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Abstract:

To realize safe mobile sensing in spaces around people, a flapping-wing robot with a weight
of 1.15 g, wingspan of 115 mm, and three paired actuators is designed and fabricated in this
study. The paired-wing actuators enable the suppression of wing-body and wing—wing coupling
vibrations, as well as enhance the lift force. A model-based design of a stable flight controller
was considered, where the lift force was assumed to work at an acting point on spatio-temporal
average. Furthermore, an adaptive control law was employed for parameters that could not
be measured. The effectiveness of the proposed controller was demonstrated through flight

experiments.
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1. INTRODUCTION

Mobile sensors and their networks have been widely used
in various applications such as monitoring and inspection.
They exhibit high mobility and can be used for efficiently
exploring wide spaces such as farms, roads, buildings, and
bridges. In the future, sensing will be required around
people in spaces, such as living spaces. Unmanned aerial
vehicles (UAVs), such as quadrotors are some of the most
common mobile sensors, and UAVs of various sizes and
weights have been commercialized. The lift force for UAVs
is based on the rotation of multiple propellers; thus, in
spaces close to people, UAVs pose a risk of injury via
collisions.

Bioinspired flapping-wing micro aerial vehicles (FW-
MAVs) have been actively studied. The FW-MAVs ex-
hibit interesting features, such as high maneuverability
and efficiency, which are inherent in insects and birds.
Numerous studies on the dynamic modeling, stability, and
control of FW-MAVs have been reported, as summarized
by Orlowski and Girard (2012). Apparently, the estima-
tion of the lift force generated by wings is important for
controlled flight; therefore, various blade—element/quasi-
steady aerodynamic models have been proposed. Ozaki
and Hamaguchi (2018b) studied the dynamic model of
the flapping motion by considering passive wing rotation
explained in Dickinson et al. (1999). However, it is difficult
to estimate the varying lift force generated during the flap-
ping motion of the wing, owing to imprecise estimations
of the instantaneous aerodynamic force, which cannot be
measured accurately. Manufacturing errors and variation
in system properties over time, which cannot be measured
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Fig. 1. Newly developed flapping-wing robot with three
paired wings, six piezoelectric actuators, glass-fiber-
reinforced plastic body, and three carbon-fiber-
reinforced plastic legs. Wingspan is 115 mm, and the
weight is 1150 mg.

either, complicate the estimation. Furthermore, because
the instantaneous lift force during the flapping motion
of the wing can also not be measured accurately, system
identification is not feasible.

We previously explored direct-driven piezoelectric actua-
tors without a displacement-amplifying structure because
of the simplicity thereof. Ozaki and Hamaguchi (2018c)
fabricated a direct-driven flapping-wing with a piezoelec-
tric unimorph actuator. This study proposes a modeling
and flight controller for a newly developed FW-MAV with
three paired wings composed of the unimorph actuators
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(Fig. 1). Herein, we assume the lift force to work at an
acting point on spatio-temporal average. The modeling
error is defined by the misalignment of the force frame
related to the body frame, and the corresponding unknown
parameters are derived as the offset force and torques.
Furthermore, an adaptive control law is employed because
these parameters cannot be measured. The major contri-
butions of this study are summarized below:

e A novel FW-MAV with three paired wings is fabri-
cated. The wing is driven by two piezoelectric uni-
morph actuators with no transmission.

e The FW-MAYV is modeled with unknown offset forces.

e A flight controller for the FW-MAV is designed, and
controlled flight is demonstrated.

The remainder of this paper is organized as follows. Section
2 describes the related work conducted on the development
of various types of FW-MAVs as well as our previous work.
The newly developed flapping-wing robot is described,
along with the performance of the flapping-wing actuator,
in Section 3. In Section 4, the dynamic model of the robot
is introduced, and Section 5 describes the flight controller,
which is experimentally evaluated in Section 6. Finally,
Section 7 concludes the paper.

2. RELATED WORK

FW-MAVs require certain mechanisms to be implemented
to enable generation of the flapping motion. Various ap-
proaches have been proposed for flapping-wing actuation,
such as the use of electrical motors, piezoelectric materials,
electro-active polymers, and shape memory alloys. Re-
cently, electromagnetic and piezoelectric mechanisms have
shown promising results. Electrical motors are reliable and
suitable for aircraft heavier than several grams, consid-
ering their efficiency. Motor-driven flapping-wing robots
must generate fast reciprocating motion from the rotating
motion. In de Croon et al. (2009) and Keennon et al.
(2012), transmission mechanisms with parts such as gears,
crankshaft, belts, and pulleys were proposed. However, an
FW-MAYV with direct-driven DC motors has recently been
proposed in Azhar et al. (2013), Hines et al. (2014), and
Zhang et al. (2017), but the types that could realize liftoff
were heavier than a few grams.

Piezoelectric actuation can directly generate the recipro-
cating motion of wings, and it is suitable for very small
and lightweight FW-MAVs because of its high power
density. Furthermore, such actuation does not require
complex transmission mechanisms, which is advantageous
for manufacturing processes. However, piezoelectric ac-
tuators must generate a large flapping motion from the
small displacement of the piezoelectric plate. Accordingly,
various FW-MAVs with different displacement-amplifying
structures have been studied. Wood (2008) developed an
insect-scale MAV (with a wingspan of 3.5 cm and weight
of 80 mg) with piezoelectric bimorph actuators and a
lever mechanism. A flight controller has been developed
and tethered flight has been demonstrated by Ma et al.
(2013) and Chirarattananon et al. (2013). In addition,
Mateti et al. (2012) and Nguyen et al. (2008) proposed
FW-MAVs driven by piezoelectric bimorph actuators em-
ploying a slider-rocker mechanism and a piezoelectric
unimorph actuator with a four-bar linkage mechanism,

respectively. However, these are complicated mechanisms
that are not desirable, considering that they can increase
the manufacturing cost. On the contrary, Bronson et al.
(2009) proposed a piezoelectric unimorph actuator with no
transmission; however, lift-force generation and controlled
flight were not demonstrated.

Piezoelectric unimorph actuators fabricated in Ozaki and
Hamaguchi (2018c) was evaluated in terms of the stroke
amplitude, lift force, and power consumption using finite
element analysis (FEA) and measurement experiments. As
a result, the piezoelectric material was selected. Ozaki and
Hamaguchi (2018a) also developed an FW-MAV with two
flapping wings (with a wingspan of 114 mm and weight
of 598 mg). The lift force was evaluated via experiments
on a single wing as well as on an assembled robot, and
we further demonstrated the takeoff of the two-wing robot
under a 1-DoF constraint.

3. PROPOSED ROBOT
8.1 Direct-driven Flapping-wing Actuator

Figure 2 shows the direct-driven flapping-wing actua-
tor fabricated by us. The actuator consists only of a
wing and a piezoelectric unimorph plate. It has a sim-
ple structure because it does not employ any transmis-
sion. The passive wing rotation during the stroke motion
plays a key role in generating the lift force. Therefore,
a hinge structure using a polyimide flexible torsional
beam was placed near the top edge of the wing. To
produce a large deformation of the unimorph actuator,
the single-crystal Pb(In; /oNb; /2)O3-Pb(Mg;/3Nby/3)O3-
PbTiO3 (PIN-PMN-PT) was selected. The PIN-PMN-
PT is excellent in terms of lift force-to-power efficiency and
lift force-to-weight ratio. When a sinusoidal-wave voltage
at a certain frequency is applied to the plate, the plate is
bent by the piezoelectric effect.

Wing with hinge structure

L

Piezoelectric actuator

P (PIN-PMN-PT)

Fig. 2. Photograph of direct-driven flapping-wing actuator.

0 Body motion

Fig. 3. Shape deformation of direct-driven two-wing robot.
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3.2 Three-paired-wing Robot

Our preliminary experiments show that the lift force of
a conventional two-wing robot is significantly lesser than
that of a wing having its support end fixed to the ground.
Figure 3 shows the shape deformation of the two-wing
robot, which was calculated using FEA. Because the body
moves in a direction opposite to that of the wing stroke
motion, the velocity of the wings decreases, causing lift-
force reduction.

To suppress the wing—body and wing—wing coupling effect

(Fig. 1), two wings are paired, and three pairs are assem-
bled in the robot body.

4. MODELING
4.1 Performance of Single Actuator

Ozaki and Hamaguchi (2018b) proposed a blade—element
/quasi-steady aerodynamic model as a flapping-wing ac-
tuator considering the flapping motion and passive wing
rotation (Fig. 2). The lift force varies during the flapping
motion because of the aerodynamic force depending on the
velocity of the wing-stroke angle, passive wing rotational
angle, and velocity. The difficulty in modeling presents
in terms of the imprecise estimations of the aerodynamic
force.

Therefore, in this study, the relationship between the
voltage amplitude and the lift force is directly modeled
based on the values measured using the experimental setup
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Fig. 4. Frequency responses of (a) wing-stroke amplitude
and (b) lift force for rigidly fixed single actuators at
a voltage amplitude of 100 V.

in Ozaki and Hamaguchi (2018b). In other words, the lift
force is assumed to work at an acting point on spatio-
temporal average.

Figures 4(a) and 4(b) show the experimental results of the
frequency responses of the stroke amplitude and lift force,
respectively, for the six samples fabricated using the same
design at a voltage amplitude of 100V. In the measurement
experiment, a single actuator is fixed rigidly. The dynamics
of the wing position can be approximated by a second-
order system. The wing stroke in Fig. 4(a) is the amplitude
of steady vibration forced by an external sinusoidal voltage
wave. The resonant frequency and damping ratio of the
wing position are identified from Fig. 4(a). The resonant
frequency is extracted, and the voltage is driven at this
frequency.

The velocity of the wing is proportional to the wing-
stroke amplitude. Because the aerodynamic force increases
with the velocity, the lift force is proportionally related
to the stroke amplitude. Figure 4 indicates that both
the stroke amplitudes and the lift forces are maximum
at a resonant frequency of approximately 115 Hz. At the
resonant frequency, the average lift forces increase linearly
with the increase in voltage amplitude (Fig. 5).

4.2 Lift-force Model

Figure 6 shows the lift forces of the robot with three
paired-wing actuators. Here, the same voltage amplitudes
are applied to the two wings within a single actuator.
Compared with the result for the single wing in Fig. 5,
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Fig. 5. Lift force of rigidly fixed single actuators depending
on the voltage amplitude at a driving frequency of 115

Hz.
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Fig. 6. Lift force of paired-wing actuators assembled in the
body at a driving frequency of 115 Hz.
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Fig. 7. Lift forces at acting points.

the lift force generated by the actuator with two wings
was almost twice the lift force generated by the rigidly
fixed single actuator.

From Fig. 6, the relationship between the demanded lift
force f; in the steady state and the voltage amplitude V'
is approximated by the following linear equation around
the voltage at which the robot supports its own weight for
1 € {L,R, B}:

fai = a;Vi — by, (1)
where a; and b; are positive constant values.

Furthermore, because the transient response of the wing
stroke to the voltage amplitude exhibits a lag in relation
to the dynamics of the wing position, the average lift force
fi can be approximated by the following first-order lag
system:

fi= %(fd,i - fi), (2)

where T'(> 0) is a time constant, which can be estimated
from the dynamics of the wing position, and is the fre-
quency response of the stroke amplitude, as shown in
Fig. 4(a). Note that the lift force oscillates depending on
the reciprocating motion of the wing. In this study, the
oscillation component is not considered.

4.8 Offset Lift Force and Torque

The direction of lift force of paired-wing is not necessarily
along the z-axis of the body frame (vertically upward)
because of effects such as unmodeled aerodynamic effect,
manufacturing error, and variation in system properties
over time. In Fig. 7, each force frame is defined to consider
each misalignment. The lift force of each wing is assumed
to work at an acting point on spatio-temporal average.
In this study, for each paired-wing actuator, the torque
center of the corresponding two acting points is defined as
the lift-force center.

Using the rotation matrix R; between the force frame i
and the body frame at the gravity center, f; in the force
frame 7 is translated to that in the body frame as follows
for i € {L,R, B}:

0 Ria3fi
F,=R;|0| =|Ri2fil, (3)
fi R;33fi

where R; 33 = cos(€g;) cos(ey ), with €, ; and €, ; being
the misalignment angles of the lift force from the Z; axis.
Roll and pitch torques are generated by the third element
in (3) as follows:

Fi3 = Ri33fi = fi — 64, (4)
where J;(= (1 — R; 33)fi) depends on f;. Note that, in this
study, J; is assumed to be constant around the lift force
required for the robot to support its own weight.

The lift force fp, roll torque 741, and pitch torque 72 in the
body frame are derived from the geometrical relationship

as follows:
fo Frs3
|f'b1] =M |Fgr3|, (5)
Th2 Fp3

where the mixing matrix M is given by

1 1 1
M= [ Isina —Ilsina 0] . (6)
—lcosa —lcosa [

Here, [ is the distance between the gravity center and
lift-force center, and « is the half angle between the
left and right paired wings. Note that, because the yaw
torque of the body cannot be generated, the yaw angle
is not controlled in this study. Furthermore, [ cannot
be measured and estimated accurately, and « depicts a
manufacturing error.

From (4) and (5), the force and torques acting on the robot
body are given by

fb:f_foa

Tb1 = T1 — Tol,

—~ o~ o~
© oo
= = —

Th2 = T2 — To2,

where

f=f+fr+ 7B
i =Isina(fr — fr),
7o =—lcosa(fr + fr) + 1fB,

and the offset force and torques are given by

fo=0r +6r+ 0B,
Tor =lsina(dr, — ),
To2 = —lcosa(dr, + dr) + 10pB.

(10)
(11)
(12)
These offsets are defined as unknown parameters because

the robot is small and the misalignment angle §; is not
measured.

4.4 Flight Dynamics

Consider the rigid-body model of the robot shown in Fig.
1. Considering (2) and (7), the dynamics in the vertical
direction, i.e., z-axis, is represented by
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(13)
(14)

m = (cos ¢ eos ) fy, —mg ~ f — fo — mg,
.1
f - T(fd - f)a
where m is the mass of the robot, f; is the demanded

lift force, and ¢ and 6 are the roll and pitch angles,
respectively.

Next, considering (2), (8), and (9), the rotational dynamics
is described by

Ju=1,—F(w)=7—1, — F(w), (15)
7= %(Td —7), (16)

where w = [wy,ws,ws] T is the angular velocity of the body.
Kinematically, the angular velocity exhibits the following
relationship with the attitude of the robot n = [¢,0,1]"
defined by ZYX Euler angle:
w =Gy, (17)
1 0 —sind
0 cos¢ cosfsin qb} .
0 —sin¢ cosfcos o
Moreover, J(= diag(Ji,J2,J3) € R3*3) is the iner-
tia of the body; ¢ is the yaw angle of the body; 7(=
[T1,72,73] " € R?) is the torque acting on the rigid body in
the roll, pitch, and yaw directions; 74(= [7a1, Ta2, Ta3] ")
is the demanded torque; and F(w)(= w x Jw) is the
centrifugal Coriolis force.

G, =

In this study, the offset force f, and offset torque 7,
are unknown parameters, whereas m and J are known.
Note that the time constant T can be estimated from
the preliminary experiment of wing performance described
in Section 3.1. In the next section, a control law will be
derived for the case where T' is an unknown parameter as
well.

5. CONTROLLER DESIGN

In this study, the control objectives are to maintain the
attitude z to the target z4 and the altitude n of the robot
body to the target ny. Here, z; and 74 are constant.

The offset force and torques in (10), (11), and (12) are
unknown parameters included in the flight dynamics in
(13) and (15). They are uncertain and cannot be measured.
In this study, an adaptive estimation law is employed for
these parameters.

5.1 Attitude Controller

Target of Angular Velocity  First, from (17), the
target angular velocity of the robot is designed as follows:
(18)
where e, = n — nq and H(= diag(h1, he, h3)) is a non-
negative diagonal matrix. Furthermore, from (18), the
higher-order derivatives

wg = —GpHey,

g~ —GpHéy = —Gy Hi,
g~ —GyHE, = —G, Hij,

are used. Note that, because the yaw motion of the robot
cannot be controlled in this study, we set hz = 0.

Sliding Variable Second, we introduce the following
sliding variable s, to achieve the target attitude:

Sw =€y, + Ape, =W — Wy, (19)
where e, (= w — wy), wr = Wg — Ay(w — wy), and A, (=
diag(Au1, Awe2, Aws)) is a non-negative diagonal matrix.
Note that, because the yaw motion of the robot cannot
be controlled in this study, we set A,3 = 0.

Control Law  Third, we consider the dynamics of the
sliding variable s,,. From (15), (16), and (19),
TJs,=71qg—Jw—F —Y,py, (20)
is derived. Here, the unknown parameter vector p, =
[T, To1,To2,To3] |, and a time-varying matrix Y, is given
by
Yo (n,w,w; Ay, H) = [F + Jiy, T3] .

For (20), by selecting the control input 7,4 as

Tq=—-K s, +Jwu+F+Y, Dy, (21)
the dynamics in (20) is described by
TJs, + K5, = YD, (22)

where p,, is the estimate of py,, pw(= P, — pu) is the error,
and K, (= diag(ky1, kw2, kws)) is a non-negative diagonal
matrix. Note that, because the yaw motion of the robot is
not controlled in this study, k.3 = 0.

Adaptive Law  The following Lyapunov function can-
didate is considered for (22):
1 1 + 4.
V, = §SI(TJ)sw + ipIlepw,
where T',, (= diag(yw1, -+, Ywa) is an adaptive gain matrix
with positive diagonal elements.

(23)

Considering (22), the time derivative of the Lyapunov
function candidate in (23) is given by

V=51 (TJ5.) + p T b

= S;)r (7Kw5w + Ywﬁw) + ﬁIF;lﬁw

= —sIKwa + SIYwﬁw + ﬁIF;lf)w. (24)

For (24), by designing the adaptive law as
P = —TuY, s,
the time derivative in (24) becomes a negative definite:
Vw = —sZKwsw <0.

As a result, the attitude control system is theoretically
globally asymptotically stable according to the invariant
set theorem.

5.2 Altitude Controller

The altitude controller is designed in a manner similar to
that employed for the design of the attitude controller.

First, we introduce the following sliding variable s, to
control the altitude z to the target z4:
5. =6, + 26, + Ne,

=3+ 2\ + A2 (2 — 2q),

where e, = z — zg and A, is a positive value.

(25)
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Second, considering (14) and (25), the time derivative of
(13) is derived as follows:

Téz:ﬁ_é_g_yzpza (26)
m
where the unknown parameter vector p, = [T, f,]T and
the time-varying matrix Y, is given by
- 1
Y.(2,%2 ;) = [—2)\2 — Mz, —] :
m
For (26), by selecting the control input f; as
L WS T (27)
the dynamics in (26) is given by
TS, +k.s, = 1/21323 (28)

where p, is the estimate of p,, p.(= p, — p.) is the error,
and k, is a positive gain.

Third, the following Lyapunov function candidate is con-
sidered for (28):
T 1 + .
Vo= Ssls:+5p 101D,

where I', (= diag(7y21,722)) is an adaptive gain matrix with
positive diagonal elements.

(29)

Considering (28), the time derivative of the Lyapunov
function candidate in (29) is given by

V.=Tsl s, +p.T7'p,
=s] (—k.s. + Yop.) + 5024,

=—k.s. s, +5]Yip. + 5, 021, (30)

For (30), by designing the adaptive law as
Iéz = _FZ}/ZTS,Zy
the time derivative in (30) becomes a negative definite:
vV, = —kzs;'—sz <0.
As a result, the altitude control system is theoretically

globally asymptotically stable according to the invariant
set theorem.

5.8 Lift-force Demand and Voltage Amplitude

From the control inputs 74 and fy in (21) and (27) as well
as the mixing matrix in (6), each lift-force demand is given
by

Tracking cameras

Reflective markers

Enameled wires

s

Fig. 8. Experimental system for tethered controlled flight.
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fa,L fa
[fd,R] =M1 [m] ) (31)
fa.B Td2

Consequently, for ¢ € {L, R, B}, each voltage amplitude V;

is calculated using (1) and (31).
6. EXPERIMENTS

The effectiveness of the proposed controller is demon-
strated through a flight experiment.

6.1 Experimental Setting

Figure 8 shows our experimental system. Five markers
are attached to the proposed flying robot, as shown in
Fig. 1. The markers are tracked by a measurement system
(OptiTrack Prime 17 W motion capture system), as shown
in Fig. 8. Subsequently, a tracking personal computer
(Intel Core i9-9900K, 8-core 3.6 GHz, 64 GB of RAM)

Fig. 9. Photographic sequence of a flight without control.

Immediately after launch, the robot overturned.
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Fig. 10. Time series of the robot position during a flight
at a constant voltage. Naturally, the robot was not
controlled in the vertical direction, z.
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Fig. 11. Time series of the robot attitude during a flight
at a constant voltage.
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Fig. 12. Photographic sequence of a controlled flight.
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Fig. 13. Time series of the robot position during a con-
trolled flight.
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Fig. 14. Time series of the robot attitude during a con-
trolled flight.

calculates the position and attitude of the robot and
sends these values to a control personal computer (Intel
Core i7-7T700K, 4-core 4.2 GHz, 32 GB of RAM) in 3
ms. On using the control laws designed in section 5,
each voltage amplitude is calculated. The amplitude is
multiplied by the sinusoidal wave at 115 Hz produced
by a function generator (Precision 4050B, B&K)using

a multiplier (AD633, Analog Devices). Furthermore, the
amplitude is amplified by 30 times with an amplifier
(HJPZ-0.3P3, Matsusada Precision) and applied to the
robot via enameled wires. Note that the same voltage
amplitude is applied to paired wings to generate the same
force.

0.2 Results

In the preliminary experiment, when the same voltages
were applied to the three paired wings, the robot did
not launch upward. Therefore, the calibration of the co-
efficients a; and b; in (1) is required. Figure 9 shows a
photographic sequence of a flight without feedback control.
The result is shown in Figs. 10 and 11. Owing to the
application of constant voltage amplitudes greater than
that required by the robot to support its own weight, the
vertical position of the robot shifts upward. Furthermore,
the roll and pitch angles could not remain near zero. In
other words, it can be found that an offset torque exists
owing to some misalignment to the lift forces. Finally, the
robot stalled.

Figure 12 shows the result obtained with the proposed
controller. Here, z4 and 74 are set to 0.04 and [0,0,0]T,
respectively. After 0.06 s, the voltage amplitudes calcu-
lated by the proposed controller were applied. As shown
in Fig. 13, the altitude z of the robot converged around
the target z4, although the steady-state error remained.
In this study, the robot moved in the x and y directions
gradually because the lateral position is not controlled.
Figure 14 shows the attitude of the robot under control.
As compared with Fig. 11, the robot could maintain the
roll angle ¢ and pitch angle 6 at around zero. Note that
the proposed robot cannot control its yaw angle 1.

7. CONCLUSION

A modeling and controller design for a newly developed
flapping-wing robot with three paired actuators was pre-
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sented in this study. The lift force generated by the paired-
wing actuators was assumed to work at an acting point on
spatio-temporal average. The modeling error was defined
by the misalignment of the force frame related to the
body frame, and unknown parameters were derived as the
offset force and torques. Furthermore, an adaptive law was
employed because these parameters cannot be measured.
Finally, tethered controlled flight was demonstrated, and
the proposed controller enabled the robot to control its
altitude and attitude.

Future work will involve the construction of a lateral
controller for hovering. Considering the requirement for
preliminary calibration of the lift-force model in (1), it
may be desirable to control each voltage amplitude for the
paired wings directly using an adaptive rule. Furthermore,
toward the untethered flight of an FW-MAV weighing
a few grams including a battery, highly efficient booster
and lightweight electrical control circuits will be required.
The integration of these circuits, battery, sensor unit, and
online computation is another important future task.
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