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Abstract

Inspired by insect flapping wings, a novel flapping wing rotor (FWR) has been developed for
micro aerial vehicle (MAV) application. The FWR combines flapping with rotary kinematics
of motions to achieve high agility and efficiency of flight. To demonstrate the feasibility of
FWR flight and its potential MAV application, an extensive and comprehensive study has
been performed. The study includes design, analysis, manufacture, experimental and flight
test of a flyable micro FWR model of only 2.6gm weight. By experiment, the FWR kinematic
motion and aerodynamic lift were measured using high speed camera and load cells. Within a
range of input power, the difference between the measured aerodynamic force and the
analytical results by a quasi-steady model was found to be within 3.1%~15.7%. It is noted
that the FWR aeroelastic effect plays a significant role to obtain an ideal large angle of attack
especially in up-stroke and enhance the FWR performance. Further analysis of the unsteady
aerodynamic characteristics has been carried out based on the detailed airflow field of the
FWR in a flapping cycle by CFD method. A successful vertical take-off and short hovering
flight of the micro FWR model has been achieved for the first time in the research field. The
flight test demonstrates the FWR feasibility and its unique feature of flight dynamics and
stability for the first time. These characteristics have also been simulated by using ADAMS
software interfaced with the aerodynamic model.

Keywords: Bioinspired flapping wing, flyable micro FWR, aeroelastic effect, flight
simulation.

1. Introduction

Micro air vehicles (MAV) of high performance including the capability of vertical take-
off and landing (VTOL) and hovering capability can be operated in complex and risky
environments including inside buildings. Two decade ago, the U.S. Defence Advanced
Research Projects Agency (DARPA) launched a three-year MAV programme with the goal of
creating a micro flyer for military surveillance and reconnaissance [1]. US Air Force Research
Laboratory has the goal to develop a bird-sized MAV by 2015 and an insect-sized MAV by
2030. Motivated by the potential and growth demand of employing high performance micro
air vehicles, various MAVs have been developed including fixed wing and rotorcraft
configurations being used to carry out special missions. Inspired by the high agility of flying
animals, research attention has also been attracted to studying bird-like and insect-like
flapping wings [2-4].
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In previous research, most of the attention was paid to the aerodynamic study of insect
wing flapping in horizontal plane at very low Reynolds number (Re~10°) [5]. The subsequent
study has revealed that the stall delay associated with attached leading edge vortex (LEV)
plays a key role for high aerodynamic lift of insect flapping wings [6]. The LEV is stabilized
by the spanwise flow which transports vorticity towards wingtip similar to a conventional
delta wing, which produces majority of the high mean lift force (about 80%) in a flapping
cycle [7], while the rotational circulation and added mass effects contribute to the
instantaneous lifting peaks at stroke reversals [8]. Experimental and numerical results also
indicate that the vortex stretching could significantly delay the detachment of the LEV, even
when the spanwise flow was weak [9]. Subsequent studies on rotary wing of small aspect
ratio showed that the LEV could be stabilized by the centripetal and Coriolis accelerations at

low Rossby number (Ro = R—C_Z, where R, is the radius of the second area moment, and ¢ is the mean

chord length) as the results of previous numerical and experimental studies [10,11,12]. In the
same period, there were more investigations on the aerodynamic simulation of insect flapping
wings [13,14,15].

Because of the LEV attachment aerodynamic characteristics, the insect flapping wings
are capable of operating at large angle of attack (AoA) to meet the requirement for high
average lift coefficient. For the same reason however, the associated drag is also large in the
same magnitude as the lift. As opposed to flapping wings, the conventional rotorcraft blade
keeps operating at small AoA to prevent stall, but at high rotational speed to gain the required
lifting force. Experimental studies have shown that at low Re (100~14000), the rotary wing
have higher aerodynamic efficiency in terms of lift production than flapping wing [10]. It was
therefore suggested that the rotary wing may be superior for insect-sized MAV design in
terms of energy efficiency [16]. However, the above findings are limited to the conventional
rotary wing and the prescribed insect-like flapping wing kinematics.

In order to improve the aerodynamic efficiency of flapping wings, a bioinspired novel
flapping wing rotor (FWR) was proposed earlier [17]. The FWR combines two types of
motion, i.e. the insect-like flapping motion and man-made rotary motion. Driven by a vertical
oscillating force to generate a prescribed primary flapping motion, the FWR produces lift and
thrust forces simultaneously. The thrust propels the FWR to rotate in its horizontal plane.
Since the FWR rotation is in a self-propelled passive mode, it keeps in a balanced equilibrium
status of thrust against drag. For the same reason, there is no actuating torque and hence there
is no need for counter rotation torque input, as opposed to the conventional rotorcraft. This
feature leads to a power saving and system simplicity. In addition, the horizontal air velocity
of the rotating FWR enhances the aerodynamic lift. Furthermore, it also leads to a significant
reduction of necessary pitch angle in the up-stroke comparing with the dragonfly wing, which
makes the FWR kinematics of motion feasible and practical. The FWR adds new specie in the
bioinspired flapping-wing field as an alternative option for MAV application. Since then,
increasing efforts have been contributed to the study of FWR aerodynamic behaviours. Guo
and Zhou et al studied the aerodynamic performance of FWR by experimental and numerical
methods [18,19]. By effectively changing the pitch angle in the up-stroke and down-stroke,
the FWR will achieve different status for lift and efficiency. Wu et al [20] performed further
detailed study of the forces produced by FWR at Re =350~9000 using CFD method. Their
results showed that the LEV formed on the wing of FWR stays attached throughout the
flapping cycle, which provides lift enhancement similar to insect wings.

In a recent work by the authors [21,22], the optimal kinematics of motion for FWR was
identified and the aerodynamic lift and efficiency were calculated and compared with the
conventional rotary and insect-like flapping wings. The results showed that the FWR can
produce significantly greater aerodynamic lift coefficient and power efficiency than the
insect-like flapping wings. The rotary wing has greater power efficiency, but smaller lift



coefficient than the FWR and flapping wings. The FWR offers a significantly broader range
of combination of aerodynamic lift and power efficiency. The FWR kinematics thus takes
advantages of both the insect-like flapping wing and the rotorcraft and offers an alternative
design for MAV.

Based on extensive studies of the FWR by the first author and his research teams in the
last 10 years, investigation has been continued into the design, analysis, manufacture and
experiment of a flyable micro FWR MAV test model. Driven by a micro electric motor and
using carbon/epoxy composite to build most of the components, the total weight of the FWR
test model is achieved to be only 2.6gm. In the experiment, the wing kinematics and
aerodynamic lift of the FWR model were measured using high speed camera and load cell. A
desirable FWR wing structure was realised after a series of design and experiment to achieve
the desired large pitch angle in the up-stroke for the FWR test model. The aerodynamic
analysis was carried out using CFD method together with a quasi-steady aerodynamic method
which employs empirical coefficients that accounts for unsteady aerodynamic effects [23,24].
The comparison of the analytical and experimental results shows excellent agreement.
Subsequently a vertical take-off and short flight test of the FWR model was successfully
carried out. This is, to our knowledge, the first flight test of the FWR vehicle. To further
reveal the free-body dynamics and stability of the FWR model, flight simulation was
performed using ADAMS combined with the quasi-steady aerodynamic method.

2. FWR model and analysis method
2.1 FWR coordinate and kinematics

The coordinate system for the FWR model including the inertial frame (x,y,z) and the
wing-fixed frame (X, yVw,Zy) IS defined and illustrated in Fig.1. The FWR device is
essentially mounted with two wings in axial symmetry although only the right wing is shown
in Fig.1. The pair of wing root o is attached to a lever mechanism at the top of the FWR body.
The rotation, flapping, and pitch angles of the wing are denoted by ¥, ¢, and a, respectively.

Rotation Flapping Pitching

(b)

Figure 1. (a) Coordinate system and rotation angle definition for the
FWR model; (b) the top, back and side view of the Euler angles



Based on the above definition, the angular velocity of the wing in the inertial frame can be
obtained by the time derivatives of the three Euler angles as:

0 0
@i = [y + RW) |0 [+ RWR() [0] (1)
0 0 &

where R() and R(¢)are the rotation matrixes of the corresponding Euler angles. The angular
acceleration in the inertial frame @ can be derived directly by differentiating the above
equation. The angular velocity and acceleration of the wing in the wing-fixed frame are
obtained by applying the following frame transformation:

Riow = RT(@RT(®)RT () (2)

The velocity and acceleration vector of a 2D wing chord at span-wise location r in the
wing-fixed frame are given by:

Ur) =@ Xt = [uX uy O]T (3a)
UM =SxE+B X @ xP) = [y 0y 1,]" (3b)

where w denote the rotation rate of the wing (in the wing-fixed frame); U(r) and U(r) refers
to the velocity and acceleration vector; uy, u, and uy, u,, U, are used to indicate the
corresponding velocity and acceleration components. Based on the kinematic parameters, the
effective angle of attack (AoA) of the wing at any instantaneous time can be determined by
inversing the trigonometric function of the velocity ratio:

ae = arctan (E—i) (4)

The kinematics of the wing is defined by three elementary motions: rotation, flapping and
pitch, each corresponds to an Euler angle described above. The rotation of the wing is
passively induced by aerodynamic force and the rotation speed at equilibrium is a constant
number yr,. The wing flaps up and down passes through the level plane while pitches at the
same time. The flapping angle and frequency are denoted by @ and f. The pitch angles of the
wing at mid-upstroke and mid-downstroke are denoted as a, and oy, respectively. Fig.2
illustrates a typical FWR kinematics (simple harmonic motion) with a flapping amplitude d
and asymmetric AoA in up-stroke and down-stroke.

The above kinematic parameters in a series of flapping cycles for the experimental cases
are obtained using discrete image processing method. The resulting wing motions are
presented in section 3.
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Figure 2. The typical kinematics of motion pattern of the FWR wing

2.2 Quasi-steady aerodynamic model



The flow around the periodically flapping wing is unsteady, which characterises strong
growth and shedding of vortices from the leading and trailing edges and makes the
aerodynamic forces difficult to be predicted from classical inviscid theory. Prior
investigations of insect flapping wings at low Re measured a fluid force generation well
beyond the steady-state value. However, extensive experimental and numerical studies have
shown that the quasi-steady (QS) aerodynamic model by employing empirical forces
coefficients can be used to model the instantaneous forces on flapping wings with high
accuracy [8,14].

In this model, the shape of the FWR wing is designed ‘parametrically’ which resembles a
real insect wing according to the data measured by previous investigations [8]. The
measurement for the wing geometry is illustrated in Fig.3. The aspect ratio (AR) of the wing
model set in the present study is 3.3 since the recorded AR of typical insect wing is within
3~5. The radial distribution of wing area, described by the first, second and third radius of

1
. . . ~ A~ ~ . ~ R kar\k .
dimensionless moments of wing area t,, T, and t'; (defined as: Ty = (Zfﬂ Scl:k r) , Where c is

the local chord length, Sis the area of the wing pair, and R is the wingspan) is within the
intervals 0.45~0.55, 0.5~0.6 and 0.55~0.65, respectively [8].
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Figure 3. Wing geometric parameter definition of the FWR

The wing is of trapezoid shape, which has semi-span R, and a root-cut at z. The pitching
axis of the wing (z,,) is located near the leading edge; a 2D strip of the wing located at r with
width dr and local chord length c is shown in the figure. h is the semi-chord coordinate that

can be transformed into a dimensionless form: h = %to measure the location of the pitching

axis. It is taken as A = 0.25 in our calculation to match with observed data of insect wings
[18, 22]. The aerodynamic forces acting on a 2D wing strip follow by the equations:

dE(r) = {%p|L7(r)|2CH(a’e)c + (lyuywz - Aywwzz)}dr (5a)
1 1= 42 - 2 . .
di,(r) = {Ep|U(r)| Cy(az)c + Crotp|U(r)|ch + (—lyuy + Aymwz)} dr (5b)

where | | indicates the Euclidean norm; p is the air density; «, is effective AoA of the wing
obtained by equation (4); w, and w, are the pitching rate and acceleration; u, and 1, are
translational velocity and acceleration perpendicular to the wing chord; A, and 4,,, are the
added mass force coefficients, which are given as 1, = Zpc? and A, =%pflc3. The

coefficients Cy (a,), Cy(a,) and Cror are the empirical coefficients for translational force and
rotational force, respectively.



The pitching moment of the 2D wing strip dt, is obtained by summing the translational
moment dt,,, the aerodynamic damping moment [25,26] dt,4 and that due to added mass
force dt,,:

dty (1) = d1gs + d7rq + dTam (6)
These terms are calculated, respectively, by the following equations:
drgs = —%p|l7(r)|2CV(ae)J?cpc2dr (7a)
drg = — % pw,|w,|CraXrqctdr (7b)
dtyym = [)Lyuxuy - )Lyw(uy + Uy, ) + Ay @y |dr (7¢)

where C,4 is the damping induced pitching moment coefficient; X, is the dimensionless
centre of pressure; X,.4 is the dimensionless location of the aerodynamic damping force. The
added mass induced pitching moment coefficient A,, is given as [27]:

Ay = G h? + %) pct (8)

The details of the empirical coefficients Cy(a.), Cy(a.), Cror and Crq, Xy, Xrq are
presented in the previous study [8,14]. The 2D aerodynamic forces and pitching moment for
each wing strip are integrated along the wing-span to obtain the 3D aerodynamic forces and
pitching moment acting on the wing.

The vertical lift and rotational moment (moment along y-axis, see Fig.1) coefficients of the
wing are defined by:
L

L = 0sputs (92)
M
Cn = 0.5pUZSC (9b)

where U, is the mean flapping velocity of the wingtip; ¢ is the mean chord length; L indicates
the instantaneous lift and M the corresponding rotational moment; S is the wing area. The
time averaged values of the lift and moment coefficients C; and C,, are obtained similarly by
taking the mean lift force (L) and rotational moment (M) over a flapping cycle in equation (9).

The quasi-steady aerodynamic model is validated by the CFD method with very good
agreement of the results. The maximum difference of the QS model in lift and rotational
moment coefficients are less than 12% and 15% respectively compared with 3D CFD results
for a range of kinematic parameters. The details of the model validation and comparison are
provided in the previous study [21].

3. A Flyable FWR model and experiment
3.1 The FWR model design and manufacture

The FWR model configuration is designed as shown in Fig. 4(a). A DC motor is mounted
on the body frame made of carbon/epoxy beams. The rotational output of the motor is
transformed into an up and down motion of a shaft through a crank-linkage mechanism. The
top end of the shaft is connected through a bearing to a horizontal elastic plate. The pair of
wing leading edge (LE) beam is connected at the root to each end of the elastic plate and
supported by a U-frame through ball joints. The wings were set at a fixed initial geometric
angle of attack (AoA=15°. The three components (wing beam, U-frame and elastic plate)
form an elastic lever mechanism that transmits the vertical action of the shaft to a flapping



motion of the wings. The mechanism is able to rotate freely around the shaft together with the
wings. Based on the design, a physical FWR model was built as shown in Fig. 4(b).
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Figure 4. (a) FWR configuration and main components; (b) physical model
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The dimensions and weight of the primary components of the FWR model are listed in
Table 1. Further details of the wing configuration are shown in Fig.5.

Table 1. Dimensions and weight of the FWR model primary components

FWR component Wing Body frame Motor Crank linkage | Others
Dimension (mm) | 105x33 (single) | 75x 14 x 7 | 15x6 (radius) 21 -
Weight (gm) 0.28 (two) 0.85 1.2 0.25 0.02
LE beam

Root rib

Figure 5. FWR model wing structure layout

The commercially available motor (ZWPD006006-700) integrated with a gear box was
selected. Its standard operational rotation speed is 1200 rpm with input voltage 3V and current
25mA, but varies in a range of 500~1500 rpm with input voltage 1.5~4.5V. In the experiment,
the required electric power was supplied from a DC power unit.

In the design and manufacturing of the FWR model, the key challenge is for the wing to
achieve an optimal kinematics of motion with a sufficient large a, (AOA in up-stroke) and
small ag (AOA in down-stroke). Since the actuated motion is in vertical direction only, the
AO0A of a flapping cycle varies in a passive manner that relies on the flexibility of the lever
mechanism and the wing structure. Therefore, the elastic plate plays a key role of the flapping
mechanism. It not only amplifies the wing flapping angle, but also allows a large twist of the
wing due to aeroelastic effect during flapping motion.

In order to make the crank in line with the actuation shaft, the motor was mounted in a
position where its center of gravity (CG) is eccentric from the FWR center line as shown in
Fig.4. This arrangement results in the CG of the FWR model having 3.5mm distance from the
FWR center in z-direction (see Fig.1).



3.2 The FWR model experiment

The FWR model was mounted on a load cell (force transducer, SINOSERA, CL-YB-8/5N in
accuracy +0.2%) to measure the instantaneous dynamic force in transverse direction; the force
from the load cell was transmitted to a signal amplifier at a sampling rate of 3000Hz; the
FWR kinematics of motion was captured using a high speed camera at a data rate of 1000
frame/s as illustrated in Fig. 6(a). The two types of data were transmitted simultaneously and
recorded in the PC. The experiment setup is shown in Fig. 6(b).

The kinematics of motion of the FWR model was obtained by post-processing the images
captured using the high speed camera. The flapping frequency f and rotational speed n is
determined by counting the number of frames over 10 flapping cycles Nf and rotational circles
Np as: f=(10x1000)/N¢ and n=(10x1000)/N,.

5h ig'}“ Fﬂﬂ.
\i Force transducer Signal amplifier
_ il
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High speed camera | ]
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Figure 6. (a) The FWR measurement devices and (b) experiment setup

A series of FWR experiments was performed in a range of input voltages 2.5~4.5v with
each measurement time lasting 10s. The instantaneous aerodynamic force was obtained by
removing the symmetric periotic inertia force from the measured force data. The resulting
FWR flapping frequency, maximum flapping angle (flapping amplitude), AoA, rotation speed
and average aerodynamic lift were measured and summarised in Table 2 and as shown Fig.
7(a). In addition, the ratio of output lift (N) to input power (W) as a measure of the power
efficiency and the Strouhal number (St=fd/V, where f is flapping frequency, d is the flapping
amplitude at wingtip and V is the rotation velocity) is calculated and presented in Table 2 and
Fig. 7(b).

Table 2. The FWR model results from input voltage in the range of 2.5~4.5v

Input voltage (v) 250 3.0 350 4.0 4.5

Input power P(W) 013 018 023 028 034

Max flapping angle d(deg.) 350 390 36.0 410 350
AOA in mid-up-stroke  «,(deg.) 38.0 400 39.0 40.0 41.0
AOA in mid-down-stroke ag(deg.) 7.00 -40 -100 -18.0 -22.0
Flapping frequency f(Hz) 1142 1401 1931 21.79 24.10

Rotation speed n(r/s) 278 457 621 781 893
Average lift L(mN) 117 174 240 272 297
Mean lift coefficient CL 126 100 086 059 0.72
Strouhal number St 039 032 031 031 0.26
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Figure 7. (a) The resulting FWR model flapping frequency, angle, geometric AoAs,
mean lift and rotation speed; (b) lift to power ratio and St for input voltage 2.5~4.5v

It is noted from the experimental results that the FWR flapping frequency, rotation speed
and average lift increase almost linearly with the input power (2.5v~4.5v). During the
flapping motion, the wing AoA varies passively around the initial geometric AoA=15° as a
result of the aeroelastic interaction between the wing elastic, inertia and aerodynamic forces.
When the input voltage increased from 2.5v~4.5v, the up-stroke ¢, increased from 38°~41°
corresponding to an aeroelastic twist angle of 23°~26° (15°+23°=38° ~ 15°+26°=41°). In the
down-stroke, the variation and magnitude of the aerodynamic force and (negative) pitching
moment are significantly greater than the up-stroke. The pitching moment produced a large
variation of (negative) aeroelastic twist angle from -8°~-37° that resulted in the g varied from
15°-8°=7° ~ 15°-37°=-22° for the input 2.5v~4.5v.

The kinematics of motion (o,=41°, ay=-22°) at the maximum input 4.5v is close to the
optimal solution (a,=42°, ag=-24°) of maximum aerodynamic efficiency of a generic FWR
[21]. It is also interesting to note that the St of the FWR falls in the range of optimal
propelling efficiency 0.25~0.4 as demonstrated by flying animals [28] over the input power
range as shown in Table 2 and Fig. 7(b). Although the St in Table 2 are calculated at the
wingtip, they remain the same for any section of the FWR.

Unlike the aerodynamic force, the mean lift coefficient of the FWR does not vary
progressively with the input power. Although the lowest input 2.5v resulted in the highest
C, = 1.26 for the FWR model, the passive kinematics of motion (,=38° a4=7°) is not close
to the optimal solution shown in previous study (,=18° a4=-3° [21]). The results indicate
that an optimal FWR kinematics of motion for maximum C;, requires a prescribed actuation
rather than achieved by passive twist.

From Fig.7(b), it is noted that the power efficiency reached the maximum for the motor in
optimal operation power (3.5v). The resulting lift force L=24mN is only 2mN smaller than the
required value to lift up the FWR model. This case is thus taken for further detailed study.

In order to measure the kinematics of motion of the model in this particular case (3.5v), the
FWR images were captured at a series of discrete instantaneous moment and post-processed
as shown in Fig. 8. The maximum flapping angle and AoA at the mid-up-stroke and mid-
down-stroke was obtained from processing the measured data as shown in Fig. 9.
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Figure 8. FWR image processing for 3.5v input voltage
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Figure 9. (a) Flapping angle at up most and lowest position; (b) AoA at mid-up-stroke (o)
and mid-down-stroke (o) for input 3.5v

An analytical function of the FWR kinematics of motion was created by curve fitting the
measured data (3.5v case) over a couple of flapping cycles using a Fourier trigonometric
series. The processed FWR flapping angle and AoA results are shown in Fig.10. The
velocities and accelerations of the wing motion were obtained by differentiating the
displacement function in time.
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Figure 10. Curve fitting of the measured (a) flapping angle; (b) AoA for 3.5v case. White dots

indicate measured kinematic data; red line indicates fitted function using Fourier series

4. The FWR model theoretical, CFD and experimental results
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4.1 Comparison of theoretical, CFD and experimental results

According to the function created from the measured FWR kinematics of motion, the
aerodynamic forces were calculated using CFD method and the quasi-steady (QS)
aerodynamic model presented in section 2.2 [8,14,21]. The CFD simulation in the present
study was carried out by solving the 3D incompressible unsteady Navier—Stokes equations of
the flapping wing in assumed laminar flow. Details of the flow solver and the validation of
our code can be found in the previous work [22]. Grid-independence of CFD simulations are
performed with the grid node quantities 67 x 81 x 78 (in normal, chordwise, and spanwise
directions, respectively); the outer boundary is located 30 chords away from the wing surface
and 15 chords away from the wing tip; 400 time steps per flapping cycle is used in the
simulation.

In the CFD and QS models, the aeroelastic effect of the FWR wing has been partly taken
into account by using the instantaneous AoA measured during the experiments as shown in
Fig.9, Fig.10. The data is influenced by the wing twist deformation although the effect of
wing shape change, i.e. spanwise bending and chordwise camber deformation has been
ignored. The data provide reasonably good approximations since previous study shows that
the wing shape change effect would not cause significant change of aerodynamic forces <10%
[29].

Corresponding to the input 3.5v, the FWR motion was measured in terms of flapping angle
@ and AoA. According to the motion, the lift and drag coefficients were calculated using the
two methods and shown over six flapping cycles in Fig. 11. The positive @ indicates the wing
flapping position below the horizontal plane; negative value above the plane.
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Figure 11. The FWR kinematics of motion, C, and Cy using CFD and QS methods for 3.5v

The instantaneous C, and Cy from both methods show excellent agreement. Based on the
results, the average aerodynamic forces and mean lift coefficients over the six flapping cycles
were calculated and compared with the experimental results as shown in Table 3 and Fig.12.
In Fig.12, the error bands at each input voltage are obtained by choosing the maximum and
minimum measured mean lift of different flapping cycles within the interval of measurements
(10s in total).

Table 3. Comparison of analytical & experimental results
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Input voltage (v) 25 30 35 40 45

Measured Lift (mN) 114 174 240 272 297

QS-Method Lift (mN) 96 172 248 283 320

Experimental Cj, 133 135 098 087 0.78
QS-Method C, 112 133 101 090 084
CFD Lift (mN) - - 29.8 - -
CFD C,, - - 121 - -
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Figure 12. (a) The FWR average lift and (b) mean C;, from experiment and QS method
for the range of input voltages 2.5V~4.5v

The result comparison indicates that the mean lift coefficient and resulting force for the
input voltage 3.5v were overestimated by CFD method. The difference between measured and
analytical lift coefficients and forces is less than 3.4% when the input power is in the designed
motor operation range around 3~3.5v. For the input voltages 4v~4.5v beyond the range, the
difference is increased to 7.7%. When the motor was under performed for low power input
2.5v however, the analytical lift was underestimated with a deviation of 15.8%. This is mainly
because the FWR AO0A became significantly irregular due to passive aeroelastic effect
particularly in the up-down stroke transition period near the maximum up flapping angle. This
resulted in an increasing deviation for the curve-fitting and approximated function of the
FWR kinematics of motion as shown in Fig.13. For more accurate analytical result, the curve-
fitting process should be improved.
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Figure 13. Curve fitting of the measured (a) flapping angle; (b) AoA for input 2.5v

4.2 Analysis of CFD results

In order to further study the aerodynamic details, the flow field obtained by the CFD
method at five moments of time (a ~ e) over one of the flapping cycles as marked in Fig.11
are selected and presented in Fig.14. For this selected cycle, the maximum flapping angle
& =31° (lower ¢ =22°, upper ¢ =-9°) and wingtip displacement d=0.057m. At the flapping
frequency 19.3Hz, the average flapping velocity at wingtip is U=2fd=2.2m/s. In the same
time, the FWR rotation produced a forward (horizontal) velocity V=3.9m/s (wingtip). It is
noted that the ratio of U/V equals to double of the St=fd/V. The FWR motion changes the
instantaneous effective AoA of the wing. The effect of the deflected velocity can be studied
qualitatively by the mean deflection angle aq:Tan'l(U/V) =+29.3° in the down-stroke and -
29.3°% in the up-stroke, which remains the same along the wing span (ignoring the chord-wise
deformation). In this study, the flapping cycle is divided into four quarters period. The 1% and
2" quarter corresponds to the upper half of the up-stroke and down-stroke respectively when
the wing is above the horizontal (x-z) plane (y>0, ¢<0). The time-a and time-b as shown in
Fig.11 is in mid of the two quarters respectively. The 3" and 4™ quarter corresponds to the
lower half of the down-stroke and up-stroke including time-c and time-d respectively when
the wing is below the x-z plane (y<0, $>0). The time-e is at the end of the 4™ quarter cycle as
shown in Fig.11.

wingtip WTV WTV

LE —y LEV £

1,)/-@ 7, D> 4D

e—— Vortex shedding Vortex shedding

e/[l@

Figure 14. The flow field simulation by CFD at five time moments over a flapping cycle

At a time moment in phase-a, the wing was in the 2" half of up-stroke (mid of the 1%
quarter cycle) with geometric AoA «,=17° as shown in Fig.11. The combined ¢ and quasi-
steady aq=-29.3° resulted in an equivalent ae=ay+aq=17°-29.3°=-12.3° of the FWR against
the airflow. At this moment, the wing LE and upper surface is relatively clean, but the vortex
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was generated over the lower surface and shed off the TE as shown in Fig.14(a). Under this
flow condition, the FWR produced a small lift coefficient C =0.15 and rotational moment
coefficient Cy=-0.25 as shown in Fig.11.

At a time moment in phase-b, the FWR wing was accelerated in the first half of down-
stroke (mid of the 2" quarter cycle). Although the wing has completed the transition from up-
stroke to down-stroke, the geometric AoA ag=17° was kept almost the same as time-a, and the
resulting equivalent ae=ag+aq =17°+29.3°=46.3° became much greater. Consequently a
wingtip vortex (WTV) and leading edge vortex (LEV) was generated from the outboard wing.
The vortex below the wing generated in earlier time-a was partly captured, and partly shed off
the TE as shown in Fig.14(b). In this flow and AoA condition, the FWR produced a relatively
large C =1.5, but negative Cy=-0.9 as shown in Fig.11.

At time-c, the wing moved into the 2™ half of down-stroke in the mid of the 3 quarter
cycle with geometric AoA=-5° as shown in Fig.11. The resulting equivalent angle was largely
decreased from earlier time-b value, but remained a large value =y +0q=-5°+29.3°=24.3°,
Consequently the connected LEV and WTV kept growing and maintaining touch to the LE as
shown in Fig.14(c). The strong LEV and large « led the lift coefficient to nearly the
maximum value C_=4.0. Due to the large C_ and negative AoA=-5° the resulting Cy also
reached nearly maximum positive Cyy=1.0 in this cycle as shown in Fig.11.

At time-d, the wing completed the transition from down-stroke to the first half of up-stroke
in the mid of 4™ quarter cycle. Due to significant aeroelastic effect in accelerating motion, the
geometric AoA increased to 39° towards the maximum value of the cycle as shown in Fig.11.
The equivalent AoA became ae=ay+aq=39°-29.3°=9.7°. The resulting LEV generated at
earlier time-c moved down-stream and shed off the TE as shown in Fig.14(d). Due to the
large AoA but reduced LEV, the resulting C_=0.5 was reduced from previous value and the
Cm=-0.9 became negative as shown in Fig.11.

At time-g, the wing moved to the mid of up-stroke where the flapping velocity was close to
maximum with the AoA=35° reduced from the earlier peak angle 42° as shown in Fig.11. This
resulted in an equivalent oe=ay+aq=35°-29.3°=5.7°. Similar to the time-a, the clean upper
surface and vortex below the wing surface resulted in a negative C_=-1.2. Due to the negative
C. and large AoA=35° however, a positive Cy=1.2 was produced just before completing the
flapping cycle as shown in Fig.11.

5. Flight test and simulation of the flyable FWR model
5.1 The FWR model flight test

Based on the above results, it was predicted that the FWR can produce sufficient lift force
to overcome the model weight (2.6gm) for the input power below 0.28W (4v). The FWR
model was then removed from the load cell and set on a base rail by placing its long legs into
a couple of holes as shown in Fig. 15(a). The electric power was supplied to the motor
through fine wires, which were kept loosely connected to the FWR motor to ensure little
interference with the flying model during flight. When the power of 0.26W (about 3.8v) was
supplied, the FWR model achieved a successful vertical take-off as shown in Fig. 15(b). The
measured FWR flapping frequency, rotation speed and St are 21Hz, 7.2r/s and 0.31
respectively. The flyable model demonstrated its self-stabilized flight without control, which
is one of the FWR features. By tuning the input power, the FWR model also demonstrated its
capability of hovering within a small highlighted space as shown in the Fig.16.
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Figure 15. The FWR model (a) set on a flight launch base (b) vertical take-off
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In theory, the FWR is statically stable in the x-y plane of the inertia frame system as
defined in Fig.1 and free-of-rotation body about the y-axis. This is because no actuation
torque is required for the self-propelling wing rotation as one of the FWR key features. In
practice however, the FWR model body was swing and spinning although at very low
frequency and dynamically stable in both the x-y and x-z plane as observed during the flight
test. Throughout the flight test, the fine wires are loosely connected to the motor to prevent
external interference to the FWR model movement. The main reason for the model swing is
because of the torque about the horizontal z-axis produced by the motor instead of a desirable
torque-free linear motor. The body spin is due to the existing friction in the bearings. The
additional rotational mass moment of inertia due to the eccentric CG of the FWR model
reduces the body spinning frequency.

4

Figure 16. The FWR model hovering within a small highlighted space

5.2 The FWR model flight simulation

In order to reveal the characteristics of the flight dynamics of the FWR model, a
numerical simulation analysis was performed using the software ADAMS interfacing with the
aerodynamic forces calculated using the QS method. The dimensions and weight were
measured for each of the 21 individual components of the flyable FWR model including the
motor, wing LE beam, mid-beam, skin, shaft, crank, bearing and etc. Based on the data, the
FWR multi-body dynamic model and the trajectory simulation of the flapping wingtip
including the gravity, inertia and aerodynamic forces and motor torque was created using
ADAMS as shown in Fig.17.

(@ (b)
Figure 17. (a) The flyable FWR model; (b) body and wingtip motion simulation
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The torque T, produced by the motor as shown in Fig. 17(a) forces the FWR model sways
in a small angle @ and so does the aerodynamic lift force L through the FWR centre line as
illustrated in Fig. 17(b). Along with the FWR rotation, the FWR model spins at the same
rotation speed. When the bearing frication in the ADAMS model is ignored, the dynamic
motion at the motor CG was simulated in the x-z plane as shown in Fig. 18(a) and (b). The
results demonstrate that the model spins at oscillation frequency about 4Hz, which agrees
with the FWR rotation speed 4r/s. The eccentric motor offers additional mass moment of
inertia to reduce the swing amplitude and stabilise the model. Consequently, the model (CG)
moves away from its original position (x=0, z=3.5mm) to a new location (x=4mm and z=-
1mm) after 4s. In the same time, the FWR model was lifted up to 30mm in the vertical y-
direction with small oscillating amplitude in the same frequency as the wing flapping
frequency 21Hz as shown in Fig. 18(c).
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Figure 18. The motion of the FWR model in (a) x; (b) z; (c) y-direction

When a dynamic friction coefficient 0.1 was set in the bearings of the ADAMS model, the
flight motion of the FWR model was also simulated. As shown in Fig. 19(a) and (b), the
model swing amplitude remains the same magnitude as the above friction-free results. While
the body spinning was initially slower than the friction-free case and gradually increased to
4Hz to follow the FWR rotation speed 4r/s after 2s. In the x-z plane, the FWR body swings
around the original x=0 with a small shift in z-direction from z=-1.5mm to z=0. In the same
time, the FWR model flies up to 30mm in vertical direction after 4s while oscillating in the
flapping frequency 21Hz as shown in Fig. 19(c).
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Figure 19. The motion of the FWR model in (a) x, (b) z, (c) y-direction with bearing friction

The 3D vertical take-off trajectory simulation using ADAMS and the experimental flight

dynamic motion in vertical direction measured in the FWR model flight test is shown result
Fig.20.
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Figure 20. (a) Vertical take-off simulation; (b) measured flight trajectory of the FWR model

By comparing the results shown in Fig.19 and Fig.20, it is noted that the flight trajectory
simulation result agrees with the averaged trace and flight height of the FWR model test. The
detailed periodic motion of the FWR model during the flight test is off the trace of the
simulation trajectory. This is mainly because the aerodynamic forces used in the ADAMS
model were based on an average aerodynamic lift coefficient per flapping cycle by the QS
method to represent the unsteady aerodynamic forces in the FWR model flight in real life.

6. Conclusions

The bioinspired novel FWR that combines rotary and insect-like flapping kinematics of
motion offers an alternative option for high performance MAV. Although systematic studies
on the FWR have been performed previously, it is the first time to demonstrate the feasibility
of a flyable micro FWR model and perform an extensive study by analytical, numerical and
experimental methods. Based on the study, the following conclusions can be drawn.

e A flyable micro FWR model of weight 2.6gm has been designed and manufactured. This is
the first and lightest flyable FWR model developed so far in the research field of
bioinspired flapping wings.

e Since a suitable commercial linear actuator or motor was unavailable, an off-the-shelf
motor was selected for the FWR model according to the power/weight and gear ratio
requirement. The crank-linkage made to transform the motor rotation to linear flapping
motion causes not only additional weight and complexity of the mechanism, but also a
torque about the horizontal axis of the model. If a suitable linear actuator were available,
the problem would have been eliminated to make a simpler and lighter FWR model.

e The elastic plate plays a key role in the lever mechanism of the FWR model. It not only
amplifies the flapping angle, but also produces elastic twist angle for the FWR to obtain an
optimal kinematics of motion and aeroelastic effect.

e The flyable FWR model provides a desirable base not only for analytical and experimental
study in a range of input power, but also a flight demonstrator of the FWR feasibility and
advantages.

e The mean aerodynamic lift coefficients and average forces by the analytical method have
excellent agreement with the experimental results (<3.4% difference) within the specified
normal operation range of power for the motor (3~3.5V).

e The resulting kinematics of motion and passive rotation of the FWR model lead to an
optimal propelling efficiency in terms of St=0.25~0.4 for the whole range of input power
(0.25~4.5v).

e The simulation of instantaneous flow field by the CFD method based on the measured
FWR motion over a flapping cycle reveals that the resulting LEV and C depend upon the
quasi-steady Ao0A; the Cy depends upon the C_ and geometric AoA. The maximum
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C.=4.0 and simultaneous Cy=1.0 due to the large a=17.3° and negative AoA=-5° at the
time-C show an ideal result of the FWR flapping status.

e A successful VTOL and short hovering flight test has been performed. This is the first time
in history and a breakthrough achievement to prove the capability and stability of the novel
FWR flight. This extended experiment demonstrates the unique features and advantages
proposed in the FWR concept and also provides useful data for analytical model validation.

e The ADAMS model built based on the measured dimensions and mass data of the
individual components provides an accurate representative of the flyable micro FWR. The
flight simulation results give an accurate prediction of the FWR body motion and flight
trajectory. The swing and spinning motion of the FWR body during flight reflects the
influence of the motor torque and eccentric CG on the flight behaviour of this particular
FWR model.
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