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Abstract— This paper presents the design, analysis and
characterization of a compliant thoracic mechanism that saves
inertial power for flapping-wing micro-air vehicles (FWMAYV).
Lightweight polyimide film hinges were previously integrated in
compliant flapping-wing mechanism to reduce friction. However,
there were not stiff enough to fully recover wing’s inertial energy
into elastic energy. To store adequate elastic energy using film
hinges, we develop a compliant thoracic mechanism with
nonlinear stiffness characteristics by mimicking a Dipteran
insect’s flight thorax. This thoracic mechanism consists of rigid
plates and polyimide film hinges, connected into a close-form
shell. It has a nonlinearly increasing stiffness so that it can slow
the wings down rapidly towards the end stroke and subsequently
helps reverse the wings. It demonstrates almost full recovery of
inertial power for 10-cm span flapping wings up to 25Hz. As a
result, it only expends 2% of the total mechanical power on
inertial power at 25Hz. In contrast, the rigid-body mechanism
with no elastic storage expends 23% of the total mechanical
power on inertial power when the same wings beat at the same
frequency. With the capability of elastic energy storage, this
compliant thoracic mechanism saves power expenditure ranging
from 20% up to 30% to produce the same thrust, in comparison
with the rigid-body flapping mechanism. This study shows that
power saving is effective only if elastic energy storage is well
tuned to recover the wing inertial power.

I. INTRODUCTION

Natural flyers capable of agile maneuvers have inspired
recent development of flapping-wing micro air vehicles.
However, flapping-wing flight could be energetically costly
during hovering [1][2]. Substantial power is expended to move
the air and wings [3][4]. While aerodynamic power is incurred
to produce aerodynamic thrust and lift, additional inertial
power is needed to accelerate and decelerate wings[1][4].
Even for natural flyers, this inertial power increases greatly
with increasing frequency and can take up as much as 53% of
the total flight power during hovering [5]. However,
entomologists and aerodynamicists found that insects have a
way to reduce the inertial power by utilizing elastic energy
storage during flapping-wing flight[2][6][7]. Insects have
elastic elements in their flight muscles [8], flight thorax, and
wing hinges[2][3]. At the end of wing stroke, kinetic energy
from the flapping wings is stored as elastic energy in the
deformed elastic elements and it is recovered subsequently
during wing stroke reversal[3][9]. Hence, the insects’
flapping-wing flight can be energetically efficient by
eliminating energy expenditure on reactive power.

Contrary to natural flyers, most flapping wing micro air
vehicles (FWMAV) are not capable of storing elastic energy
[10][11]. Neither electric motors nor rigid body mechanisms
that are typically used to drive the MAV can store elastic
energy. In order to minimize the inertial power, several

researchers have recently incorporated elastic energy storage
in the motor-powered rigid-body mechanisms for flapping
wings. Madangopal et al [12] showed in simulation that the
inclusion of linear coil springs, which connect wing roots to
the ground of a crank-rocker mechanism, can reduce the peak
torque required from a motor as much as 12%, whereas
Tantanawat and Kota [13] showed in simulation that it could
reduce the peak input power as much as 42%. In practice, the
additional spring adds extra payload but it does not mitigate
friction loss that could be as substantial as wing inertial power.
Baek and Fearing [14] showed experimentally that a wing
flapper with a linear coil spring can only save the motor power
above a threshold frequency, below which the friction loss
dominates. Their measured power saving is up to 19%, which
is smaller than the theoretical prediction by Ref. [13] .

Compliant mechanisms made of carbon-fiber reinforced
polymer (CFRP) plates and polyimide film hinges are
attractive for use to FWMAYV because they are free of joint
frictions and very lightweight [15][16][17]. If its polyimide
film hinges could store enough elastic energy, the compliant
mechanism could provide an effective solution to reduce
energetic costs for FWMAVs. However, polyimide film
hinges are generally soft and have not demonstrated sufficient
elastic energy storage. Previously, extra springs were added to
the polyimide-hinge compliant mechanism for elastic energy
storage. In the example of a robot bee, a piezoelectric actuator
served as an active spring coupled with the mechanism for
elastic energy storage [15][16] [17][18]. In the example of a
larger scale FWMAYV (with <150mm wing span), a coil spring
[14] or rubber strips [19] were added to the compliant
mechanisms, which were driven by a motor. Recently, coil
springs were also directly coupled with DC motors for direct
drive of the flapping wings towards resonance[20][21][22].

It is not easy to design a polyimide-film-hinge compliant
mechanism with sufficient elastic energy storage. If the film
hinges are too soft, they will not store enough elastic energy. If
they are too stiff, they will statically load more the motor and
consequently reduce the dynamic wing stroke, just like stiff
coil springs do to flapping wings[22]. Yet, inspiration can be
drawn from Dipteran insects, which achieve both a large wing
stroke and sufficient elastic energy storage. Dipteran insects
quickly stop and subsequently reverse their wings through the
interaction between wing bases and the thorax. There is a
radial stop, i.e. a protrusion underside of wing base [23]. In the
middle of a wing stroke where speed is maximal, the radial
stop is idle and the wing hinges exhibit a low stiffness.
Towards the end of a wing stroke, the radial stop is blocked by
a tip of the elastic thorax, which exhibits increasing stiffness
when increasingly deformed. Such non-linearly increasing
stiffness exhibited over a quarter cycle of wing beat is believed
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to be useful to design an energetically-efficient compliant
mechanism for FWMAV.

In this paper, we shall present a lightweight compliant
thoracic mechanism with polyimide hinges that can store
elastic energy required for larger-size (10-15cm wing span)
FWMAVs.  As inspired by Dipteran flight thorax, this
compliant mechanism is shaped as a shell structure, consisting
of rigid plates and flexible hinges. Its activation for wing
beating requires a nonlinearly increasing force towards the
extreme wing stroke position. This compliant thoracic
mechanism can store elastic energy comparable to the wings’
inertial power up to a 25Hz wing beat frequency. We shall
further show that power saving is effective only if elastic
energy storage is well tuned to recover the inertial power.

Tergal

Tergum  Hinge

Dorsoventral
muscle

Wing Hinge

Wing Pleural

Dorsolongitudinal Process

muscle
Pleura

Sternum

Fig. 1 Dipteran insect’s flight thorax (After Snodgrass [24])

Il. THORACIC MECHANISM DESIGN

A. Insect-inspired Design

The flight thorax segment of a Dipteran insect’s
exoskeleton is a deformable ring structure, onto which the
wings are attached[3][25]. As shown in Fig. 1, the ring
segment is composed of four joined rigid plates, namely a back
plate (tergum), a belly plate (sternum), and two side plates
(pleura). Among these plates, the sternum and pleura plates are
rigidly joined while the tergum plate is movable relative to the
rest. Wing bases are elastically hinged to the tergal and pleural
plates. These exoskeleton plates are made of tough chitin
lamellae (with Young’s modulus of 7.848GPa[26]), while the
wing hinges are composed of soft elastic resilin (with Young’s
modulus of 588.6kPa [26]). As the thorax is deformed by an
agonist—antagonist muscles pair, the wings beat together with
the reciprocating tergum plate. As mentioned, contact between
the wing bases and the elastic thorax helps decelerate the wings
towards the end of a wing stroke. Subsequently, the stored
elastic energy in the thorax is released and helps to reverse the
wings. In this way, the Dipteran insects save inertial power for
flapping wings.

To address the need for elastic storage in a 10-15cm
wing-span motorized FWMAYV, we designed a compliant
mechanism shaped like Dipteran insect’s thorax. This thoracic
mechanism is a deformable shell structure, made of CFRP
exoskeleton plates and polyimide film hinges (Fig. 2). Fig. 3
shows that a symmetric half of the thoracic mechanism has a
wing base plate elastically joined between a tergal plate and a
pleural process plate. The pleural process plate is hinged to the
anchor of pleural plate. Depression of the thorax at the tergal
plate produces an upward wing stroke. Reversely, an upward

tergal displacement produces a downward wing stroke.
Reciprocation of the tergal plate is driven by a motor through a
coupling crank-slider mechanism.

This compliant mechanism exhibits a nonlinearly
increasing stiffness as its tergal plate is displaced from the
neutral position towards the maximal position. Though
configured differently, this thoracic mechanism can store
elastic energy like that achieved by Dipteran insects through
the interaction between the radial stop and elastic thorax. This
geometrically nonlinear stiffness is attributed to plate rotations
and elastic hinge deformations.

(a) Compliant
Thoracic
Mechanism

A

Crank-Slider
Mechanism

(b) Tergum

Geared Motor

(b) Tergum (Slider)

Fig. 2 Compliant thoracic mechanism with integrated polyimide film
hinges for elastic energy storage. As the tergum of the thorax is depressed,
its wings beat upwards.
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Fig. 3 Aschematic drawing for the compliant thoracic mechanism: (left) a
full thorax when not loaded; (right) a symmetric half thorax when it is
loaded downward at its tergum plate.
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Fig. 4 A pseudo-rigid model for a symmetric half thorax: (left) neutral
state when not loaded; (right) deformed state when the tergum (i.e. the
slider) is loaded by a downward vertical force F.
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B. Static Analysis

To simplify the geometrically nonlinear analysis, a
symmetric half of the thoracic mechanism is modeled as a
four-bar linkage with elastic torsional-springs in parallel with
the joints. Fig. 4 shows this pseudo-rigid model: a slider
representing the tergal plate while linkages of length D and L
representing the wing base and pleural process plates
respectively. Torsional springs at the joints represent
polyimide hinges between the plates. The torsional stiffness of
pleural hinge is Ko, while those for the wing and tergal hinges
are K; and K, respectively. Torsional hinge stiffness can be
calculated from the formula below, according to [27][28]:

_aM _EI

T do H
where E is the Young’s Modulus, | is the beam cross-sectional
area moment of inertia, and H is the equivalent hinge length.

)

This pseudo-rigid-model allows quick estimates for the
wing rotation and the required force for a given tergal
displacement. As such, the design of the thoracic mechanism
can be iterated easily.

When not loaded, the tergum is statically positioned at the
neutral point yo, with the wing base angled slightly downward
(see Fig. 4). As the tergum is depressed by a vertical force F
downwards, the wing base plate rotates counterclockwise by
an angle 6 above the horizontal plane while the pleural process
plate rotates by an angle « off the vertical plane. This causes a
downward tergum displacement y off the neutral position:

Yy =Yyo+DsinO—Lcosa 2

As the anchor to the pleural wall has a constant distance W
from the plane of symmetry, the rotations of wing-base and
pleural-process plates will satisfy the following constraint:

W =D cos0+ Lsina 3)

Equations (2) and (3) suggest that the wing stroke angle per
tergum displacement depends on the linkage lengths D and L.

The depressive force F on the tergum is resisted by the
spring forces of the thoracic compliant mechanism. It can be
determined from a force analysis of the individual linkages.
The moment equilibrium for the pleural process plate yields:

K0a+K1(9—a+g)—FLsina+RLcosa=0 4
The moment equilibrium for the wing base plate yields:
Kl(e—a+g)+1(2(6)—FDcosG—RDsin9=0 ©)

The force acting on the tergum plate is determined as a
function of the joint angles following:

T Lcosa Lcosa
_ {K0a+ [K1 (9—a+7)](1 +Dsin9)+KZ(e)Dsin9} ©)
- . cos0.cos 0
L (sm o+ ~—ind )
The force increases with the increasing tergum

displacement from the neural position. As the thoracic
mechanism is deformed, the elastic energy stored in it is equal
to the work done by the depressive force F on the tergum plate.
Integration of the force over the tergal displacement y yields:

Ymax
Welastic = f Fdy ]
0

in which F and y are functions of 6 according to Egs. (2) and
(6) respectively. The maximum elastic storage depends on the
maximal tergal displacement yp,, Which is determined by the
crank length of a motorized crank-slider mechanism.

In a quarter cycle of the wing stroke as the thorax is
depressed, the applied force is in the direction of the tergum
displacement. This results in elastic energy storage in the
flexures of the thorax. In the next quarter cycle as the thorax is
relaxed, the stored elastic energy is released and converted into
wing kinetic energy. Similarly, the energy storage and release
happen as the tergum of the thorax is lifted.

C. Design and Elastic Properties

A thoracic compliant mechanism is designed with the
listed parameters in Table 1. For simplicity, its wing base D is
designed to be the same as the spacing W between the pleura
anchor and the symmetry plane. Among the three elastic
hinges in a half thorax, the wing hinge between the wing-base
and pleural-process plates is designed with the least stiffness
K, to allow for a large wing stroke. The tergal hinge between
the tergum and wing-base plates is stiffer at K, to transfer the
actuation force. The pleural hinge between the pleural-process
plate and the anchor is the stiffest at K, to store the most elastic
energy. These hinges will be bent most towards the maximal
tergal displacement, up or down.

This design intends to produce a static wing stroke of 60°
given £3mm of tergum displacement, when driven by a 6-mm
diameter coreless DC gearmotor (Precision Microdrives
206-102[29]) through a 3mm long crank.

Table 1 Parametric values for the pseudo rigid model.

Parameter | Input Value
D 7 mm
W 7 mm
L 4 mm
Ko 4.267 mNm/rad
Ky 0.03414 mNm/rad
K, 0.1366 mNm/rad
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Fig. 5 Wing angular position as a function of tergum depression of the
compliant mechanism.

To measure its elastic properties, the thorax was statically
loaded with increasing deadweights at a 1-gram increment and
photographs of its deformed shapes were taken in sequence.
This thoracic design is observed from Fig. 5 to sweep a 10°
wing stroke for a 1 mm tergal displacement. Meanwhile, the
force acting on the tergum increases non-linearly with the
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tergum displacement as shown in Fig. 6. The elastic energy
stored in the thorax can be calculated from the area under the
force-displacement curve. It amounts to 0.4937mJ at a 4.20
mm tergum displacement (i.e. at a 33.2° wing stroke). As
shown in these figures, the analytical estimates agree well with
measurements.
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S 250 |~ ~— l ’
g 200 - 490.5mN
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Tergum Depression (mm)

Fig. 6 The static force required to depress the tergum plate of the
compliant thoracic mechanism.

Il1l. FABRICATION OF THE TRANSMISSION MECHANISM

A. Compliant Thoracic Mechanism

This thoracic mechanism is a deformable shell structure
made of CFRP plates and polyimide film hinges. CFRP plates
and polyimide hinges can be fabricated and integrated on a
strip of polyimide film (DuPont Kapton HN) by selective
reinforcement [30][31][32]. Plates are CFRP reinforced
patches while a hinge is an unreinforced film spacing between
the reinforced patches. The CFRP patches were obtained by
manual cutting CFRP prepreg (HexPly M10R/38%/UD150/
CHS) using a rotary blade cutter. For this thoracic mechanism
design, the three hinges of distinct stiffness were made from
three separate polyimide strips of different film thickness as
shown in Fig. 7.

Tergal hinge H, T

== | T 1 Wing
| & X | | N % |
7 = : . )

CFRP /9:‘e t H, Wing Hinge
Polyimide film | t;

: —i HH-<

PZ PS
t, H3Pleural hinge
« w

Fig. 7 Assembly of a half compliant thoracic mechanism from three strips
of polyimide hinge/CFRP plates.

As listed in Table 2, film hinges were prepared from 10
mm wide polyimide films of distinct thickness: 50.8um thick
tergal hinge, 25.4um thick wing hinge, and 127.0 um thick
pleural hinge. After selectively reinforced by CFRP patches,
the three strips of integrated hinge and plates were assembled
by lapping and adhesively bonding over common plate areas.
The assembly were subsequently folded and mounted to an
acrylic plate housing. As a result of these fabrication processes

and assembly, the thoracic compliant mechanism was obtained
as shown in Fig. 2.

This wing design adopts a semi-elliptical shape, which has
a 50 mm long leading edge and a 31 mm long root chord. The
leading edge of the wing foil is reinforced spanwise by CFRP
on both sides; whereas, the root chord of the wing foil is lightly
reinforced with one-side CFRP such that it is flexible
chord-wise for passive wing rotation about the leading edge.
Table 3 lists and compares this transmission mechanism and
wing properties with a rigid-body mechanism described next.

Table 2 Design parameters of the polyimide hinges

Design Part Symbol | Dimension
Tergal hinge ty 0.0508 mm

H, 2 mm

Py 1 mm
Wing hinge t, 0.0254 mm

H, 1 mm

P, 3 mm
Pleural hinge t3 0.1270 mm

Hj 1 mm

P 2.5 mm
Width for film hinges 10 mm
Half space between pleura W 7mm

B. Benchmark Rigid Body Mechanism

To serve as a benchmark for comparison, a rigid-body
mechanism was developed to bear the same wings and beat
almost the same wing kinematics (80° wing stroke) as the
compliant thoracic mechanism does.  This rigid-body
mechanism is an assembly of acrylic linkages, and revolute
and prismatic joints, and metal pins. These linkages and its
joints or slots were fabricated by laser cutting 1 mm thick
acrylic plates.

Rigid Body Mechanism

“ Revolute joint
(No Spring)

Fig. 8 A benchmark flapping-wing rigid body mechanism without
capability for elastic energy storage.
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As shown in Fig. 9, this rigid-body mechanism has a pair of
wing levers. The proximal end of each wing lever is a pivoted
guide (i.e. wing base) about a fulcrum, which is spaced from
the other fulcrum at a distance 2W, the same as the pleural wall
spacing for the compliant mechanism. Wing bases of the two
wing levers are coupled with a pin and guided vertically. As
the pin is reciprocated by a motor-powered crank slider
mechanism, each wing base is driven into angular oscillation
about each fulcrum. Each of the wing bases (i.e. the plastic
guides) weighs 0.08g and contributes very little rotational
inertia, at 2.69gmm? as compared to 72.05 gmm? of each wing.
To minimize the friction loss between its pin and guides, the
rigid-body mechanism is lubricated with oil.

Wing
lever

,,,,,,,,,,,

Wing

Fulcrum

Wing base

Fig. 9 Schematic design of the rigid-body mechanism, which consists of a
pair of wing levers coupled with a slider that reciprocates with motion in
the y-direction.

Table 3 Design specifications for the compliant thoracic mechanism and
rigid body benchmark mechanism.

. e . Compliant Rigid Body

Design specifications Mechanism Mechanism
Dynamic (Static) wing stroke 79° (56°) 85° (80°)
Wing span (tip to tip) 100mm 100mm
Wing rotational inertia, J, 7.21x10°kgm? | 7.21x10°kgm?
Half space between pleura, W 7mm 7mm
Crank length 3mm 5mm
Weight 3.51¢g 3.34g

IV. ENERGETIC COSTS ANALYSIS

While performing flapping-wing flight, a micro air vehicle
expends substantial power to move its wings through the air.
Internal to the vehicle, additional power is required to
overcome friction loss and elastic loads in its mechanism.
Hence, the total mechanical power (P.en) generated by a
primary driver, i.e. the electric motor, is equal to the sum of the
aerodynamic power (Puro), the wings’ inertial power (Pineria),
the elastic power (Pgasic), and the friction 10SS (Pjesses), @S
follow:

Pmech = Paero + (Pinertia + Pelastic) + Plosses (8)

Ideally, one could design an elastic element to fully recover
the wing kinetic energy, which would otherwise be wasted
without the elastic energy storage mechanism. An elastic
element in the mechanism seemingly poses additional load to
the motor. However, the elastic element does not draw a net
power over a cycle of the wing motion. Indeed, it helps to
convert the wing’s Kinetic energy into elastic strain energy in a
quarter cycle and to release the stored elastic energy for wing
reversal in the subsequent quarter cycle.

As the sum of kinetic and elastic energies of the
flapping-wing mechanism is conservative, their time
derivative should vanish following Rayleigh’s energy

method[33]. Therefore, the sum of inertial and elastic power
would vanish:

Pinertiat + Petastic = 0 9)

As a result, the average mechanical power reduces to only
the dissipative powers:

Prech = Paero T Plosses (10)

This suggests that the elastic energy storage could help
reduce the motor’s electrical power and torque required to
drive flapping-wing flight. However, if the elastic energy
storage is not sufficient to fully recover the wings’ kinetic
energy, the sum of the inertial and elastic powers will not be
reduced to zero.

In measurement, the averaged inertial and elastic power can be
estimated semi-analytically from the measured wing
kinematics and static elastic storage capacity.

The average inertial power can be estimated from the
maximum change of wing kinetic energy over a quarter cycle
of the wing beat, where the speed peaks at the mid-stroke [4]

[5]:

ﬁinertial = 4ﬂ2¢2f3]0, (11)
where f is the wing beat frequency, ¢ is the wing stroke angle,
and Jy is the rotational inertia of each wing. This estimate
assumes that the wing stroke profile is a sinusoidal function of
time and the maximum angular speed of the wing beat is nfg.

On the other hand, the averaged elastic power can be
estimated from the maximum elastic energy storage over a
quarter cycle of the wing beat as the elastic elements are
stopping the wings:

ﬁelastic = —4fWeastic (12)
in which W, is the work done on the elastic element as
derived in Eq. (7).

The input mechanical power to the flapping-wing
mechanism is generated by the electric motor, which runs at
the same frequency f as the wing beat frequency. It can thus be
calculated as the product of motor torque and motor speed:

Pmech = ankml_v (13)

in which 2xf is the motor speed, k., is the motor torque constant
(7.664mNm/A), and I is the average current drawn by the
motor (Precision Microdrives 206-102 [29]). The time-varying
current to drive the motor at a constant voltage can be
accurately measured using a precision source/measure unit
(Agilent B2902A). Motor efficiency can be calculated by
comparing this output mechanical power with the input
electrical power.

V. EXPERIMENT, RESULTS AND DISCUSSIONS

The compliant thoracic mechanism can store elastic
energy, whereas the rigid body mechanism cannot. To isolate
the effect of elastic storage on energetic costs, the two
mechanisms are designed to beat the same wings with
approximately the same wing kinematics. In this way, any
power saving by the compliant mechanism to produce the
same thrust could provide a measure for the effectiveness of
the elastic energy storage.
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A. Wing Kinematics and Thrust

In a lightly damped free vibration test, this winged thoracic
compliant mechanism exhibits a natural frequency over a
range of 30~37Hz, depending on the crank position. Fig. 10
shows free oscillation of a wing attached on the thoracic
compliant mechanism whose tergum is cranked up. As the
thorax is driven by a motor into forced oscillation, its dynamic
wing stroke increases with increasing wing beat frequency.
Fig. 11 shows that the wing stroke angle increased from a static
angle of 55° at 0Hz to a higher dynamic angle of 78° at 25 Hz.
This 42% enhancement of the dynamic wing stroke angle is
attributed to hinge flexibility and reduced dynamic stiffness of
the thorax. Due to the added virtual mass of air trapped by
flapping wings [34][35], its resonance for the forced
oscillation is expected to occur at a lower driving frequency
than the natural frequency. However, resonance peak is not
observed from Fig. 11 due to increasing loads with higher
frequency.
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Fig. 10 Free oscillation of a wing about its root which was supported on a
compliant thoracic mechanism whose tergum was cranked up. Wing spar
positions, at the tip (ysp) and the root (yrr) between which were spaced at
length (1), were tracked from a high-speed video of the oscillation.

In comparison, the wing stroke angle generated by the
rigid-body mechanism is not frequency dependent. It remains
nearly constant at 85°, slightly above the static angle of 80°,
throughout the whole frequency range. Above 22 Hz, both
compliant and rigid-body mechanisms generate almost the
same wing stroke angle. For example, Fig. 12 shows a cycle of
wing beat of similar wing stroke amplitude at 25Hz for the two
mechanisms. In addition, it is noted from Fig. 11 that the
maximum driving frequency for either mechanism is limited
by the motor capacity. However, a lower driving voltage is
required for driving the compliant mechanism, as compared to
that driving the rigid-body mechanism at the same wing beat
frequency (see Fig. 12).

Thrust generated by the wing flappers can be measured on
a tethered flight test stand using a simple pendulum method
[36][37]. As shown in Fig. 13, the wing flapper was attached at
the distal end of the pendulum rod, which pointed vertically
downward under gravity when the flapper was idle. As wings
flaps, thrust is generated to raise the pendulum (i.e. the rod and
the flapper) by a quasi-static angle off the vertical line. The
quasi-static angle is a result of the moment equilibrium
between the gravity and thrust. It provides a measure for the
thrust, as long as the pendulum and flappers were not raised
above the horizontal line.

This tethered flight test demonstrated that the thrust
generated by the wing flappers increases with the increasing
wing beat frequency (see Fig. 14). Meanwhile, the thrust
generated by the compliant depends also on the dynamic wing
stroke, which varies with the frequency. Over the low driving
frequency range, the compliant mechanism produces less
thrust than the rigid-body mechanism does, e.g. at most 18%
lower at 15 Hz, due to a smaller wing stroke. However, this
thrust difference appears small in the plot along with much
larger thrust magnitude at higher frequencies. Over the higher
frequency range above 25 Hz, the thrust generated by the
compliant mechanism increases and become almost equal to
the thrust generated by the rigid-body mechanism as its
dynamic wing stroke increases as much as that of rigid-body
mechanism. As such, the effect of elastic energy storage can be
better seen by comparing their energy energetic costs over the
high frequencies.
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Fig. 11 Wing stroke angles for the compliant mechanism (CM) and rigid
body mechanism (RBM) as a function of the wing beat frequency.
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Fig. 12 Wing stroke position as a function of time over one wing beat
cycle at approximately 25 Hz.
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Fig. 13 Tethered flight test using a simple pendulum: When the wing
flapper at the pendulum’s end was idle, the pendulum pointed downward
under the gravity; when the wing flappers beat at 33 Hz, the pendulum of
wing flappers was lifted above the horizon by the generated thrust.
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Fig. 14 Thrust generated by the flapping-wing compliant and rigid-body
mechanism as a function of the wing beat frequency.
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Fig. 15 The average electrical power required by the same motor to drive
the compliant and rigid-body mechanisms as a function of wing beat
frequency. The average electrical power required to drive the compliant
mechanism is less than that required to drive the rigid body mechanism.
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Fig. 16 Electrical powers required to drive the compliant and rigid-body
mechanisms over two wing beat cycles at 25 Hz. The average power
required to drive the compliant mechanism (CM) is lower than that
required to drive the rigid body mechanism (RBM).

B. Reduced Energetic Cost

The electrical power required by a DC motor to drive
flapping wings depends on several factors, namely wing beat
frequency, aerodynamic load, and mechanism design.
Meanwhile, the aerodynamic load increases with the wing
stroke and wing beat frequency. Fig. 15 shows that the average
electrical power required increases with the wing beat
frequency. It is noted that the motor driving the compliant
mechanism consumes less electrical power than that driving
the rigid-body mechanism. For example, the compliant
mechanism consumes 31% less power while beating wings at
15Hz. It consumes 22% less power while beating wings at
25Hz. During a cycle of wing beat, the motor powers are

observed from Fig. 16 to peak twice towards the ends of wing
strokes, either up or down.

To better isolate the effect of elastic energy storage, one
can alternatively compare the two mechanisms in term of the
thrust-to-power ratio, which measures the effectiveness of the
mechanism to convert electrical power to aerodynamic thrust
using the same motor. Fig. 17 shows that, for either mechanism,
the generated thrust per power increases at decreasing rates
with the increasing frequency, up to an ‘optimum’ frequency
beyond which the effectiveness drops. Instead of the influence
by elastic resonance, the drop of thrust per power beyond the
maximum is believed to be attributed to limited motor capacity.
This belief is supported by Fig. 18 showing that the motor
efficiency decreases with faster flapping, which loads more
either mechanism. Due to the reduced reactive load, the motor
efficiency is improved by using the compliant mechanism,
instead of the rigid-body mechanism. As a result, the
compliant mechanism produces more thrust per power than the
rigid-body mechanism over the same to frequency, e.g. 20%
more at 25Hz.
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Fig. 17 Thrust to electrical power ratio (T/P) achieved by the compliant
and rigid-body mechanisms. Over the frequency range from 15Hz to
30Hz, the compliant mechanism (CM) produces 19-22% more thrust per
unit power as compared to the rigid-body mechanism (RBM).
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Fig. 18 Motor mechanical efficiency to convert electrical power to
mechanical power.

C. Power Components Over Frequency

To verify if sufficient elastic energy storage could fully
recover the wing inertial power following Eg. 9, we shall
analyze the breakdown of the power components which are
consumed by each flapping-wing mechanism.

Mechanical power measurement provides a means to
indirectly measure a power component, which differs in two
distinct operating conditions. For example, the mechanical
power incurred to drive a wing flapper in air (Pp,c) is higher
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than that in vacuum (Ppecnvac) due to the absence of
aerodynamic power (P,.,,) in vacuum[10][11]. On the other
hand, the mechanical power required to drive a wingless
flapper in air (Pmecnwingiess) 1S Mainly due to the friction loss
of the gears and motor shaft (P,..s). Hence, the apparent
inertial power ( Piertiar + Perastic) €8N be estimated as the
difference between the mechanical power for driving winged
mechanism in vacuum and that for driving the wingless
mechanism, which was tested in air instead of vacuum to avoid
motor overheating.

Fig. 19 shows the mechanical powers required to drive the
compliant mechanism under various conditions while Fig. 20
shows the power required to drive the rigid-body mechanism
under those conditions. In general, the mechanical power
required increased with the wing beat frequency. Interestingly,
it is observed from Fig. 21 that the apparent inertial power for
the compliant mechanism vanishes over the frequency range
up to 25Hz. In contrast, the inertial power for the rigid-body
mechanism remains substantial and increases monotonically
with increasing frequency. However, beyond 25 Hz, the
compliant mechanism cannot fully recover the inertial power
because the wing inertial power then exceeds the elastic power
capacity as shown in Fig. 22.

To this thoracic compliant mechanism with nonlinear
stiffness, the effect of resonance is not obvious in reducing the
electrical power (see Fig. 15), unlike how it did to the linear
elastic system [21][22]. However, sufficient elastic energy
storage, even by a nonlinear one, is effective to reduce the
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Fig. 19 Mechanical power required to drive the compliant thoracic
mechanism under different operating conditions.
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Fig. 20 Mechanical power required to drive the rigid body mechanism
under different operating conditions.

inertial power. For example, to drive a compliant mechanism
at 25 Hz, the inertial power amounts to merely 2% of the total
power (see Fig. 19). On the other hand, to drive a rigid-body
mechanism at the same frequency of 25 Hz, the inertial power
amounts to 23% of the total mechanical power (see Fig. 20).
The inertial power remains low up to 25Hz wing beat
frequency and it dips slightly with increasing frequency
towards 25 Hz (see Fig. 21).

D. Comparison with Previous Works

In comparison with coil springs (as listed in Table 4),
polyimide film hinges are much lighter in weight. The CFRP
shell structure with these integrated polyimide film hinges
exhibit nonlinear increasing stiffness as its tergum plate is
depressed increasingly. This shell structure exhibited a low
stiffness when it is at the neutral position, where the wing
speed reaches maximum; whereas, it exhibits high stiffness, up
to 700 N/m when it reaches its maximum position where the
wing stroke is stopped. As such, it stores sufficient elastic
energy storage, without loading the motor unnecessarily near
the neutral position. As a result, this thoracic compliant
mechanism is effective for fully recovering the inertial power
from a low wing beat frequency up to 25 Hz. In contrast, the
previous compliant mechanism with a discrete linear
spring[14] could only save power above a 15Hz frequency
threshold, which is about 66% of the 24.5 Hz resonant
frequency. In a recent work, coil springs were directly coupled
with DC motor for flapping wings [22][40], but information of
power saving by adding springs were not available for
comparison.

0.20 4
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s - = CM’S Pinema\ +Pe\as|ic: (Eq 11+ Eq 12)
g 0.15 A 3 Measured for RBM
g T ' RBMS P, (Eq. 11) A
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S oA
£ . {A “ .
£ 005 | Pt L
2 AT EL -
- — e - - (3
£ 0.00 *%
L 10 15 20 25 30
0.05 Frequency (Hz)

Fig. 21 Apparent inertial powers requirement for the compliant
mechanism and the rigid-body mechanism as a function of wing beat
frequency. Semi-analytical estimates were calculated from Egs. 11 and 12.
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Fig. 22 Calculated inertial powers and elastic power as a function of wing
beat frequency, following Eqgs. 11 and 12 respectively and using the
measured wing stroke and wing beat frequency.
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Table 4 Comparison among various flapping-wing mechanisms with capability of elastic energy storage

Current and Previous Works Oﬂvg\g;h t \S,\g;r? z:/rlc?lge IE:'aezzlenngcy Spring Type Spring Stiffness \S/\F/)erilg;]t?t Power Saving
This thoracic compliant mechanism 3.51g |100mm 56°-80° | 9-33Hz Shell Structure | 0-700N/m 0.066g | 31% max
Baek’s compliant mechanism[14] 5.8¢ 80mm ? ~55° 10-30 Hz | Coil Spring 140N/m 0.259g * | 30% max
Vamp RC (rigid-body mechanism )[14] 13.0g |304.8mm |45° 16Hz Coil Spring 980N/m 0.4449 ° | 19% max
Sahai’s compliant mechanism[19] [38] 3.0g 124mm 100° 16-18Hz Rubber Strips | 3.2mNm/rad 0.02g 20% max
Bejgerowski’s compliant mechanism[39] | 12.76g |152mm 65° 12.1Hz Leaf springs 0.7mNm/deg - -
Madangopal’s rigid-body mechanism [12] |- 600mm 90° 0.8Hz Coil Spring 51.3N/m - (12% torque)
Tantanawat’s rigid-body mechanism[13] |- 660mm 44.8° 4Hz Coil Spring 38N/m - 42% predicted
Hines’ Direct Motor-Driven Flapping [22] | 2.79 140mm 40-160° | 2-20Hz Coil Spring 2.83mNm/rad 0.129% |-

Roll’s Electromagnetic Actuator[40][41] |5.2g° | 90-140mm | 68-107° | 30-71Hz Magnet 0-5.64mNm/rad | - -

2 Estimated from the scale of photo image

P Estimated for a 5.5mm-diameter coil spring with 10 turns, made of a bronze wire of 0.44mm diameter and spring free length of 21.5mm. The phosphorous

bronze Grad A has a Young modulus of 103GPa, and a density 8860kg/m3

¢ Estimated for a 5.5mm-diameter coil spring with 8 turns, made of a bronze wire of 0.65mm diameter and spring free length of 21.5mm.
¢ Estimated by the difference between the wing-motor mass and the total system mass.

¢ Estimated based on two actuators each with a single wing.

VI. CONCLUSIONS

We have presented a compliant thoracic mechanism with
integrated polyimide film hinges for elastic energy storage.
These film hinges add no almost extra weight to the compliant
mechanism, which consists of CFRP plates and polyimide
film. Due to hinge flexibility, this thoracic compliant
mechanism enhances the dynamic wing stroke angle up to 42%
higher than the static wing stroke angle when beating wings
above 22Hz frequency. As a closed-form shell structure, this
compliant thoracic mechanism exhibited nonlinear stiffness
characteristics, with increasing stiffness from a low value at
the neutral position to as much as 700N/m at the maximal
position. As a result, it can provide sufficient elastic storage to
fully recover the kinetic energy from 100-mm-span wings
flapping at 25Hz. This power saving is attributed to almost
zero apparent inertial power, which is verified both
experimentally and theoretically, with sufficient elastic energy
storage. In future, we shall further investigate the effectiveness
of such means of elastic energy storage for a larger
flapping-wing micro air vehicles (with greater-than-240-mm
wing span), which could carry more payload.
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