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ABSTRACT With the purpose to improve the performance of the flexible membrane flapping wing, a kind
of flapping wing with an attached airfoil to the root is designed and tested in a wind tunnel. In order to
study, the actual performance improvement of the flapping wing, the flight performance is calculated and
compared instead of the aerodynamic performance. A method to establish a semi-empirical cycle-averaged
mathematical model for the flapping wing with high precision based on the wind tunnel experiment is
proposed to calculate the flight performance. The established continuous mathematical model can solve
the problem of how to obtain the trimmed state by using discrete experimental data. By attaching the airfoil
EPPLER 378 with a thickness of 4.07% chord length to the root, the cruise velocity envelope is expanded,
especially with a small cruise velocity. Although the attached airfoil to the root can cause a slight decrease in
endurance and range of the flapping wing, it will greatly enhance the climbing performance and effectively
reduce the demand for the takeoff sites. Besides, the flapping wing with an attached airfoil to the root
will result in a significant reduction in the radius of steady turning and will improve the maneuverability.
In addition, the airfoil EJ 85, which is similar to the airfoil EPPLER 378 in shape and camber but has a larger
thickness of 6.5% chord length, is attached to the root of the original flapping wing. The same experiment
and modeling procedure are performed on the airfoil EJ 85 to analyze the difference in performance of the

flapping wing with different airfoil thickness.

INDEX TERMS Flapping wing, flight performance, wind tunnel experiment.

I. INTRODUCTION

Flapping-wing Micro Air Vehicle (FMAV) is a kind of special
air vehicle which uses flapping wings to generate both lift
and thrust. Many FMAV prototypes have achieved successful
flight, e.g. the famous Delfly series [1], [2], MicroBat [3],
RoboRaven [4], NanoHummingbird [5], and SmartBird [6]
etc. These FMAVs have different flapping wing structures.
However, due to the reliability of complex mechanical
devices, the FMAV with single-stage flapping wings is the
most mature solution adopted by many prototypes which have
good flight performance. Nevertheless, compared with the
flight of birds, the manmade flapping wing is obviously not
an optimal structure. In order to improve the performance
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of the flapping wing, many researchers have strived to opti-
mize the structure of the flapping wing. Mueller et al. [7],
Calogero et al. [8] developed a passive, one-way folding
flapping wing by improving the leading edge structure. It is
proved by flight test that this kind of improvements can
reduce forward velocity. Kim and Han [9], Li er al. [10]
developed a smart flapping wing with a macro-fiber com-
posites actuator, in which the camber can be changed by
using the surface actuators to enhance the aerodynamic per-
formance. Stewart er al. [11] performed a multi-objective
optimization method on the shape of a rigid flapping wing
to increase the cycle-averaged thrust and reduce the peak of
input power. In the case of the AeroVironment NanoHum-
mingbird wing design, the strong coupling problem between
flapping deformation and aerodynamic force was approached
experimentally [5]. A sample of approximately 300 wings
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was designed and tested to find the most efficient flapping
wing. These studies indicate that the flapping wing still has
potential properties for exploration.

Typically, a flapping wing consists of a carbon fiber skele-
ton with a curvature and Mylar membrane structure, in order
to ensure structural deformation and reduce inertial force.
Ultra-thin airfoil usually causes severe airflow separation,
which in turn loses aerodynamic force. Dove [12], the FMAV
developed in Northwestern Polytechnical University, uses the
upper curve of the EPPLER 378 airfoil as the shape of the
carbon fiber skeleton. The stall speed is too high due to
the fact that the flapping wing adopts the incomplete airfoil,
which seriously affects the landing stability.

In order to improve the aerodynamic performance of the
flexible membrane flapping wing and solve its problem of
easily stalling, the paper designed a flexible single-stage flap-
ping wing with an attached airfoil near to the root, inspired by
the thickness distribution of birds’ wings and the relationship
between airfoil thickness and stall speed. And studied the
effect of the improvement on the flapping wing performance
through wind tunnel experiments.

Usually, the performance evaluation of the flapping wing is
simply to compare the aerodynamic force [13] or propulsion
efficiency [14] in the same state. But since the lift and thrust
cannot be generated separately for the flapping wing, these
methods cannot evaluate the performance of the flapping
wing in actual flight conditions. Therefore, we propose to
use the flight performance parameters to evaluate the per-
formance. In order to solve the difficulty of the calculation
of flight performance parameters caused by the discontinuity
of the experimental state, the paper also proposes a semi-
empirical cycle-averaged mathematical model for the flap-
ping wing based on wind tunnel experimental data.

Il. EXPERIMENT SETUP

The tested flapping wing structure was designed and fab-
ricated. According to the performance of the experimental
system, the wind tunnel experimental state is selected rea-
sonably. After that data acquisition and postprocessing are
performed.

A. FLAPPING WING MODEL

In order to study the effect of attaching an airfoil with cer-
tain thickness near to the flapping root on the performance,
a flapping wing structure is designed on the basis of Dove,
which has a semi-span of 0.3 meters and a root chord length
of 0.1 meter. A lightweight foam structural component is
attached between the first chord and the third chord. The
structural component is 0.1 meter long and its width is the
same as the flapping wing root chord. The specific position
of the structural component on the flapping wing is shown
in Fig. 1. The characteristics of this structure are as following:

a. The attached structural component is located in the
triangular region of the flapping wing skeleton, and
from previous research [12], the region is less deformed
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FIGURE 1. Flexible flapping wing with the EPPLER 378 airfoil attached to
the root.

TABLE 1. The mass of the experimental flapping wing.

Mass

(2)
Dove’s original flapping wing (hereinafter referred to as FW10)  12.0
Attaching the complete EPPLER 378 airfoil to Dove’s flapping 14.7
wing (hereinafter referred to as FW378)

Flapping wing

during the flapping. That is, the attached structural
component has less influence on the deformation of the
overall structure of the flapping wing;

b. Attaching an airfoil structural component near the root
of the flapping wing can reduce the effects of inertial
forces caused by the attached mass;

c. The inner part of the flapping wing is mainly related to
the lift, and the tangential speed of this part is small,
and thus the aerodynamic mechanism is similar to that
of the fixed wing, which helps to enhance the effect of
the attached airfoil.

The mass of the experimental flapping wing is shown
in Table I. Due to the lightweight foam structure, the added
mass is smaller, and so it merely has a slight influence on the
input power.

B. WIND TUNNEL AND EXPERIMENTAL PROCEDURE

The experiment is carried out by using the FMAV wind tunnel
experimental measurement and a control system developed
by our research group. The system can adjust the flapping
frequency with high precision by controlling the rotation
speed of a servo motor. The measurement system can collect
experimental variables such as flapping angular displace-
ment, six-axis forces/moments and input power in real time
at a sampling rate of 2000Hz.

The ATIT Nano 17 multi-axis load cell is chosen as a bal-
ance. The load cell has the advantages of small size, high
precision and fast response, which is suitable for wind tunnel
experiments of flapping wings. There are several flapping
amplitudes can be chosen for the flapping mechanism shown
in Fig. 2, and the flapping amplitude of 61° is selected
because it is close to the Dove.

The experiment is carried out in the low-speed aeroacoustic
wind tunnel of Northwestern Polytechnical University. The
wind tunnel is an open jet return flow type. The test section
has a diameter of 1.5m and a length of 1.9m. The average
turbulence is 0.2% and the test wind speed is 6—40m/s. Its
parameters are suitable for the full-scale model experiment
of the flapping wing. The installed model in the wind tunnel
is shown in Fig. 3.

Based on the performance of the experimental system
and our research purposes, the experimental conditions are
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FIGURE 2. Experimental device with FW10 installed.

FIGURE 3. Installation of the experimental system in the wind tunnel.

TABLE 2. Experimental states.

Experimental variable Value
V (m/s) 8,10,12
J(Hz) 45,6
o (degree) 0,3,6,9,12,15

In all experiments, the initial value of the data is cleared at the beginning
with the state of & =0 and V'=0.

selected as shown in Table II. Experiments are carried out
to collect data such as aerodynamic force, flapping angular
displacement and input power in the corresponding states of
the two kinds of flapping wings.

In order to eliminate the aerodynamic interference and
the gravity interference of the experimental device in the
collected experimental data, and also to acquire the drag of
the flapping wing in the non-flapping state, the following
experimental states are added:

a. State 1: in the condition that the flapping wing is not
installed, the forces and moments at all angles of attack
in Table II are measured;

b. State 2: in the condition that the flapping wing is not
installed, the forces and moments at all speeds and
angles of attack in Table II are measured;

c. State 3: the experimental flapping wing is installed, and
the forces and moments at all angles of attack in Table II
are measured;

d. State 4: the experimental flapping wing is installed,
and fixed in the horizontal state, and the forces and
moments at all speeds and angles of attack in Table II
are measured.
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C. DATA ACQUISITION AND POSTPROCESSING

1) AERODYNAMIC INTERFERENCE

The aerodynamic force generated by the experimental device
installed on the balance during the experiment is the interfer-
ence that needs to be removed. The aerodynamic interference
data measured in state 2 also includes the gravity interfer-
ence of the experimental device. Therefore, it is necessary
to calculate the weight of the experimental device Gy, and
the vertical distance between its center of gravity and the
center of the balance /... The decomposition of the flapping
mechanism weight Gy, in the load cell coordinate system
can be expressed as the following.

Fy1 = —Gpecsina )
Ty.1 = Fxilmee = —Gmeclmec Sina

where Fy | and Ty are the x-axis force and the y-axis
moment of the balance coordinate system measured in state
1 respectively. In this way, Gy,ec and [, are solved by Eq. (1).
The values of Gy and [, obtained at different angles of
attack are averaged to ensure the consistency of the calculated
gravity component.

In this paper, we only study the longitudinal characteristics
of the flapping wing in the condition of non-sideslip flight.
Therefore, we only need to obtain the aerodynamic interfer-
ence of the experimental devices in the x-axis force com-
ponent, the z-axis force component and the y-axis moment
component. The aerodynamic interference (Fy 2, F;2, Ty.2)
measured in experimental state 2 includes the gravity interfer-
ence (Gpec.x> Gmec.z» Tmec.y) Of the flapping mechanism. The
pure aerodynamic interference (Fx.aero» Frz.aeros Ty.aero) are
obtained by subtracting the gravity interference from the data
measured in experimental state 2. The gravity interference is
represented by decomposing the gravity of the experimental
device in the load cell coordinate system.

Fyaero = Fx2 — Gmecx

Fz.aero =1z2 = Gmec‘z

Ty.aem = 1y2 — Tr.nec.y )
Ginecx = —Gmec Sina

Ginecz = —Gmec COS & + Gpec

Tmec.y = —Gpeclmec sina

2) GRAVITY INTERFERENCE

In addition to the aerodynamic interference of the experimen-
tal device, the gravity interference of the experimental device
with the flapping wing at different angles of attack also has a
strong influence on the experimental results. Using the data
obtained in state 3, the weight of the experimental device with
the flapping wing G,,,, and the vertical distance between the
center of gravity and the center of the balance /,,,, are calcu-
lated according to Eq. (3). The values obtained at different
angles of attack are averaged to ensure the consistency of
calculations.

Fy3=—Gyysina } 3)

Ty.3 = Fy3lnpw = —Gmwlnw sina
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Flapping
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FIGURE 4. Experimental device coordinate system definition diagram.

After obtaining the experimental interferences, the experi-
mental data is acquired according to all the states in Table II
(recorded as state 5). The aerodynamic interference and the
gravity interference of the experimental device are subtracted
in Eq. (4) to obtain the actual aerodynamic data of the exper-
imental flapping wing (Fy, F7, Ty)T.

Fy = Fxs5 — Fx.aero — Gmw.x

F,=F;5 —Fraero — Gmw_

Ty = Ty‘S - Ty.aero - me.y (4)
Gmywx = =Gy sina
Guwz = —Gmywcosa + Gy
Tw.y = —Gmwlmw sina

3) AXIS TRANSFORMATION

In the experiment, the force and moment are acquired in
the balance coordinate system. Therefore, it is necessary
to convert them into the wind axis coordinate system for
analysis. And the reference point of the longitudinal moment
needs to be transferred from the center of the balance to the
leading edge of the flapping wing for comparison. Fig. 4 is
a schematic diagram of the definitions of the coordinates of
the experimental device [15]. The distance between the center
of the balance and the flapping wing chord is /{, and I, is
the horizontal distance between the center of the balance and
the leading edge of the flapping wing. L, Ty,e; and M e, are
the lift, net thrust and pitch moment of the flapping wing
respectively.

The experiment focuses on the effect of the improved
flapping wing on the actual flight, and so there is no need
to remove the inertial force component of the flapping wing.
(Fx, F, Ty) are separately decomposed and integrated in the
wind axes system to obtain the conversion Eq. (5), in which
pre-measured /; and [, are used in the transfer process,
as defined in Fig. 4.

L sine cosa O | Fy
Thet | = |cosa —sina 0| | F; @)
Mpitcn - L 1]||T

In this chapter, the wind tunnel experimental data of
FW10 and FW378 are acquired and the experimental interfer-
ence is removed by postprocessing. The post-processed data
can be used in the following modeling process.
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IIl. FLAPPING WING MODELING BASED ON WIND
TUNNEL EXPERIMENT

The aerodynamic forces of the flexible flapping wing have a
strong coupling relationship with the structural deformation.
Therefore, the wind tunnel experiment is usually conducted
to obtain more accurate aerodynamic data. However, the state
of the wind tunnel experiment is usually discrete and its
interval cannot be too small considering the high cost of
the experiment, which makes it difficult to obtain the trim
state in the performance calculation. Therefore, due to the
discreteness, the analysis of the aerodynamic characteristics
of the flapping wing is usually performed by solving the set
that satisfies the state of the trim condition [16]. In order
to improve the accuracy of the solution, the paper proposes
a semi-empirical flapping wing modeling method based on
the experimental data characteristics and the mechanism of
aerodynamic forces and power production.

A. CYCLE-AVERAGED LIFT MODELING METHOD
According to the relationship between the cycle-averaged
lift and the angle of attack in the experimental data, it can
be seen that the former is similar to the case of the fixed
wing, which is linear with the angle of attack before stall.
Therefore, the cycle-averaged lift can be expressed in the
form in Eq. (6). In addition, the wind speed and the flapping
frequency also have effects on the cycle-averaged lift, but
the relationship is complicated due to the special fluid-solid
coupling characteristics of the flapping wing. To simplify the
calculation, these effects are reflected in the polynomial form
of Ly and Ly.

L=La+L
Ly =F(V.f) (6)
Lo=F(V,f)

where the defined slope of lift line L, is a function of flight
speed and flapping frequency. Ly is the lift when the angle of
attack is zero.

B. CYCLE-AVERAGED NET THRUST MODELING METHOD

The cycle-averaged net thrust 7)., is also related to three
variables, but the situation is more complicated. Considering
that the net thrust of the flapping wing contains both drag
and thrust components, it is usually difficult to completely
separate the thrust from the drag. The thrust characteristics
of the flapping wing can be considered to be similar to the
propeller [17]. Therefore, the net thrust of the flapping wing
is approximately divided into the thrust generated by the
flapping and the constant drag D unrelated to it. Referring
to the thrust calculation formula of the propeller, the thrust is
expressed as the square of the flapping frequency multiplied
by the coefficient Ty. This form of thrust contains the addi-
tional drag change caused by the flapping motion. The cycle-
averaged net thrust of the flapping wing can be expressed as
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Eq. (7).

Thet = Tﬂap —-D
T £2
Thap = T5f %)
Ty =FV,a)
D=F{V,a)

where T is a fitting polynomial that includes the effects of the
wind speed and the angle of attack on the thrust. D is fitted to
this polynomial by experimental data.

C. CYCLE-AVERAGED INPUT POWER MODELING METHOD
The input power of the flapping wing P;, is mainly related to
the torque and the flapping angular speed attached to the flap-
ping shaft. According to the rotational power calculation for-
mula, the input power of the flapping wing can be expressed
as the torque attached to the flapping shaft multiplied by the
flapping angular velocity. So the cycle-averaged input power
can be expressed as Eq. (8).

P_in = winga
Mying = (L cosa — Tpe Sina)lcp.y/n =FV.,f) (®)
w=F@A,f)

Among them, M,,;,, represents the flapping shaft torque;
o is the flapping angular velocity; and 7 is the transmission
efficiency of the experimental device. The flapping angu-
lar velocity is related to the flapping amplitude A and the
flapping frequency f. Under a certain flapping amplitude,
the cycle-averaged angular velocity is a function of the flap-
ping frequency. The instantaneous aerodynamic force in the
expression of the cycle-averaged flapping shaft torque is
independent of the angle of attack approximately, according
to experimental data (the angle of attack does not change the
amplitude of instantaneous aerodynamic forces). The span-
wise center of pressure /., has a relatively fixed position.
The transmission efficiency of the experimental device is
related to the flapping frequency. Based on the above factors,
the cycle-averaged flapping shaft torque can be simplified as
a fitting polynomial form of the wind speed and frequency.

D. MODELING RESULTS

According to the above flapping wing modeling method,
the corresponding parameters are fitted using the least-
square fitting method, based on wind tunnel experimental
data. FW10 and FW378 are modeled respectively based
on the method mentioned in Chapter III using the exper-
imental data after postprocessing. The modeling results
of FW10 and FW378 are shown in Eq. (9) to (11) and
Eq. (12) to (14) respectively. The model accuracy is shown
in Tables III and IV.

L=Lo+ Ly«
Lo = 4.39 — 0.0152f — 0.6453V
+ 0.004652fV 4 0.07431V2 9)

Lo = —0.4664 4 0.01119f 4 0.108V
+0.001459fV — 0.006571V?
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TABLE 3. FW10 modeling results.

Object RMSE R’
L 0.0303 0.9959
T, 0.0244 0.9876
P, 0.5811 0.9459

TABLE 4. FW378 modeling results.

Object RMSE R?
I 0.0230 0.9983
T, 0.0111 0.9964
P, 0.2407 0.9770
R )
Ther = Tff -D

Ty = —0.003155 + 0.005332«
+0.002319V + 0.191602
— 0.006886aV — 0.0001403V2
—0.1397a3 — 0.01747a2V (10)
+0.0007434aV?

D = —1.685 + 1.235a + 0.3758V
— 1.571¢2 — 0.1604aV

—0.02294V?2
P_in = Mwingw
Mying = 1.862 — 0.103f — 0.1114V
+0.009929f2 — 0.005195fV (11)
+0.007971V?
@ = 1.993f(—0.01591f + 1.255)
L=1Lo+ Ly
Ly = —1.49 +0.1238f + 0.3946V
— 0.006687fV + 0.03239V? (12)

Lo = —0.5494 — 0.02597f + 0.1498V
+ 0.005114fV — 0.00725V?
Tyer = T;f>—D
Ty = —0.01036 + 0.0216«
+0.003888V + 0.155¢2
—0.00835:V — 0.0002081V2
—0.2718a3 — 0.00709402V (13)
+0.0006177aV?
D = —1.537 4+ 1.436a + 0.3368V
—2.188a2 — 0.164aV
—0.0206V?

Pin_= wing6

Mying = 1.555 — 0.3234f + 0.1306V
+0.02213f2 + 0.0032fV (14)
—0.007304V2

o = 1.99f(—0.01379f + 1.255)

The RMSE in Tables III and IV indicates the root mean
squared error. The smaller the RMSE is, the smaller the error
between the model and the modeling data is. R? represents
the coefficient of determination. The closer R2 is to “17,
the better the model fits the data.
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The modeling results show that the accurate flapping wing
aerodynamic model and input power model can be estab-
lished by using the modeling method proposed in the paper.
At the same time, since the established models are based on
polynomials, it is feasible to perform extrapolation in the
linear range, which can supplement the deficiency of the
experimental state. The analysis below is conducted based on
the established flapping wing model.

IV. PERFORMANCE CALCULATION

Generally, the performance improvement of the flapping
wing is only compared by lift and thrust. However, the com-
parison of the aerodynamic forces alone can not reflect the
impact of the improvement on the actual flight performance
of the FMAV. Therefore, we propose to evaluate the improve-
ment of the flapping wing by flight performance.

The flapping wing is characterized by significant cycli-
cal aerodynamic effects, which makes it difficult to calcu-
late its performance. Sun et al. [18] considered that when
the mass of the flapping wing was neglected, the flapping
wing dynamics equation could be simplified to the fixed-
wing aircraft dynamics equation. In the actual test flight,
Dove still has the aerodynamic characteristics similar to the
fixed wing. Therefore, the flapping wing aerodynamics can
be cycle-averaged and then analyzed with reference to the
performance calculation method of the fixed wing. In this
paper, we summarize four aspects that are suitable to describe
the performance of the flapping wing

The scalar form of the fixed-wing kinetic equation of the
center of mass in the navigational coordinate system is as
follows [19]:

m% =TcosacospB —D —mgsiny
mV COSV% = T[sina sin u — cosa sin B cos ]

+ Ccosu+ Lsinpu (15)
—mV‘Z—’t/ = T[—sina cosu — cosa sin B sin ]

+ Csinpu — L cos u + mgcos y

where for the flapping wing, since thrust cannot be generated
independently of lift, and thrust and drag are difficult to
separate, only net thrust can be directly obtained [20]. So the
body axes system thrust in Eq. (15) is decomposed into the
wind axes system and Eq. (16) introduces the cycle-averaged
net thrust and the cycle-averaged lift into Eq. (15).

Tne,zTcosa—D} (16)

L=L+Tsina
For a flapping wing, the cycle-averaged lift and net thrust

are just a function of three parameters, after given the ampli-
tude of the flapping [21]:

Ther = F(va» o)
Lt = F(V.f ) } 1n

A. STEADY LEVEL FLIGHT PERFORMANCE CALCULATION
When a FMAV is in steady level flight, there are velocity vari-
ation rate dV/dt= 0, flight path angle variation dy/dt=y= 0,
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heading angle variation rate dx/dt= 0, angle of sideslip
B= 0, speed roll angle u= 0 and lateral force C= 0. Bring
these conditions and Eq. (16) into Eq. (15) to obtain the level
flight equilibrium equation shown in (18).

Ther = 0 }
18
Lyer =W ( )

That is, the cycle-averaged net thrust of the flapping wing
is zero; the cycle-averaged lift is equal to the gravity of
the FMAV W; and the FMAV is in equilibrium. Given a
V, Eq. (18) contains only two unknown variables f and «.
The equations are close and the angle of attack and the
flapping frequency at the given flight speed can be solved.
The trimmed state is solved at a certain speed interval within
a reasonable speed range, until a speed boundary that cannot
be trimmed is obtained. At this time, the minimum level flight
speed and the maximum one of the flapping wing can be
obtained. Usually the maximum flapping frequency deter-
mines the maximum trim speed and the stall angle of attack
limits the minimum trim speed. The faster the maximum
flight speed, the stronger the front wind resistance, and the
slower the minimum flight speed, the more favorable the
stability of the landing phase.

B. POWER CONSUMPTION PERFORMANCE CALCULATION
The power consumption performance of a flapping wing
includes endurance and range. In order to calculate the maxi-
mum endurance and range of a FM AV, it is necessary to deter-
mine the speed for the maximum endurance Vg ., and the
speed for the maximum range Vg uq. FMAVs generally use
a lithium-polymer battery as the energy supply device. The
weight of the FMAV remains unchanged during the flight,
so the speed for the maximum endurance is the minimum
power speed that satisfies the steady level flight condition.
The speed for the maximum range is the corresponding state
to the minimum power per unit distance. Using the graphic
method, a straight line that starts at the origin is tangent to
the trim speed vs power curve of the steady level flight. The
speed corresponding to the tangent point is the maximum
range speed.

When the maximum endurance speed and the maximum
range speed are obtained, the maximum endurance and range
can be expressed as:

Wbatt
Enax = 19
max Poin (19)
3.6W,
Rmax = —(mVR. max (20)
P VRAmax

wherein Wy, is the energy of the battery; Pygmqx 1S the
power corresponding to the speed of the maximum range.
In Eq. (19) and (20), the influence of the effective capacity
of the battery with the change of the discharge power on
endurance is neglected. And the influence of the wind on the
ground speed is neglected when calculating the range.
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C. STEADY CLIMBING AND DESCENDING FLIGHT
PERFORMANCE CALCULATION
In the state of a steady climbing and descending flight, there
are dV/dt= 0, dy/dt= 0, d x/dt= 0, B= 0, u= 0, and C= 0.
Bring these conditions and Eq. (16) into Eq. (15) to obtain the
steady climbing and descending flight equilibrium equation
shown in (21).

Thet = Wsiny

L=Wcosy } @D

The flight path angle y can be obtained from Eq. (21):

tany = T%et }

y = arctan( T”z”’)

(22)

The height is defined as H, and the cycle-averaged net
thrust equation in Eq. (21) is introduced into Eq. (23) to obtain
the equation of the vertical velocity V,,.

dH ThetV

v dr sy W

In order to minimize the horizontal distance R. through
which the FMAV climbs to the safe altitude Hy,f and reduce
the demand for the take-off site, the flight path angle should
be maximized. The minimum R, is:

(23)

Rc. min = Hygfe €Ot Ymax 24

To reach the safe height rapidly, specific excess power
(Tyer V) should be taken to the maximum. In this state,
the maximum climb rate is obtained. The minimum climb
time 7. i, can be expressed as:

Hrafe

(25)

tc‘ m VV. max
D. STEADY TURNING FLIGHT PERFORMANCE
CALCULATION
In the state of steady turning flight, there are dV/dt= 0,
dy/dt=y= 0, B= 0, and C =~0. Bring these conditions
and Eq. (16) into Eq. (15) to obtain the steady turning flight
equilibrium equation shown in (26).

Tnet = R
Tv‘fl—f =2 =TLsinu (26)
Lcospuy=W

wherein, g is the acceleration of gravity, and r is the radius of
turning flight. The minimum turning radius can be obtained
by Eq. (26) [19].

1/ V2 1 &
’min = — =\ 7 (27)
8 tan / min 8 n% —1 min

A small turning radius means that the FMAV has better
maneuverability, which can significantly expand its usage
scenarios. The turning radius can be decreased by reducing
the flight speed and increasing the speed roll angle, but the
minimum flight speed and the maximum speed roll angle
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FIGURE 5. FW10 and FW378 steady level flight performance calculation
results.

have certain limits. When the speed reduces, the angle of
attack must increase to maintain gravity balance, while the
maximum angle of attack needs to be limited to the stall angle
of attack. The maximum speed roll angle is limited by the
FMAV maximum overload.

This chapter provides the calculation process and cal-
culation method of the flight performance of the flapping
wing with reference to the calculation method of the fixed
wing flight performance. Combined with the flapping wing
mathematical model established in Chapter III, the actual
flight performance of the flapping wing can be compared and
analyzed.

V. PERFORMANCE COMPARISON BETWEEN ORIGINAL
FLAPPING WING AND FLEXIBLE FLAPPING WING WITH
AN ATTACHED EPPLER 378 AIRFOIL TO THE ROOT

Based on the data of Dove, given the takeoff weight W;, =
180g, the limit of the maximum angle of attack is set to
20 degrees and the maximum flapping frequency is 10 Hz.
Based on the flapping wing model established in Chapter 3,
the performance calculation methods in Chapter 4 are used to
calculate and compare the different performances of the two
experimental flapping wings.

A. STEADY LEVEL FLIGHT PERFORMANCE COMPARISON
The flapping frequency and the angle of attack that sat-
isfy Eq. (18) are solved at different flight speeds, the result
is shown in Fig. 5. According to the calculation result,
the trimmed angle of attack gradually decreases with the
trimmed velocity, which shares similar characteristics with
the fixed wing. Compared with the original flapping wing
FW10, the flapping wing FW378 with the complete EPPLER
378 airfoil attached to the root has a significantly lower
minimum trimmed velocity, which will help to improve the
stability of the FMAV during the landing phase. The two
flapping wings almost have the same maximum trimmed
velocity since it is mainly related to the flapping frequency.
In addition, FW378 has a smaller trimmed angle of attack
and flapping frequency than FW10, which indicates that
the aerodynamic performance of FW378 has been greatly
improved.
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results.
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FIGURE 7. FW10 and FW378 instantaneous experimental data
comparison (at V = 10m/s, f = 5Hz, « = 12° ). (a) The absolute value of
the z-axis force component of the load cell. (b) Experimental servo motor
instantaneous input power.

B. POWER CONSUMPTION PERFORMANCE COMPARISON
According to the steady level flight trimmed state calculated
in Section A, the established flapping wing power model is
used to calculate the input power of the corresponding state.
The curve of the trimmed velocity and the input power is
shown in Fig. 6. The calculation result shows that the input
power of FW378 is higher than that of FW10 in the entire
trimmed velocity envelope.

Fig. 7 is the experimental data of the absolute values of
instantaneous F, and P;, in a cycle. FW378 has a larger
aerodynamic force on the vertical flapping wing surface F; in
the first half stage of the down stroke, and F/, is increased due
to the suppression of airflow separation in the latter stage of
the up stroke. The increase in F, indirectly causes the flapping
shaft torque to be greater than that of FW 10, which is directly
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TABLE 5. The maximum endurance and maximum range comparison.

Flapping wing Vemae /S)  Epax () Veme (/) Ry (kim)
FW10 9.7 0.72 11.2 27.35
FW378 9.4 0.69 10.6 25.01

Vertical Velocity (m/s)

0.4

Flight Path Angle (rad)

0.4

0.6 T T T T T T T

Velocity (m/s)

FIGURE 8. FW10 and FW378 steady climbing and descending trimmed
state boundary. (a) Trimmed vertical velocity boundary. (b) Trimmed flight
path angle boundary.

related to the input power, thus resulting in an increase in the
cycle-averaged input power.

The maximum endurance speed Vg 4y and the maximum
range speed Vg uqx Of the two experimental flapping wings
are determined by a graphic method. Assume the capacity
of a battery is 15.4Wh and the power of airborne equipment
is 5SW, ignoring the Peukert effect. The maximum endurance
E}ax and the maximum range Ry, of the two experimental
flapping wings calculated according to Eq. (19) and (20) are
shown in Table V. The endurance and range of FW378 will
have a certain loss.

C. STEADY CLIMBING AND DESCENDING FLIGHT
PERFORMANCE COMPARISON

Since Eq. (21) is not close the method of traversing in the state
domain is used to calculate the steady climbing and descend-
ing flight performance. There are many trimmed points at
each speed, which form a trimmed area. For the convenience
of comparison, the boundary state of the trimmed area is
extracted, and the flight path angle and the vertical speed
in the corresponding state are calculated by Eq. (22) and
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TABLE 6. The extreme horizontal distance of take off and land
comparison.

Flapping  Climb Take off R.in  Descend ppee  Land Re i
wing (rad) (m) (rad) (m)

FWI10 0.18 82.68 -0.12 128.29

FW378 0.32 45.26 -0.10 148.84

The maximum descend angle is obtained at the lowest trimmed velocity.

TABLE 7. The minimum turning radius comparison.

Flapping wing Fonin ()

FW10 12.88
FW378 8.78

Eq. (23) respectively. The steady climbing and descending
trimmed state boundary is shown in Fig. 8.

It can be seen from Fig. 8 that FW378 has a larger climbing
vertical velocity and angle of climb than FW10. In terms
of descending performance, the difference between the two
flapping wings at a high speed is not obvious. FW378 can
descend at a lower speed and maintain a similar vertical
velocity than FW10. Therefore, FW378 is easier to control
when landing, and the remaining energy is small which is
beneficial to reduce the impact on the fuselage when landing.
The safety height Hy,p, is set as 15m and the limit takeoff
and land horizontal distance of the two experimental flap-
ping wings are calculated according to Eq. (24), the results
of which are shown in Table VI. According to the calcu-
lation results, the horizontal distance climbing to the safe
height is significantly shortened after attaching the complete
EPPLER 378 airfoil to the root, which is beneficial to reduce
the requirement for takeoff site. Meanwhile, the horizontal
distance of landing of the two flapping wings is not much
different.

D. STEADY TURNING FLIGHT PERFORMANCE
COMPARISON

Since Eq. (26) is also not close, the traversal calculation is
also performed in the state domain to find the states that
satisfy the condition of the steady turning. The turning radius
in the corresponding state is calculated by Eq. (27) accord-
ing to the obtained trimmed state. The steady turning flight
trimmed state form an area. Fig. 9 is the outermost boundary
of the steady turning flight trimmed state. The minimum
turning radiuses of FW10 and FW378 are shown in Table VII.
The normal overload n,, of FW378 over the entire trimmed
velocity range is significantly greater than that of FW10,
indicating that FW378 is capable of producing greater lift,
which results in a smaller turning radius. The smaller turning
radius helps to improve the maneuverability of the FMAV to
adapt to a narrow flight environment.

By comparing the flight performance of FW10 and
FW378, it can be seen that attaching an airfoil to the root can
greatly improve the level flight, climb flight and turning flight
performance. At the same time, it has a slight adverse effect
on endurance.
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FIGURE 9. FW10 and FW378 steady turning trimmed state boundaries.
(a) Trimmed turning radius boundary. (b) Trimmed normal overload
boundary.

TABLE 8. Comparison of geometric parameters between eppler
378 airfoil and ej 85 airfoil.

Airfoil Profile Geometric Parameter
——— Maximum thickness: 4.07%c
EPPLER 378 Maximum camber:7.99%c
. . . o
ET 85 Maximum thickness: 6.50%c

Maximum camber:8.50%c

c indicates the chord length of the airfoil.

VI. PERFORMANCE COMPARISON BETWEEN FLEXIBLE
FLAPPING WING WITH AN ATTACHED EPPLER
378 AIRFOIL AND EJ 85 AIRFOIL TO THE ROOT
From the analysis and calculation in Chapter V, it can be seen
that the addition of the airfoil with certain thickness to the
wing root has a positive effect on the aerodynamic force of the
flapping wing. In order to study the influence of airfoil with
different thickness attached to the root, the paper selects the
EJ 85 airfoil which has a similar camber but greater thickness
than the EPPLER 378 airfoil. The specific parameters of
the airfoil are shown in Table VIII. The structure of the
experimental flapping wing with EJ 85 airfoil attached to
Dove’s flapping wing root (hereinafter referred to as FW85)
is identical to that of FW378, as shown in Fig. 10. The
FWS85 has a mass of 15.3g.

The data acquisition of the wind tunnel experimental states
in Table II are also carried out for FW85. The mathematical
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FIGURE 10. Flexible flapping wing with EJ 85 airfoil attached to the root.
TABLE 9. FW85 modeling results.

Object RMSE R?
I 0.0464 0.9936
T, 0.0204 0.9874
P, 0.3787 0.9428
10
’ ,
0.35 a-FW378 R4
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FIGURE 11. FW378 and FW85 steady level flight performance calculation
results.

model of FW8S is established according to the method in
Chapter III. The modeling result of FW85 is shown in Eq. (28)
to (30). The model accuracy is shown in Table IX.

L=Lo+ Ly
Lo = 1.634 + 0.2855f — 0.4016V
— 0.02283fV + 0.08168V2 (28)

Lo = —0.3379 — 0.03144f + 0.1075V
+ 0.006396fV — 0.004672V?2
Tyer = Tyf> =D
Ty = —0.001795 — 0.03676c
+0.001572V — 0.140402
+0.01065aV — 0.00007055V2
+ 0.2268c% + 0.0004073c2V (29)
—0.0004115a V2
D = —1.487 + 1.173a + 0.3297V
—2.086a% — 0.1609aV
—0.0204V2

in = wingw

Mying = 1.194 — 0.1849f + 0.09869V
+0.01688f% — 0.004837fV (30)
—0.002951V2

@ = 1.989f(—0.00574f + 1.226)

v

The following is a comparison between FW85 and
FW378 according to the flapping wing performance calcu-
lation method in Chapter IV. As shown in Fig. 11, in the
steady level flight performance, FW85 has a larger velocity
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TABLE 10. The maximum endurance and maximum range comparison.

Flapping wing Vemar /S)  Epax () Vemar (M/S) Ry (km)
FW378 9.4 0.69 10.6 25.01
FW85 9.6 0.70 11.0 26.51

envelope, and its trimmed angle of attack is lower than that of
FW378, indicating that the lift characteristic of FW85 is bet-
ter. There is little difference between their trimmed flapping
frequencies. The calculation results show that increasing the
thickness of the airfoil within a certain range can improve the
steady level flight performance of the flapping wing.

From the calculation results in Fig. 12, it can be seen that
the difference between the steady climb and the descending
flight performance of FW85 and FW378 is not large. The
difference in climbing and descending performance at low
speed is caused due to the better low-speed performance of
FW85. The results suggest that a thicker airfoil may not
further increase the cycle averaged net thrust, but it may result
in additional drag.

Due to the better lift characteristics of FW85, its minimum
turning radius is significantly smaller than that of FW378.
However, the overload of a FMAV is usually limited by the
structure. According to the maximum overload limit of 2G,
it can be considered that FW85 has a slightly smaller radius
than FW378 in practice as shown in Fig. 13.
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FIGURE 14. FW378 and FW85 power consumption performance
calculation resuilts.

In terms of power consumption in the steady level flight
state, it can be seen from Fig.14 that the trimmed level
flight power of FW85 is smaller than that of FW378. The
comparison of endurance and range of the two experimental
flapping wings are in Table X. According to the comparison
results, increasing the thickness of the attached airfoil within
a certain range can reduce the steady level flight power and
improve the endurance and range performance.

In order to study the reason why FWS85 improves its
power consumption characteristics compared with FW378,
the instantaneous aerodynamic force and input power in the
wind tunnel experimental data are extracted, as shown in
Fig. 15. According to the instantaneous power curve, it can
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FIGURE 15. FW378 and FW85 instantaneous experimental data
comparison (at V = 10m/s, f = 5Hz, « = 12° ). (a) Experimental servo
motor instantaneous input power. (b) The absolute value of the z-axis
force component of the load cell. (c) The absolute value of the x-axis
force component of the load cell.

be seen that FW85 consumes less power than FW378 in the
first half stage of the down stroke and the late stage of the up
stroke, which shows its low power consumption characteris-
tics at a high angle of attack. During these two periods of high
angles of attack, there’s little difference in the instantaneous
normal force F,; between the two flapping wings, so it is not
the cause of the difference in power. Comparing the tangential
force curve, it can be seen that FW378 has a larger tangential
force in the first half stage of the down stroke. However, this
difference does not directly cause the flapping shaft torque
to change, but it causes an increase in the frictional force of
the flapping mechanism, thus causing an increase in power
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FIGURE 16. FW378, FW85 and FW10 flight performance comparison.
(Percentage change in the performance of FW378 and FW85 is relative to
FW10.)

consumption. The power consumption characteristics of the
first half stage of the down stroke basically determine the
power consumption characteristics of a flapping wing due
to the large amplitude of power in this stage. Limited to
experimental devices, the foregoing is only a preliminary
analysis. The changes in the position of the pressure center
will also affect the power consumption characteristics.

The performance comparison between the flapping wing
with an attached airfoil to the root and the original flapping
wing is shown in Fig. 16.

By comparing the flight performance of FWS85 and
FW378, it can be preliminarily concluded that increasing the
thickness of the attached airfoil can further improve the level
flight performance and reduce the endurance loss from the
attached airfoil.

VII. CONCLUSION

For the purpose of improving the performance of the flexible
membrane flapping wing, a flexible flapping wing with an
attached airfoil to the root is designed and tested in a wind
tunnel. In order to facilitate the evaluation of the flapping
wing performance, we propose to evaluate the property of the
flapping wing by flight performance rather than aerodynamic
performance. At the same time, a set of methods is proposed
to establish the flapping wing mathematical model based on
wind tunnel experimental data. The model has high precision
and can meet the requirements of the flapping wing perfor-
mance evaluation. Since the model is in a continuous polyno-
mial form, it has a limitted extrapolation ability in the linear
range, which can support the calculation of the performance
in the untested state. After comparing the performance of the
Dove’s flapping wing and the experimental flapping wing
with the complete EPPLER 378 airfoil attached to Dove’s
flapping wing root, the following conclusions are obtained:

a. By attaching an airfoil with certain thickness to the
root, partial airflow separation is suppressed. The level
flight velocity envelope is expanded, especially with a
small level flight velocity, which has great benefits to
the control characteristics of the landing phase.
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b. The flapping wing with a complete airfoil attached
to the root causes an increase in the flapping shaft
torque, due to the increase of the instantaneous aerody-
namic force. The increase in the flapping shaft torque
results in a slight increase in power consumption com-
pared with the original flapping wing during the entire
trimmed states. Besides, there is a small decrease in
endurance and range.

c. The attachment of a complete airfoil to the root reduces
the drag caused by airflow separation, thereby increas-
ing the net thrust of the flapping wing, which greatly
increases the climbing capacity and effectively reduces
the requirements for the takeoff site.

d. The flapping wing with a complete airfoil attached to
the root increases the cycle-averaged lift, resulting in a
significant reduction in the radius of steady turning and
improving maneuverability.

In addition, in order to study the performance difference
of flexible flapping wings with airfoils of different thickness
attached near to the root, the EJ 85 airfoil with a similar
shape and camber to the EPPLER 378 but larger thickness
is attached to the original flapping wing root. The same wind
tunnel experiment is carried out to establish the mathemati-
cal model of the flapping wing with EJ 85 airfoil attached.
By comparing the performance of the flapping wing with
EPPLER 378 airfoil and that with EJ 85 airfoil, the following
conclusions are obtained:

a. Increasing the thickness of the attached airfoil within a
certain range can further expand the speed envelope of
the flapping wing and reduce the minimum level flight
velocity.

b. Increasing the thickness of the attached airfoil may not
further improve the climbing performance and turning
performance of the flapping wing.

c. By properly selecting the thickness of the attached
airfoil, the increase in the level flight power after the
airfoil attached can be reduced.
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