
Flapping-Wing Micro Air Vehicle Performance

Ranjana Sahai, Kevin C. Galloway, and Robert J. Wood, Member, IEEE

Abstract—This paper studies flapping-wing micro air vehicles
(FWMAV) whose transmission mechanisms use flexures as energy
storage elements to reduce needed input power. A distinguishing
feature of the proposed four-bar mechanism is the use of rubber-
based flexures in two of its joints. These lightweight and compact
flexures have been used for the first time in the design of an FW-
MAV whose projected total weight is approximately 3 g. This pa-
per discusses in detail how the flexures were designed and how the
challenges associated with their fabrication were met. Flexure stiff-
nesses were chosen based upon a simple, computationally efficient
model of the four-bar mechanism actuated by an electric motor to
flap two wings at 18 Hz. An instrumented test stand was designed
to easily replace the upper part of the four-bar flexure mechanism
and wings, and it was used to experimentally determine the power
savings associated with flexures of different stiffnesses. While the
measured power savings (maximum of 20%) may seem modest,
they were nevertheless significant, considering that the use of the
rubber-based flexures produced approximately 0.3 g added thrust
at a less than 1% cost in weight (0.02 g).

Index Terms—Biologically inspired robots, flapping wing, mech-
anism design, microrobots.

I. INTRODUCTION

IN nature, animals of all sizes exploit elastic mechanisms for
a variety of purposes. These uses range from shock absorbers

in footpads, to catapult aids for jumping, to energy storage
return for running, swimming, and flying [1]. Scientists have
increasingly recognized the advantages of employing elastic
elements in robotics as well. In the development of biomimetic
walking robots, Pratt and Williamson [2] discovered that the
introduction of a spring in series between the motor’s gear train
and load results in a system that is inherently tolerant to shock
or unexpected collisions. Additional advantages include low
impedance and improved force control stability [3]. The use of
elastic spring elements also features heavily in the design of
jumping robots. Both Kovac et al. [4] and Scarfogliero et al. [5]
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store potential energy for their 5-cm robots, weighing 7 and
15 g, respectively, in traditional torsional and linear springs. In
their development of a 10-mg, millimeter-sized, jumping robot,
Churaman et al. have proposed a version with silicone rubber
(polydimethylsiloxane: PDMS) features incorporated in silicon
structures. Here, the deflection of the PDMS elements serves as
a means for the jump energy storage [6].

While the inclusion of spring elements in jumping robots is al-
most universal, their use in robotic flyers is not as prevalent, par-
ticularly in flapping-wing systems powered with conventional
motors. Flapping-wing micro air vehicles (FWMAV) typically
consist of an actuator coupled to the wings through an articu-
lated transmission. When the chosen actuator is a DC motor,
the logical place to incorporate elasticity is in the transmission.
Considering this, a theoretical study by Khatait et al. revealed
that the introduction of discrete compliant components in a typ-
ical four-bar transmission of a FWMAV yields a reduction in
the peaks of the driving torque by a factor of 2.85. In their case,
the discrete compliant components were two flexural pivots that
replaced two out of the four pin joints [7]. Similarly, Tantanawat
and Kota conducted a study looking at the minimization of peak
input power by utilizing the energy return of a fully compliant
transmission mechanism. They argued that the use of a fully
compliant mechanism could require 48% less peak power than
its rigid counterpart and 10% less than a system with a discrete
spring [8]. Neither case, however, is supplemented with exper-
imental evidence. In practice, a few groups have implemented
springs or elastic elements in their design of flying mechanisms.
Baek et al. analyze a mass–spring system coupled to a motor-
driven slider crank mechanism to show that the addition of a
linear spring to two kinds of transmission systems can poten-
tially yield up to a 30% power reduction in one case and 19%
reduction in the other [9]. The Agrawal group has also demon-
strated the use of springs in flying prototypes. In [10], they added
two linear springs to store and release energy during the wing
upstroke and downstroke. In [11], they developed a prototype
with added elastic bands in the transmission for flapping stiff-
ness and a rod at the wing root for stiffness during wing rotation.
A separate group looked at utilizing a fully compliant frame as
the elastic element [12].

In all these previous works, however, even if a theoretically
motivated optimum spring stiffness is derived, no systematic
methodology for incorporating this spring stiffness into the
structure is given beyond using traditionally rated metal wire
springs. Since weight and compactness are of primary impor-
tance for FWMAVs, the use of other materials warrants consid-
eration. In addition, most of the experimental data are limited to
two distinct cases: spring or no spring. Since even very detailed
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Fig. 1. FWMAV and a CAD model showing a cutaway of the inside main
drivetrain.

theoretical analyses cannot hope to capture all the interactions
in these systems, seeing experimental trends of varying stiff-
ness can be beneficial. In what follows, we begin by describing
an analysis of a typical transmission and show the impact of
joint stiffness on the required input torque. Using an optimized
stiffness extracted from this analysis, we then design flexure
joints with the appropriate revolute stiffness. Material consider-
ations are discussed along with the resulting fabrication issues.
We then use our custom developed FWMAV system where the
main components can be interchanged to vary the stiffness while
measuring power, frequency, and thrust. The results are then
presented and discussed.

II. THEORETICAL MOTIVATION

A. Basic System Description

The main drivetrain of a typical FWMAV consists of a pri-
mary actuator, wings, and an intermediate transmission mecha-
nism that converts actuator motion into the flapping motion of
the wings. Fig. 1 shows a cutaway displaying this drivetrain of
the FWMAV. For the experimental device constructed here, we
have used commercially available DC motors as the primary
actuators and a four-bar transmission mechanism, as was done
in many of the FWMAVs that have successfully flown at this
size scale. In addition, we have employed compliant structures
as lumped elements in the form of flexures rather than using a
fully compliant structure. Using a combination of flexures and
rigid elements leads to a much more simplified analysis than
that required for fully compliant structures, and getting away
from traditional springs allows the use of material and shapes
that can be easily incorporated into the current fabrication tech-
niques (see Section III-B), leading to more robust and compact
structures. In addition to high computational cost in modeling,
fully compliant structures would also require custom fabrication
each time the stiffness needs to be altered.

Fig. 2. (Top) FWMAV’s transmission forming a four-bar. (Bottom) Resulting
free body diagram of the four-bar transmission with the various torques taken
into account in the dynamic analysis of the mechanism.

The mechanism (see Fig. 1) we will consider here is thus a hy-
brid combination of pins, flexures, and rigid elements. Flexures
provide a lightweight and compact means of storing energy
that may potentially lead to significant savings in power re-
quirements, as shown in the following analysis. We will outline
our analysis to determine the tuned flexure stiffnesses using a
four-bar transmission. However, the procedure described in the
following can be similarly applied to other types of transmission
as well.

B. Analysis Procedure

The analysis to determine an optimal flexure stiffness to min-
imize input torque requires solving the kinematic and dynamic
equations of the system. For purposes of reference, we name
the joints between the crank and ground link sequentially 1–4,
as shown in Fig. 2. Because of practical considerations in the
four-bar transmission fabrication, only joints 3 and 4 are flexure
joints (joint 1 is the gear axle and joint 2 is a pin joint; see Fig. 1).
In order to keep the analysis simple, we have made several key
assumptions outlined in the following that capture the essential
physics of the problem and yet reduce the computational costs
significantly.

1) As is often done, we will assume that the kinematic anal-
ysis can be decoupled from the dynamic analysis. This
allows us to carry out the kinematic analysis first using
the well-known standard procedures for a four-bar mech-
anism by further assuming all four joints to be pin joints.
This analysis provides the needed information about ve-
locity and acceleration for the dynamic analysis.

2) For the dynamic analysis, we will assume that the flapping
motion of the wing can be decoupled from its rotational
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(i.e., “feathering”) motion. In terms of the coordinate sys-
tem used here, the coupling term is multiplied by the
difference in moment of inertias (Iyy − Izz ) (see, for ex-
ample, [13]) which is very small for the wings utilized in
our experimental work. (For our wings, Iyy is 141 g · mm2 ,
and Izz is 153 g · mm2 ; hence, their difference is only 12
g · mm2 .) The assumed decoupling is, therefore, justified,
and we will solely consider flapping motion in this study.

3) We will further consider the light-weight carbon fiber links
to essentially have no mass. However, in order to take their
mass partially into account, we will, using the concept of
lumped analysis, divide the total mass of the links between
the crank and the wing. This assumption allows us to
consider the inertial terms only for the crank and the wings,
which only undergo a purely circular motion about a fixed
axis.

4) In addition, we will characterize the flexures by the well-
known quasi-static pseudorigid body model [14], the pro-
cedure for which is described later in this section. Finally,
the aerodynamic torques will be represented by the quasi-
steady blade element analysis [15].

5) The apparent mass effect will be included in the present
analysis. This mass represents the air that is accelerated
by the wing and is estimated as the mass of air contained
in a cylinder whose diameter is equal to the wing chord c
and whose length is equal to the wing span L [16]. The
apparent mass is thus equal to ρ(πc2

4 )L and is simply added
to the wing mass. The apparent mass effect is significant
in small vehicles with relatively large wings (as is the case
here), especially in hover.

We will first use the D’Alembert’s principle to convert the
dynamics problem to an equivalent statics problem. This re-
quires adding inertial terms that, for circular motion, are forces
of magnitude mrω2 and mrα and a torque equal to Iα. Here,
I represents the mass moment of inertia about a center of mass
axis parallel to the axis about which the wing flaps, r is the dis-
tance of the center of mass from the axis of rotation, and ω and α
are, respectively, the angular velocity and angular acceleration.
The first force (mrω2) does not contribute to the torque since
its line of action passes through the fixed axis of rotation.

It will be convenient to use the power analysis method de-
scribed in [17] since it eliminates the need for determining the
joint reaction forces. For a preliminary analysis, we will assume
that the motor runs at steady state (αcrank = 0) so that there is
no inertial contribution for the crank. Assuming a rectangular
wing (with length L chosen so that its mass moment of iner-
tia is equal to that of the fabricated wing as determined by its
SolidWorks model), the total inertial contribution to power for
the wing is simply given by total inertial torque Tw,i times the
angular velocity ωw , or

Tw,iωw =
1
3
mL2αw ωw . (1)

Here, L is the wing length, and 1
3 mL2 is the inertia of the wing.

The contribution to the power due to aerodynamic damping is
the damping torque Tw,a multiplied by the angular velocity ωw .
Based on the blade element theory [15], the damping torque

Tw,a can be described in terms of the drag coefficient CD as

Tw,a =
1
2
ρCD

∫ L

0
r(rωw )2sgn(ωw )c(r)dr. (2)

Here, ρ is the air density. This expression can be rewritten in
terms of a damping coefficient B0 as follows:

Tw,a = B0ω
2
w sgn(ωw ). (3)

Since we are approximating the wing as an equivalent rectan-
gular shape with length L and width c (where c is the average
chord length determined by wing surface area equivalence), B0
becomes

B0 =
1
8
ρCD L4c. (4)

Using the well-known pseudorigid body model [14], the torques
due to flexures are given by

Ti = −Kiψi, i = 1, 2, 3, or 4. (5)

Here, Ki represents the stiffness of the ith joint, and ψi is the
angular change for the ith flexure, which is given by

ψi = (θi − θi,0), i = 1, 2, 3, or 4. (6)

Here, θi is the joint angle, and θi,0 is the neutral angle when
the ith flexure is unstressed (assumed midway in the range for
the joint angle). Note that this method of modeling flexure stiff-
nesses applies to large deflection cases which the flexures do
indeed undergo. Comparisons of this model with more sophis-
ticated finite element models indicate that it is sufficient for a
first-order approximation [14].

Thus, the objective is to adjust the flexure stiffnesses for
minimum input power (power supplied by the motor-gear box
combination). As stated previously, only joints 3 and 4 are fab-
ricated as flexure joints. The expressions for these angles are
given as follows:

ψ3 = (θ4 − θ4,0) − (θ3 − θ3,0), ψ4 = (θ4 − θ4,0). (7)

Note that the included angle at joint 3 depends on the movement
of both the coupler and rocker links.

C. Theoretically Predicted Trends

As mentioned previously, only joints 3 and 4 are flexure joints;
therefore, we consider the case when both these joints have
nonzero but equal revolute stiffnesses. The results of the analysis
described in the following show that the input power decreases as
the stiffness is increased up to a point and then starts increasing
again. We choose to consider the case of equal stiffnesses in both
joints for the sake of convenience. Different flexure revolute
stiffnesses are possible but not considered here.

The power analysis procedure is to sum the powers (torque
times the appropriate angular velocity) due to all the torques
and set it equal to zero and solve for the input torque. Since
ωw = ω4 , the resulting power balance (see Fig. 2) is given as
follows:

Tinω2 = (Tw,a + Tw,i + T4)ω4 + T3ω3 . (8)
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Fig. 3. (Top) Required input power to the transmission for five different flexure
stiffness cases over one flapping period when flapping at 18 Hz. (Bottom) Trend
of the RMS power to the transmission as the stiffness k is varied.

Tw,i was calculated as given in (1) and Tw,a was determined
using (3) and (4) assuming the density of air of 1.22 kg/m3 and
a CD of 2. The torques exerted by the flexure joints were calcu-
lated using (5) and (7). The parameters characterizing the wing
were determined using an equivalent rectangular wing to the
fabricated wing shown in Fig. 1, resulting in a mass of 143 mg
(combination of the wing mass and half the mass of the link-
ages), a wing length of 62 mm, and an average chord of 37 mm.
The angular velocities and accelerations were determined by
solving the appropriate four-bar equations with the following
link lengths: 1.41-mm crank, 8.41-mm coupler, 2.0-mm rocker,
and 8.53-mm ground. The input crank velocity was taken to be
2πf0 and constant with f0 representing the frequency. The value
of f0 was estimated as 18 Hz from encoder data taken with the
wings flapping in our desired operating range. We should em-
phasize that the resulting input power is the mechanical input
power to the transmission and not the electrical input power to
the motor. Estimating the input power to the motor would require
motor and gear efficiency data that are currently unavailable.

Fig. 3 plots the required input power to the transmission

Fig. 4. Typical beam-type flexure and the basis of the two main flexure design
considerations.

with no stiffness, 1.8 mN·m/rad stiffness, 3.2 mN·m/rad stiff-
ness (that minimizes RMS power), 5.2 mN·m/rad stiffness,
and 7.0 mN·m/rad stiffness. This optimal RMS stiffness of
3.2 mN·m/rad resulted in an overall savings in the RMS power
value of about 45% over the no-stiffness case. It should be noted,
however, that to make the model tractable, the joints are modeled
as ideal torsional springs with no damping losses and massless.
Motor and gearbox losses, as well as frictional losses, are also
neglected. Therefore, we do not expect to see these kinds of
power savings in our experiments. The theoretical trends are
mainly used to estimate the desired flexure stiffness, while the
actual power savings will be measured experimentally.

III. TRANSMISSION AND FLEXURE DESIGN

As demonstrated previously, compliant flexure joints help
reduce the mechanical input power through potential energy
storage. They also provide additional advantages in terms of
reduced cost and space requirements, significant weight savings,
and reduced wear and lubrication requirements compared with
traditional pin joints. Flexure joints, however, introduce design
challenges for use in FWMAVÕs because of large deformations
associated with large stroke amplitudes. In what follows, we will
discuss flexure design issues, material selection, and fabrication
procedures.

A. Flexure Design

Once a theoretically motivated flexure stiffness that mini-
mizes the RMS input power is determined, it can be used
to design the flexure joint. Design considerations for flexures
have been studied extensively with detailed discussions found
in [14], [18], and [19]. The main focus here, however, is on
matching the revolute stiffness of the fabricated flexure with our
desired flexure stiffness. Relationships based on elementary me-
chanics of materials that are commonly used in the preliminary
design of flexures are shown in Fig. 4. For a beam-type flexure,
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the revolute stiffness is given by

k =
EI

d
=

Ebh3

12d
. (9)

Here, E is Young’s modulus of the flexure material, I is the mo-
ment of inertia, b is the flexure width, h is the flexure thickness,
and d is the flexure length. (Again, see Fig. 4.) Once the material
of the flexure (and hence Young’s modulus) is chosen, then the
flexure dimensions can be appropriately determined. Another
constraint is determined by the material’s yield strength σy and
the maximum angle that the flexure will move through θmax . In
order not to exceed the material’s yield strength, and, hence, risk
fatigue or fracture, the flexure’s length should equal or exceed
the following length:

d =
θmaxEh

2σy
. (10)

The basis for this relationship is shown on the right side of
Fig. 4.

Table I illustrates the implications of the material choice on
the resulting flexure dimensions. Note that to match the desired
stiffness with polyimide film, the film needs to be relatively
thick (200 μm) to approach a reasonable width of approximately
7 mm, but then, the length requirement (3.8 mm) starts to inter-
fere with the compactness of the overall mechanism. Stainless
steel is not a viable option for similar reasons. In addition, the
added weight of a steel flexure of required dimensions is exces-
sive. Because of their abilities to undergo large deformations
before tearing and their relatively low densities, rubbers or elas-
tomers thus become the materials of choice. Note, however, that
there are other secondary concerns when designing flexures, for
example, the relationship of off-axis stiffness with the revolute
stiffness and viscoelastic losses in the materials. While we leave
these details to the background references, they did influence the
final flexure design, as discussed in Section III-C.

To further explain our choice of rubber (as opposed to, say,
steel) as the flexure material, we note that besides joining the
links, the flexures do double duty as energy storing torsional
springs. This means that the flexure that deforms to the smallest
radius of curvature (Rmin ) can potentially store the most energy.
From a material standpoint, this implies that the flexure material
with the largest yield strain (see Fig. 4) is the best choice. For
rubber, this value is 1.32, and on the other end of the spectrum,
the corresponding value is 0.001 for stainless steel. If, instead,
we redesign the structure so that the energy is stored elsewhere
(for instance, in discrete springs), the material of choice would
be the one with the highest ratio of σ2

y /ρE when weight matters,
as is the case here. However, even in that case, elastomers still
tend to fare better than metals due to the much higher density
of metals with the only drawback being elastomers’ high loss
factors [20].

B. Layered Process for Transmission Fabrication

After we have chosen the material and dimensions for the
flexure, we then need to incorporate these flexures into the fab-
rication of the overall transmission mechanism. Because of the
inherent advantages that flexure-based mechanisms offer (e.g.,

Fig. 5. (Top) Individual laser micromachined layers that are press cured to-
gether to form (middle) the composite structure. The rubber elements are woven
into this structure, and it is folded up and assembled (with a wing mount added)
to form (bottom) the four-bar transmission.

no friction or backlash and easy miniaturization), much work has
been done to establish fabrication techniques to produce parallel
linkages that are flexure-based [21]–[24]. The most recent evo-
lution, and the technique adapted here, uses precured sheets of
carbon fiber (for the rigid parts), acrylic adhesive sheets (Dupont
FR1500), and polyimide film (for the compliant parts, Dupont
Kapton). Each layer is individually laser micromachined (there-
fore, the carbon fiber or adhesive is removed from places where
the flexures should be). The polyimide layer is then sandwiched
between adhesive layers with the carbon fiber layers on top and
on the bottom. Precise alignment is achieved through the use of
alignment holes and precision dowel pins, as shown in the top of
Fig. 5. The whole layup is then placed under 690 kPa pressure
and cured at 204 ◦C for 2 h.

After the layers are cured together, the compound sheet is
returned to the laser and the final outline cut is made. The struc-
ture is then released from the sheet (see the middle of Fig. 5),
the rubber elements are added, and the structure is folded and
assembled (see the bottom of Fig. 5). In this application, we
weave the rubber elements and assemble by hand, but recent de-
velopments have demonstrated designs that assemble by simply
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TABLE I
FLEXURE DIMENSIONS TO ACHIEVE DESIRED REVOLUTE STIFFNESS

opening up the structure with a single motion, as in a pop-up
book [25].

C. Modified Cross-Flexure Development

As mentioned earlier, there are other concerns beyond achiev-
ing the desired revolute stiffness and adequate range of motion.
These concerns include providing a well-defined axis of rota-
tion and a good ratio of off-axis stiffness to revolute stiffness.
For these two concerns, the relatively low Young’s modulus of
rubbers do not fare as well. For this reason, in addition to al-
ready having a well-established fabrication procedure described
previously, we keep the relatively low-stiffness polyimide film
flexures (in our designs, they have a stiffness of 0.15 mN·m/rad)
and add rubber elements to provide the desired increased rev-
olute stiffness. Because the polyimide film flexures are short
(150 μm) and wide (7 mm), they provide a well-defined rota-
tional axis with good off-axis stiffness. For example, the revolute
stiffness about the y-axis, which is shown in Fig. 4, is given by
Ehb3/12d. Since, in this case, as high a stiffness as possible is
desired, the considerable higher Young’s modulus of polyimide
compared with natural latex rubber (see Table I) increases this
stiffness similarly. The same argument applies for other off-axis
stiffnesses whose expressions can be found in [18].

In the first iterations of adding the elastic elements, we chose
to do this by simply bonding a thicker silicone rubber (PDMS)
layer to the existing carbon fiber and polyimide film structure.
However, this is a challenging problem since rubbers typically
resist bonding after they are cured or vulcanized. To overcome
this problem, we have adapted methods previously used in mi-
crofluidics to bond PDMS to plastics [26], [27]. The method
involves functionalizing the surfaces using silanes. Silanes typ-
ically have four groups attached to the silicon atom with one
group having an inorganic reactivity and another having an or-
ganic reactivity making them ideal candidates to be used in the
adhesion promotion of dissimilar materials, for instance, in the
bonding between glass fibers and the epoxy matrix in glass fiber
composites. We manipulate this use for bonding by exposing
both materials to oxygen plasma to bring hydroxyl groups to
the respective surfaces. Then, one material surface is exposed to
an aqueous solution of silane (1–5% v/v) with an amino reactiv-
ity and the other to a solution (1–5% v/v) with an epoxy organic
reactivity for 20 min. In both cases, the inorganic reactive group
anchors to the hydroxyl groups brought to the surface, leaving
one surface functionalized with the amino group and the other

with the epoxy group. The surfaces are air dried, and when
these surfaces are brought together, they bond readily due to
the strong amino/epoxy connection. This method is desirable
since it allows the linkages and these elastic flexure elements
to be cured in their respective prescribed manners and then be
bonded together at low temperatures, thus minimizing the effect
of coefficient of thermal expansion mismatches. The results are
shown in the top left part of Fig. 6.

While adequate bonding was achieved in static conditions, we
did observe some delamination under dynamic loading. Rather
than depending solely on bonding, we decided to provide me-
chanical constraints to hold the elastic elements in place. Addi-
tionally, since intuitively we expect the elastic elements to be-
have better when in tension rather than compression (buckling
concerns, etc.), we incorporate a different configuration rather
than the simple, beam-type flexures. Trease et al. give a com-
prehensive collection of different kinds of large displacement
compliant joints [28]. The one of interest to us was the cross
flexure (shown in the top right part of Fig. 6), which rates well
for range of motion and low stress concentrations but poorly in
axis drift and off-axis stiffness. By weaving two strips of the
elastic elements (each 1.5 mm wide) on opposite sides of the
traditional beam-type polyimide flexure (see the bottom part of
Fig. 6), we have achieved a modified cross flexure design with
a well-defined rotational axis, good off-axis stiffness, and with
one elastic element always in tension regardless of which direc-
tion the flexure is bent. The polyimide flexure still experiences a
stress concentration and, as such, is still subject to fatigue. How-
ever, in practice, we have found that the addition of the elastic
elements increases the lifetime of the flexures. Systematic tests
to characterize this increase in lifetime were not performed.
However, we can state that the modified cross flexures with the
thicker rubber strips routinely survived over 9000 cycles and,
hence, in excess of the usual battery life for such FWMAVs.
Because of the interchangeable nature of our design, these parts
can be replaced upon failure, greatly extending the lifetime of
such flyers.

Since the stiffnesses of springs in parallel add, if we sub-
tract the contribution of the polyimide flexure from our de-
sired stiffness and assume that the strip in tension is the one
that contributes to the stiffness, we expect a latex rubber strip
around 0.508 (20 mil) to 1.02 mm (40 mil) thick to approach
a stiffness close to our target value, depending on the active
length of the rubber strip as it crosses over the polyimide
flexure.
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Fig. 6. Evolution of the design with the addition of rubber elastomer strips.
The goal was to achieve the desired revolute flexure stiffness but still maintain a
well-defined center of rotation and good off-axis stiffnesses that are not present
in traditional cross flexures. The result was the modified cross flexure seen at
the bottom of the figure.

Because our purpose here is to experimentally measure the
effect that variation in flexure stiffness has on motor input power
and resulting thrust, latex rubber was a logical choice of a rep-
resentative elastomer due to its commercial availability in sev-
eral film thicknesses. In addition, it has a higher modulus than
PDMS (whose Young’s modulus is around 750 kPa [29]), mak-
ing the flexure dimensions more reasonable for this size scale.

Fig. 7. Experimental test setup is shown. The body of the FWMAV is designed
such that the wings and the upper part of the four-bar transmission can be
exchanged for different sizes or flexure stiffnesses. The parts are attached (or
detached) by removable carbon fiber rods.

However, on smaller scales, particularly where weaving in the
elements might be difficult to do by hand, using PDMS and the
previously described bonding techniques might become a viable
option, particularly considering that PDMS is reported to have
a low loss tangent [29].

IV. EXPERIMENTAL TEST SETUP

The experimental test configuration is shown in Fig. 7. The
body of the FWMAV is secured to a six-axis force sensor
(Nano17 Titanium, ATI Industrial Automation, with a 1.46-mN
resolution) such that the thrust vector of the flyer is parallel to
the x-axis of the force sensor (see Fig. 7 for convention). The
motor driveshaft is extended outside the front of the body, and
a magnetic encoder (MAE3, US Digital) is attached to record
motor angular velocity and frequency. In addition to the forces
and frequency, we also recorded the voltage and current being
supplied to the motor. The data were recorded via a data acqui-
sition board (NI PCI-6259, National Instruments Corporation,
Austin, TX) and a LabVIEW (National Instruments) program.

The structure of the FWMAV has been designed in such a way
that both the upper part of the four-bar mechanism (with the two
flexure joints) and the wings can be conveniently replaced. This
could involve replacing the transmission with a different flexure
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Fig. 8. Series of stills taken from high-speed video capturing the motion of
the FWMAV when flapping at around 8.5 Hz with approximately 0.015 s lapse
between frames.

stiffness or a different sized wing. In the tests conducted here,
we chose to use natural latex rubber for the elastic elements
and varied the strip’s thicknesses. Optimization of the wing
and wing rotation is not considered here; it is left for future
work. Five different stiffness cases were tested: no latex rubber
strips (polyimide flexures alone), 0.508 (20 mil), 0.635 (25 mil),
0.762 (30 mil), and 1.02 mm (40 mil) thick rubber strips. In all
these tests with different flexures, the motor (GM15 25:1 6mm
Planetary Gear Pager Motor, Solarbotics) and the wing, which
is a titanium spar frame with a carbon fiber rod reinforcing the
leading edge and laminated on both sides with 1.5-μm ultra
polyester film, remained the same. Fig. 8 shows the flapping
motion with approximately 3 V applied to the motor and the
0.635-mm flexure stiffness case. The series of stills is taken
from high-speed video captured with a Casio EX-ZR100 at
420 frames/s.

V. RESULTS AND DISCUSSION

For each of the flexure stiffness cases, power, frequency, and
force data are recorded for at least 5–10 s interval at a 1 kHz
sampling rate for different applied voltages. The data are then
loaded into a MATLAB program where the average value at
each measurement point for each of the measured properties
is determined. Four separate trials like this are conducted and
averaged. The results are shown in Figs. 9 and 10.

We first consider the power as the flapping frequency varies
for each of the stiffness cases. The four-bar mechanism was
designed to have as close to sinusoidal output as possible. Al-
though due to the varying load from the wings on the motor, this

Fig. 9. (Top) Experimentally measured power supplied to the motor versus
frequency shown for the five different stiffness cases. The greatest saving of
power from the no-rubber case comes from the 1.02-mm case in the frequency
range of interest (16–18 Hz). (Bottom) Error bars on the power data for the
no-rubber and 1.02-mm rubber case as a function of the voltage applied to the
motor control circuit.

Fig. 10. Thrust production versus motor input power plotted for the five
different stiffness cases along with the associated error bars for the thrust mea-
surement. As can be seen, all the rubber cases produce 15–20% more thrust in
the operating region of interest (1–1.25 W).
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is not quite achieved in practice. However, for the purposes of
determining how power should vary according to frequency, we
assume it is fairly close. Thus, assuming a sinusoidally varying
flapping angle of the form ωw = Ω0sin(2πf0t), where Ω0 is the
amplitude, and f0 is the frequency, it is easy to verify that ωw

and αw , respectively, vary as f0 and f 2
0 . It then follows that the

two major contributors to the input power, the inertial power and
power due to aerodynamic damping [see (1) and (2)], both vary
as f 3

0 . As seen in Fig. 9, we therefore applied a power fit and
then verified that the resulting fit was in the cubic range with the
adjusted R-square values being 0.9596 for the no-rubber case,
0.9872 for the 0.508-mm case, 0.9946 for the 0.635-mm case,
0.9961 for the 0.762-mm case, and 0.9838 for the 1.02-mm case.
From the results shown in Fig. 9, all the rubber cases generally
use less power than the no-rubber case at the same frequency
in the 8–18 Hz range. At the operating frequencies of interest
here (16–18 Hz), however, the 1.02-mm-thick rubber shows the
most power savings at generally 20% less power. Generally, it
was seen that the introduction of the rubber flexures allowed for
a small reduction in power and slight increase in frequency for a
given applied voltage to the motor control circuit. In the bottom
of Fig. 9, the reduction in power for each of the applied voltages
is shown for the no-rubber and 1.02-mm rubber case along with
the corresponding related error in the power measurement.

When we look at thrust production versus input power (see
Fig. 10), we again see a similar gain for the rubber cases. In
the operating region of 1–1.25 W (which corresponds to our
desired frequency range of 16–18 Hz), the rubber cases produce
15–20% more thrust than the no-rubber case. This 3–4.5-mN
gain in thrust is about twice the sensor resolution of 1.46 mN.
According to classical Rankine–Froude theory [30], we expect
the thrust to vary as input power raised to the 2/3 power, and
such a power fit is applied in the figure. The adjusted R-squared
values for the fits are 0.9377, 0.9692, 0.9547, 0.9473, and 0.9456
for the no-rubber to 1.02-mm case, respectively.

The measured power savings of 20% are considerably lower
than the theoretical predictions of 45%. This difference high-
lights the fact that in the analysis in Section II, we are modeling
the joints as ideal torsional springs (massless and no damping
losses). In reality, this is not the case, and since we choose not to
use traditional metal springs and instead incorporate this feature
in the beam-type flexures, there are high losses associated with
dissipated energy as heat when vibrated. In addition, the losses
occurring in the motor and gearbox were neglected. As stated
previously, we did not attempt to model these losses as much of
the motor and gear efficiency data required to do this is currently
unavailable for the motor used in this study. However, since the
purpose of the study was to simply motivate that such power
savings are indeed possible and provide a guide for appropriate
flexure stiffnesses, such detailed modeling was not warranted
here.

Finally, the advantages of incorporating this power-saving
feature in the flexure joints results in other benefits such as over-
all weight savings, more integrated construction, and, hence,
more robust structures. With the gain of 0.3 g of thrust with a
less than 1% cost in weight (0.02 g) to the overall structure, the
use of compliant elements in the flexures is justified.

VI. CONCLUSION

The aforementioned studies reveal that a given articulated
transmission mechanism should incorporate a certain amount
of spring stiffness to operate in a minimal power draw and
maximal thrust production mode. With the limited weight and
compactness requirements of centimeter-sized FWMAVs, cer-
tain materials, namely rubbers or elastomers, work better at
providing this desired stiffness. Experimental data demonstrate
that, given the same system (geared motor, fixed lengths for the
transmission links, and same size wing), an optimal stiffness
in the flexure joints (using latex rubber strips compared with
no-rubber strips in the modified cross-flexure joints) produces
similar thrust for around 20% less power. Similarly, when oper-
ating in the same power region (around 1 W), the rubber flexure
cases produce around 15–20% more thrust than the no-rubber
flexure case. This approximately 0.3 g added thrust is achieved
with an only 0.02 g cost in weight (a less than 1% increase in
weight assuming a total weight of around 3 g). While the power
savings are less than what is predicted for ideal torsional springs,
at least partially due to the high loss tangents of elastomers, the
advantages of modest power savings and increased thrust at a
very minimal cost in weight make their inclusion worthwhile.

VII. FUTURE WORK

Future work will involve the inclusion of an elastic hinge at
the wing root for passive rotation and the use of the same exper-
imental setup with interchangeable body parts to help optimize
the thrust/lift production. We will also look at the effect of differ-
ent wing sizes. Other potential studies might include the study
of the use of different elastomeric materials and configurations.
In nature, the material used for this purpose is resilin, which has
an extremely high resilience (percentage of stored energy return
between 90% and 97%) [31]. Exploration into different kinds
of elastomers to minimize the loss tangent (or into attempts to
produce artificial resilin materials) could potentially maximize
these power savings.
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