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Flapping-wing flying insects possess various advantages, such as high agility and efficiency. The design and manufacture of
insect-scale flapping-wing micro aerial vehicle (FWMAV) have attracted increasing attention in recent decades. Due to the
limitations of size and weight, the FWMAVwith an onboard battery which can fully mimic insect flight has not been achieved. In
this work, we design and fabricate a highly integrated flapping-wing microrobot named Robomoth. The Robomoth consists of a
carbon chassis, customized power and control devices, and two piezoelectric ceramic actuators symmetrically distributed in the
thorax and controlled individually. It weighs 2.487 g, spans 5.9 cm in length, possesses 9 cm of wingspan, and carries a 0.355 g
rechargeable lithium battery. We demonstrate the mobility of the Robomoth through untethered gliding and making turns on the
water surface. A simplified dynamic model of the flapping system is proposed to explain the relationship between the driving
frequency and the flapping amplitude. The Robomoth is one new untethered bioinspired flapping-wing robot that can perform
stable water surface motion, which holds potential applications such as search and rescue on the water. The robot can also
provide insight for designing insect-scale flying vehicles.
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1 Introduction

Creating flapping-wing aerial vehicles to mimic birds and
insects has attracted many researchers in recent decades. The
first electrically powered palm-sized flapping-wing aerial
vehicle was developed in 2001 [1]. Since that, designing
flapping-wing vehicles has remained an attractive research
topic in the field of robotics, and varieties of prototypes have
been constructed. Compared with traditional aerial vehicles,
flapping-wing aircraft exhibits the properties such as small
size, low flight Reynolds number, and unsteady aerodynamic
characteristics [2–4]. Meanwhile, the agility and high man-

euverability of flapping-wing flying robots give them the
potential to perform various tasks such as pollination, ex-
ploration of the confined space, and search and rescue after
the earthquake. So far, flapping-wing aerial vehicles gen-
erally take inspiration from hummingbirds [5,6], bats [7,8],
dragonflies [9], bees [10–14], and flies [15–18]. It is not a
hard problem for those flapping-wing aerial vehicles with
relatively large sizes to achieve untethered flight due to the
large load capacity and ample design space. For flapping-
wing micro aerial vehicle (FWMAV), however, the un-
tethered flight with onboard power and control system is still
one of the grand challenges, which leads to limited appli-
cations.
The design and manufacture of FWMAV should consider

the requirements and restrictions of the subsystems. The key
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challenge is to balance the trade-off among all subsystems,
such as driven systems, transmission mechanisms, and
electronics. Though the previous studies have extensively
investigated the motor actuators and electromagnetic actua-
tors on FWMAV [6,8,19–28], controlling stroke amplitude,
duty cycle, and mean stroke plane of the motor-driven
flapping system with limited volume and weight is still dif-
ficult due to the slow advances on control mechanisms and
feedback systems [29–31]. Smart materials such as piezo-
electric ceramics [16,32] and dielectric elastomers [14] have
raised attention due to their large deformation, low weight,
small size, and high driving frequency.
The transmission mechanism design highly depends on the

actuator. It converts the output of the actuator into the flap-
ping or twisting of the wings. Gear rocker mechanisms are
often introduced as transmission mechanisms for the motor
actuator. For electromagnetic motor and smart material ac-
tuators, researchers developed a smart composite micro-
structure (SCM) method [33] to create a linkage mechanism
with micro flexure hinges, which can convert and amplify
the deformation. One of the highlights of the insect and bird
flight is that the flapping motion has multiple degree(s) of
freedom (DoF). For instance, the wings can twist or swing
back and forth [34–37]. How to achieve this natural behavior
is one of the major concerns in robot design. Researchers
have successfully achieved two DoFs flapping control on the
micro-flapping wing mechanism, namely flapping and
twisting or flapping and deviation [38–41]. It is, however,
heavier and consumes more space compared with one DoF
robot. In the Harvard Robobee series, researchers have
achieved the twist motion of the flapping wing by using the
passive hinge rather than active 2-DoF flapping [32].
Meanwhile, to get rid of the mass limit of the battery, the
researchers successfully achieved the untethered flight of the
FWMAV by using photovoltaic power, which marks an en-
ormous advance [12,16].
In this paper, we present a new design of the inset-scale

flapping-wing robot. The robot weighs 2.487 g, spans 6 cm
in length, and carries a 0.355 g rechargeable lithium battery.
The wingspan of the robot is 9 cm, and the robot is named
Robomoth. The Robomoth is fabricated through the SCM
method and equipped with wireless onboard power and
control system (Figure 1). It is driven by a pair of piezo-
electric ceramic bending actuators, which generates thrust
force and drives untethered gliding on the water. The
thrust force of the robot is measured, and the mobility of
the robot on the water surface is characterized. A simpli-
fied dynamic model of the flapping system is proposed to
explain the relationship between the driving frequency and
the flapping amplitude. The Robomoth is the first un-
tethered bioinspired flapping-wing robot that can perform
stable water surface movement, holding potential appli-
cations such as search and rescue on the water. Further-

more, this work can provide insight for designing insect-
scale flying vehicles.

2 Design and fabrication

This work intends to design and manufacture an insect-scale
flapping-wing robot with a mass limitation of 3 g and a
wingspan less than 10 cm, which can be equipped with on-
board power and control devices. To achieve this goal, it is
necessary to design the subsystems such as actuators,
transmission mechanisms, wings, power supply, and in-
tegrated structures. Since the flapping-wing robot is a com-
plicated system, the subsystems affect each other and define
the overall performance of the robot. The main parts of the
Robomoth are made and assembled by the SCM method, as
shown in Figure 2.
All components of the SCM method for constructing the

mechanisms, actuators, and wings are listed in Table 1.

2.1 Actuators

The geometry of the actuator requires a comprehensive
consideration of the load capacity of the power supply and
the dynamic response characteristics of the driving system.
Limited by the energy density of the actuator and mass re-
quirement of the robot design, the actuator should neither be
too large to lean on much energy consumption and heavy
electronic devices, nor too small to cause the low actuation
ability and weak flapping performance. In this work, the
actuator is designed as 13 mm in length, with a trapezoid
shape to minimize the torque distribution unbalance. The top
width of the actuator is 1.7 mm and the bottom width is
6 mm. To make the robot more compact, the actuator is made
into an inclined asymmetric shape and placed symmetrically
on both sides of the thorax of the robot.
We chose PZT-5H ceramics to fabricate the composite

piezoelectric ceramic bending actuator. Firstly, we place the
pre-cut piezoelectric ceramics and alumina ceramics in the

Figure 1 (Color online) Robomoth: a 2.487 g flapping-wing microrobot
capable of untethered gliding on water.

2 Chen Y H, et al. Sci China Tech Sci



FR4 frame, and the carbon fiber prepreg in the middle is
aligned with the FR4 frame (Figure 2(a) Step1). The alumina
ceramics is adopted to reinforce the actuator and facilitate the
assembly process. After the first round of heat pressing, the
carbon fiber and copper foil are attached to the stack. In
addition to forming electrodes, this step can also strengthen

the bond between the piezoelectric ceramics and the alumina
ceramics (Figure 2(a) Step2). After the second round of heat
pressing, the actuator is released from the frame by laser
cutting, and the middle carbon fiber layer and the surface
electrodes are connected by conductive epoxy resin (Figure 2(a)
Step3).

Figure 2 (Color online) The fabrication process of actuators, wings, and transmission of Robomoth. (a) Fabrication process of the actuator. In Step1, all
ceramic and carbon fiber layers are bonded by heat pressing. In Step2, electrodes are formed by heat pressing. The whole actuator is released by laser cutting
and dropping conductive adhesive in Step3. (b) Fabrication process of the flexible wing. All the carbon fiber, adhesive, and polyimide membranes are bonded
by heat pressing in Step1 and the wing is released in Step2. The direction of carbon fiber and the way it deforms are illustrated. (c) Fabrication process of
transmission. The process is similar to the process in (b) and the enlarged view of hinges is shown in the inset.
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2.2 Wings

The wings play an important role in the FWMAV for gen-
erating aerodynamic force. In addition, wing rotation during
flapping is an important element [36]. There are many ex-
isting schemes to accomplish wing rotation, which can be
classified as active and passive schemes. Rotating the wing
actively at insect-scale would cause limitations such as
complex design, confined space, and low weight. Accord-
ingly, passive wing rotation is preferred for it leverages the
flexibility of the wings. The existing passive wing rotation
methods include flexure hinges [32], bistable wings [6], and
flexible wings [24,42]. Passive hinge is not appropriate for
horizontal flight for its lack of rigidity in supporting the
weight and maintaining the angle of the attack of the wings.
To resolve the above problems while allowing the wing ro-
tation, the unidirectional carbon fiber is adopted to the
wing’s fabrication (CF-1). The direction of the carbon fibers
is parallel to the direction of the leading edge, which benefits
the stiffness of the wings for supporting the weight of wings
while allowing the wings to rotate (Figure 2(b)). The mem-
brane of the wings is a 5 μm thick polyimide (PI) film. The
wings are released by laser cutting. Owing to the uni-
directional carbon fiber, the wings can perform rotation
motion under the action of inertia force and aerodynamic
force. A tail wing is constructed via a similar process but is
fully constrained by the carbon fiber frame thus unable to
deform.

2.3 Transmission

The transmission mechanism converts the linear displace-
ment of the actuator tip into the axial rotation of the wing.
The SCM method is applied to manufacture a miniature
slider-crank mechanism symmetrically, as shown in Figure 3.
The transmission ratio T (wing rotation angle divided by

the tip deflection of the actuator) is about 1/l1 and can be
adjusted by designing the length of l1. The fabrication pro-

cess is shown in Figure 2. Each mechanism has three flexible
hinges, which are divided into two layers during fabrication.
All sheets of the structure are patterned by laser and pressed
into a multilayer deck (Figure 2(c) Step1). The deck is then
cut by laser to release the body frame with two slider-crank
transmission mechanisms (Figure 2(c) Step2, grey parts are
discarded), with no additional assembly process required.

2.4 Power, control, and actuation

The Robomoth is actuated by two piezoelectric actuators and
fabricated by the SCM method. To achieve the untethered
locomotion, the onboard power and control electronics are
equipped. A 3.7 V, 10 mAh rechargeable lithium battery is
chosen as the power source for the robot. The onboard chip
contains three parts, the micro-controller, the high voltage
amplifier, and the transfer board. The micro-controller can
receive the commands and adjust the output of the high
voltage amplifier. To achieve the 2-DoF flight control, two
piezoelectric actuators are placed on both sides of the Ro-
bomoth to actuate the wings individually. The simultaneous
configuration [43] is adopted here to achieve the electrical
contact. The passive flexible carbon fiber is embraced
symmetrically by two active piezoelectric ceramics. The
high voltage amplifier offers six wires: two 250 V bias wires,
two ground wires, and two 0–250 V drive signal wires for
driving the left side and the right side actuators by square
waves independently.
Each piezoelectric actuator contains two PZTs and three

electrodes (Figure 4). Since the simultaneous configuration
is adopted here, the polarity direction of each ceramic is the
same. The amplitude of the bending actuator is controlled by

Table 1 Thickness of the components of the Robomoth

Component Abbreviation Thickness (μm)

Carbon fiber 1 CF-1 100

Carbon fiber 2 CF-2 200

DuPont FR1500 sheet adhesive Adhesive 12.5

Polyimide film PI 7.5

Epoxy glass cloth FR4 127

Piezoelectric ceramic PZT 127

Alumina ceramic Al 200

Carbon fiber prepreg 1 P-CF-1 50

Carbon fiber prepreg 2 P-CF-2 200

Copper foil Cu 13

Figure 3 (Color online) (a) Transmission mechanism of the Robomoth.
Each circle represents a flexible hinge in (b). Each axis of the hinge is
parallel to the y direction.

Figure 4 (Color online) (a) Electrical contacts of the PZT actuator. (b)
Driving diagram of the PZT actuator.
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altering Vbias, and the frequency is controlled by adjusting
Vsig.
In summary, the Robomoth contains the carbon fiber

structure and transmission, actuators, wings, battery, onboard
chips, and some connecting wires and solder. The total mass
of a Robomoth is 2.487 g.
The mass contributions of each part are listed in Table 2.

The illustration of system integration of the Robomoth is
shown in Figure 5.

3 Experiments and discussion

3.1 Characterizations of the PZT actuator

In this section, we measure the maximum free deflection of
the PZT actuator. The drive signals are set as square waves
and the test voltage ranges from 150 to 250 V. The test fre-
quency ranges from 10 to 100 Hz. The free deflection of the
actuator is captured by a laser sensor (LK-G30, KEYENCE).
The results are plotted in Figure 6.
The shape of the deflection curve barely changes as the test

frequency increases (Figure 6). We calculated the peak-to-
peak displacement as the free deflection. A maximum free
deflection of nearly 712 μm occurs at 60 Hz, 250 V. The free
deflection drops as the voltage drops.

3.2 Thrust force test

In this section, we measure the thrust force of the Robomoth.
The drive signals are set as a square wave and the test voltage
ranges from 100 to 250 V. The test frequency ranges from 10
to 60 Hz. The wing membrane and stiffeners twist around the
leading edge while flapping, which can be captured by a
camera set vertically right above the Robomoth (Figure 7).
The thrust force of the actuator is captured by a uniaxial force
transducer (ULC-1N, INTERFACE). The results are plotted
in Figure 8. The maximum thrust is 2.27 mN at 50 Hz, nearly
10% of its weight.
During downstroke, for example, the wing rotates around

the leading edge in the opposite direction. At the end of the
stroke, the wing reverses rapidly under the combination of
aerodynamic force and inertial force, which generates aero-
dynamic lift effectively (Figure 7). The upstroke keeps the

Figure 5 (Color online) Illustration of the system integration of the Ro-
bomoth.

Table 2 Mass distribution of the Robomoth

Part Mass (g)

Structure and transmission 0.274

Piezoelectric actuator 0.356

Battery 0.355

Onboard chip 1.192

Wires, solder and glue 0.229

Wings 0.081

Total 2.487

Figure 6 (Color online) The free deflection of the actuator under dif-
ferent driving signals.

Figure 7 (Color online) Wing deformation while flapping. (a) Schematic diagram; (b) experiment snapshot.
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same. Attributing to the flexible wing design, the resultant
force is generated during flapping. The result indicates that
the flexible wings made by unidirectional carbon fiber plate
can sustain deformation and generate lift force effectively.

3.3 Gliding test

The water gliding test mainly aims at measuring the robot’s
velocity on the water by its thrust force. Some insects [44]

and FWMAV [45] can glide on the water by flapping wings.
By adding an extra float platform under the chassis, the
Robomoth can float on the water and glide straight forward
or make turns by flapping. The gliding speed of the Robo-
moth driven by onboard electronics is tested with selected
voltages of 150, 200, and 250 V. The test results are recorded
in Figure 9(a) and (b). The maximum velocity is 17.1 cm/s
occurring at 250 V, 40 Hz. By controlling the flapping fre-
quency of two wings independently, the Robomoth can

Figure 8 (Color online) (a) The lift forces under different driving signals. (b) Measured force vs. time curve at 45 Hz, 300 V. The lift force is calculated by
taking the average of the instantaneous force over a five-seconds flapping cycle.

Figure 9 (Color online) (a) The glide velocities on water under different driving signals and four snapshots of the Robomoth glide on water at a maximum
velocity. (b) The turning angular velocities on water under different driving frequencies and snapshots of experiment at 40 Hz.
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generate the asymmetric lift force and make turns on the
water. To make a left turn, for example, we set the drive
signal of the left actuator as 250 V, 10 Hz and that of the
right actuator as 250 V, 40 Hz. We test and record several
groups of turning angular velocities under 250 V from 20 to
50 Hz for the right side and 10 Hz for the other side, re-
spectively (Figure 9(b)). The maximum turning angular ve-
locity is 1.96 rad/s at 250 V, 30 Hz. It should be emphasized
that the maximum velocity and minimum turning radius are
highly relevant to the shape of the floating platform and the
contact between water and the platform.

3.4 Energy consumption

In this section, we measure the energy consumption of the
Robomoth under different driving signals. In order to facil-
itate the measurement, we use a DC source as the power
supply. The voltage remains constant at 3.7 V and we mea-
sure the current to get the power consumption. The results
are displayed in Table 3. The results show that the maximum
power consumption is 570.9 mW at 250 V, 50 Hz, which
corresponds to the condition of the maximum lift force. It
should also be noticed that when the robot is not flapping, the
electric device consumes 160 mW for maintaining a wireless
connection with the computer.

4 Dynamic model of the flapping system

During the mobility characterization, the flapping motion of
the Robomoth draws our attention for its wing flapping
amplitude drops as the driving frequency increases. The
wing flapping amplitude drops sharply after 30 Hz. We
conclude this phenomenon as the frequency-related response
of the flapping system, which includes the piezoelectric
ceramic actuator, the transmission mechanisms, and the wing
design. To explain this phenomenon and to guide the future
design of the flapping system, a simplified dynamic model is
proposed and verified by the experiments.

4.1 Model description

The major demand for designing a flapping wing robot is to
achieve desired flapping motion, especially the frequency
and the amplitude. As for a flapping system driven by a
piezoelectric ceramic actuator, the deflection of the actuator
is generally converted into the flapping motion of the wings
through the transmission mechanism. The piezoelectric
ceramic actuator has a relatively high natural frequency, but
its operating bandwidth decreases sharply after connecting
the transmission mechanism to the wing. To get a clearer
picture of this problem, we simplified the flapping system, as
illustrated in Figure 10. For the convenience of calculation,

the trapezoidal actuator is simplified as a cantilever beam,
and the transmission mechanism consisting of three flexible
hinges is simplified as a torsion spring connected to the end
of the cantilever beam through a rigid connecting rod. An
equivalent mass and an additional linear damper are attached
to the other end of the rod, and they represent the equivalent
mass of the wing and the air damping effect, respectively.
The simplified model ignores the structural damping and
viscous damping [46] of the actuator itself, as well as the
nonlinearity of the transmission mechanism. The resultant
point of air resistance is assumed to overlap with the wing. In
the simplified model, l represents the length of the actuator, tp
the thickness of the piezoelectric ceramic, tb the middle
carbon fiber passive layer thickness, b the width of the ac-
tuator, l1 the transmission ratio, l2 the distance between the
center of gravity and the axis of rotation, k the bending
modulus of the torsional spring, meq the equivalent mass of
the wing, c0 the air damping coefficient, and V the voltage
applied to the upper layer of the driver, respectively. Since
the actuation mode of the piezoelectric ceramic actuator is
modelled by simultaneous configuration, the direction of the
electric field applied to the ceramic plate does not change
and only one ceramic plate is actuated. The way this signal is
loaded is equivalent to the electric field with alternating
voltage applied to only one ceramic plate. Thus, the differ-
ential vibration equation can be written as

w E w+ = 0, (1)tt xxxx0

where wtt and wxxxx represent
w

t
2

2 and w
x
4

4 for simplification.

The boundary conditions are

x w w= 0,   = = 0, (2)x

x l E w bh C
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31 2
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Table 3 Power consumption of the Robomoth

Frequency (Hz) Current (mA) Power (mW)

40 105.4 390.0

50 154.3 570.9

60 126.5 468.1

Figure 10 (Color online) Schematic of the flapping-wing system.
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The symbols E0, ρ and C1 are defined in the same way as in
ref. [47]:

( )E c t b C b t t= 1
12 + 2 ,   = + 2 ,b b b b p p0

3
1

( ) ( )C c t t t t t b C t t t= 1
12 3 + 4 + 6 ,   = 1

2 + ,p p b p p b p b p1
2 2

2

where ρb and ρp represent the densities of the carbon fiber and
the piezoelectric ceramic, cb and cp represent the Young’s
moduli of carbon fiber and piezoelectric ceramic, h31 and β33
represent the coupling coefficient and anti-dielectric constant
of piezoelectric ceramic. The initial conditions are

t w w= 0,   = = 0. (5)t

Discretizing eq. (4) with an implicit scheme, we obtain

w w w w w
x
EI

w w w
t

4 + 6 4 +
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4 +1 1

2

wherewi
j represents the deflection of the actuator at point i in

time j, ∆x and ∆t represent the grid sizes of spatial and
temporal discretizations. After introducing the boundary
conditions (2)–(4) and the initial condition (5) into eq. (6),
we obtain the numerical solution of the equation and then
calculate the rotation angles at different times. All para-
meters needed are given in Table 4.

4.2 Experimental verification and discussion

The model is applied to the Robomoth for verification. We
calculate the amplitude of the flapping-wing in response to
the square wave with different frequencies based on the
model above. To verify the results of the model, we perform
the experiments on the Robomoth with identical parameter
settings and the results are compared in Figure 11(a). The
experimental results showed that when the frequency is ap-
plied under 30 Hz, the amplitude of the flapping-wing
maintains at about 45 degrees. However, as the frequency

increases further, the angle drops sharply to about 15 de-
grees, which is hard to drive Robomoth. The model performs
a similar trend.
Since the voltage signal applied here is a square wave, the

actuator can be considered as subjected to impact load at
each start of the period disregarding the frequency and vol-
tage. At low frequency (≤30 Hz), the period is relatively
long which leads to enough response time for the wing to
achieve a stable amplitude. Thus, the flapping amplitude
keeps stable at a low-frequency range which we call a pla-
teau. As the frequency increases, the influence of the air
damping increases accordingly. Before the wing reaches the
expected position, the stroke changes lead to the dropping of
the amplitude. This can explain the continuous decline of
response at above 30 Hz.
To verify the model, another test is performed without the

wing membrane. We measure the flapping amplitude of the

Table 4 Physical parameters

Parameter Symbol Value

Actuator length (cm) l 13

Actuator width (cm) b 2.8

PZT thickness (μm) tp 127

PZT density (kg/m3) ρp 7800

PZT modulus (GPa) cp 56

PZT coupling coefficient (V/m) h31 5×108

PZT anti-dielectric constant (m/F) β33 2.9×107

Carbon fiber thickness (μm) tb 50

Carbon fiber density (kg/m3) ρb 1500

Carbon fiber modulus (GPa) cb 230

Radius to center of gravity (cm) l2 12.5

Transmission length (mm) l1 0.45

Equivalent mass (mg) meq 20

Air damping (mN m/s) c0 6

Equivalent spring constant (μN m/rad) k 20

Figure 11 Simulation and experiment results of the flapping amplitude. (a) Flapping amplitude vs. frequency curve. (b) Flapping amplitude vs. frequency
curve while the membrane of the wing is removed.
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flapping system with only the carbon-fiber wing frame.
Thus, the factor of the air damping effect in the model is
removed. The results are compared in Figure 11(b). Without
the air damping, the rotation angle increases considerably,
and there is a resonant frequency at about 40 Hz both in
experiment and simulation since the attached mass of the
wing reduces the resonant frequency of this system.
The resonant frequency of the PZT actuator is relatively

high (≈800 Hz) due to its low mass. The effective mass of
the wing amplified by the transmission mechanism con-
necting with the actuator, however, is relatively large. That
lowers the resonant frequency of the flapping system.
Meanwhile, due to the constraint applied by the transmission
mechanism, the resonant amplitude of the flapping system is
limited while the simulation does not take into account this
factor. Thus, minimizing the mass of the wing or reducing
the transmission ratio can increase the resonant frequency of
the flapping system in simulation. Compared with the former
result with the membrane on the wing, the amplitude at low
frequency is bigger in the absence of air damping. For the
prescribed actuator and transmission mechanism, the larger
size of the wing will lead to a smaller or even disappearing
plateau frequency range, as well as minimize the maximum
amplitude of flapping. Hence it is important to take both the
air damping effect and size of the actuator into consideration
while designing the large-wing flapping system. Besides, the
stiffness of the transmission mechanism can slightly affect
the performance of the flapping system which is observed in
the experiments but not demonstrated in this paper.
The above experimental results and simulations reveal that

the decrease in the flapping amplitude is mainly attributed to
the influence of air damping. In addition, the mass of the
wing and transmission ratio are important factors that in-
fluence the resonant frequency of the system. Under the
mutual antagonism of increasing frequency and decreasing
amplitude, the total lift force reaches a peak at 50 Hz. The
geometry of the wing is the main factor affecting the air
damping coefficient. A larger flexible wing leads to higher
air damping and unsatisfactory performance in high fre-
quency since larger wings generate larger aerodynamic force
at the same stroke amplitude and frequency. Therefore, in-
creasing the wing size blindly will make it difficult for the
flapping system to achieve the expected performance. In this
work, we optimized the wing shape and size according to the
wing load and flexibility. Limited by the number of proto-

types, there is still great potential for making further opti-
mization. While keeping the area of wings, we can adjust the
stiffeners and the geometric shape of wings to make them
easier to deform while flapping and generating larger aero-
dynamic force. Researchers also noticed that the inertial of
wings play a critical role in the FWMAV [48], which leads to
an important direction of optimization. Furthermore, we can
use some numerical tools such as machine learning and CFD
to make optimization more effective.
In this section, we present a simplified dynamic model of

the flapping system, including a bending actuator, trans-
mission mechanism, and wing to simulate the frequency
response of a piezoelectric actuator flapping-wing robot.
Comparison of the experimental and simulation results in-
dicates that the model helps us estimate the performance of
the system under different transmission ratios, sizes of the
actuator, and sizes of the wing. Once the flapping amplitude
and frequency are obtained through this dynamic model,
CFD algorithms or software can be further applied to esti-
mate the aerodynamic force.

5 Conclusion and future work

In this paper, Robomoth, a novel insect-like flapping-wing
robot with onboard power and control devices, is presented.
The Robomoth weighs 2.487 g with a wingspan of 9 cm. It
contains a complete power supply system and untethered
glide on the water at the maximum speed of 17.12 cm/s.
Compared with wings with passive hinges, flexible wings
achieve rotating motion under aerodynamic force and inertial
force while avoiding the deformation caused by weight. A
large wing design can minimize the wing load, which is
beneficial to FWMAV with onboard power and control
systems. The advantages of Robomoth are multi-degree
control and power autonomy [49]. Attributed to two in-
dependent piezoelectric actuators, the Robomoth holds the
ability to actively control roll, pitch, yaw, and thrust without
additional control actuators and mechanisms. And the Ro-
bomoth is equipped with batteries that allow it to work in-
dependently of external energy sources which are described
as power autonomy. Table 5 shows the comparison of un-
tethered FWMAV. The mass and wingspan of Robomoth are
the smallest among the untethered FWMAV with power
autonomy.

Table 5 Comparison of untethered FWMAV

Project Mass (g) Wingspan (cm) Maximum velocity (cm/s) Mobility autonomy Power autonomy

DelFly micro [20] 3.07 10 Not mentioned No Yes

Robofly [16] 0.19 3 (estimated) Not mentioned Yes No

Robobee X-wing [12] 0.26 3.5 39.8 (estimated) No No

This work 2.49 9 17.1 (on the water) Yes Yes
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To gain insights into the performance of the flapping wing
system, a simplified dynamic model is proposed to simulate
the frequency response. Comparison of the simulation and
experimental results proves that the model can explain the
phenomenon that the flapping amplitude decreases as the
actuation frequency increases. This model can also be used
to guide the design of the flapping system with desired
flapping amplitude and frequency of the flapping-wing ro-
bot.
Future work will focus on promoting the aerodynamic

performance of the Robomoth and optimizing the flapping
system based on the dynamic model proposed here.
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