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A B S T R A C T

In this study, the aerodynamic performance of flapping wings using a parallel motion was investigated and
compared with the insect-like ‘‘fan-sweep’’ motion, and the effect of adding a slit to the wings was analyzed.
First, numerical simulations were performed to analyze the wing aerodynamics of two flapping motions with
equivalent stroke amplitudes over a range of pitching angles based on computational fluid dynamics (CFD).
The simulation results indicated that flapping wings with a rapid and short parallel motion achieved better
lift and efficiency than those of the fan-sweep motion while maintaining the same aerodynamic characteristics
regarding stall delay and leading-edge vortices. For a parallel motion with a pitching angle of 25◦ and 100 mm
stroke amplitude, the wings generated an average lift of 8.4 gf with a lift-to-drag ratio of 1.06, respectively,
which were 1.8% and 26% greater than those of the fan-sweep motion with a corresponding 96◦ stroke
amplitude. This situation was reversed when the pitching angle and stroke amplitude were increased to 45◦ and
144◦ for the fan-sweep motion, which was equivalent to the parallel motion with a 150 mm stroke amplitude.
The slit effect in the parallel motion was also evaluated, and the CFD results indicated that a slit width of
1 mm (1/50 wing chord) increased the lift of the wing by approximately 27% in the case of the 150 mm
stroke amplitude. Further, the slit width slightly influenced the lift and aerodynamic efficiency.
. Introduction

Airflow separation occurs on fixed-wing surfaces at large angles
f attack (AoA) beyond the stall angle, causing a dramatic lift coef-
icient reduction but an increase in drag. Many flying animals have
emonstrated that significantly high lift coefficients can be achieved
y flapping wings. For example, a hummingbird can achieve stable
overing by flapping its wings at a large AoA (greater than 30◦) with
he so-called ‘‘∞-shape’’ kinematics of motion in a nearly horizontal
lane [Fig. 1(a)]. From the top view [Fig. 1(b)], the pair of wings
eciprocates back and forth around the wing root in a fan-sweep motion
o generate a high aerodynamic lift [1–3].

Over several decades of experimental and theoretical studies of fly-
ng animals, such as insects and hummingbirds, researchers have gained
n-depth knowledge of the mechanism of the high-lift aerodynamics
enerated by flapping wings. In an experimental study, Ellington et al.
4] observed the formation and change of vortices during the fluttering
f hawkmoth wings and established a 10× magnification model. The
irflow forms a strong vortex around the upper surface of the leading
dge (LE) when the flapping wings are at a large AoA. The appearance
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of the LE vortex (LEV) [5–7] enhances the circular vectors around
flapping wings, resulting in a low-pressure region on the upper surface
near the LE, which significantly enhances the lift. Dickinson and Gotz
[5] measured the changes in aerodynamic forces when hummingbird-
like wings accelerated rapidly at low Reynolds numbers. The results
showed that the LEV influences the wing movements of two chord
lengths. Shahzad [8] and Han [9] verified that the appearance of the
LEV increases the number of flapping wings’ circular rectors, causing
a low-pressure region on the upper surface near the LE, which signifi-
cantly enhances the lift. Chin and Lentink [10] suggested that the LEV
can be divided into two regions: the main LEV and a more separate
three-dimensional (3D) tip region. The flow profiles in the 3D tip region
differ from those in the main LEV. In summary, numerous studies have
shown that the LEV is an essential contributor to the high lift of insects’
flapping wings.

In a steady two-dimensional (2D) flow field, the LEV can separate
from the wing after a short period and can cause a wing stall. As
flapping wings usually flap in a repeating cycle at a certain frequency,
the wing moves in one direction over a very short period and then stops
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Fig. 1. (a) Side view of flapping wing ‘‘∞-shape’’ motion and (b) top view of fan-sweep motion of a hummingbird in hovering flight.
and reverses to prevent a wing stall. This phenomenon is called the
‘‘stall delay mechanism’’ [11–14] and is another essential characteristic
of the high lift generated by flapping wings. Su and Yin [15] revealed
that the effect of wing deformation can weaken the wake capture
mechanism and can promote the ‘‘stall delay mechanism.’’ Ellington [4]
also found that a spanwise flow [16,17] can be generated at the LE by
increasing the flapping and flow velocities in the spanwise direction
for 3D flapping wings with a small aspect ratio. The spanwise flow
makes the LEV converge with the wingtip vortex [18–25] at the
wingtip, depressing the LEV further increase and shedding. DeVoria and
Mohseni [26] reported that the wingtip vortex size extends only up to
1.4–1.5 chord lengths from the tip. Therefore, vertical advection is only
effective in maintaining LEV attachment. Moreover, the spanwise flow
stabilizes the LEV on the wing surface for a longer period, which is
an additional characteristic of the high lift of insects’ flapping wings.
Owing to the essential roles of the LEV and stall delay mechanism in
the high-lift generation of a flapping wing at low Reynolds numbers,
many scholars have explored the fluid-dynamic properties of these
phenomena recently [27–32].

As shown in Fig. 1, the relative velocity of the fan-sweep motion
along the span increases linearly from zero at the wing root to the
maximum at the wingtip. The inner wing, which has a relatively low
motion velocity, is much less effective than the outer wing in terms of
lift generation. Birch and Dickinson [33] also performed fruit fly model
experiments that showed that a limiting spanwise flow with fences and
edge baffles does not cause the LEV detachment. This illustrates that for
small-scale flapping wings [34] and a low Reynolds number, the airflow
along the wingspan is weak and the spanwise flow is neither a neces-
sary condition nor the main contributor to the stall delay mechanism.
Experimental data [8] also support an alternative hypothesis that the
downward flow induced by the tip vortices inhibits the LEV increase.
Combined with the translation and rotation of flapping wings in the

parallel mode, the downward flow induced by the wingtip vortices still

2

exists, indicating that the parallel flapping mode offers a certain degree
of stall delay.

It can be inferred from the above studies that the fan-sweep flapping
motion is not necessarily the optimal choice for aerodynamic lift and
efficiency. In this study, the kinematics of an alternative parallel motion
is proposed, whereby the entire wing from the root to tip flaps forward
and backward in the horizontal plane. As each section of the wing
moves with the same stroke amplitude and velocity in a cycle, the wing
is aerodynamically equally effective along the span. The LEV will also
form on the flapping wing in parallel motion, and the aerodynamic
characteristics of the delayed stall can be maintained. However, the
suppression effect of the LEV shedding can be largely reduced because
of the lack of spanwise flow, which means that the delayed stall effect
exists within a limited range of stroke amplitudes. Therefore, a smaller
stroke amplitude is expected for flapping wings in parallel motion.
Thus, we investigated the aerodynamic performance of two motion
types using computational fluid dynamics (CFD) and compared them
with the fan-sweep motion subject to the same flapping area or an
equivalent stroke amplitude. To identify the optimal flapping motion
with the maximum aerodynamic lift or efficiency, the stroke and pitch-
ing amplitudes were examined over a typical range for insect-like
flapping wings.

We also evaluated the effect of a slit in flapping wings on the
aerodynamic performance in the parallel motion. Simulation results
demonstrated that improvements of more than 20% in aerodynamic
performance can be achieved when the wings include a slit.

2. Theoretical analysis

2.1. Insect-like fan-sweep flapping and parallel motions

Fig. 2 illustrates the fan-sweep motion as the simplified motion

of a hummingbird-like flapping wing in the 𝑥–𝑦–𝑧 coordinate system.
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Fig. 2. Simplified hummingbird-like fan-sweep motion of a flapping wing.
Fig. 3. Schematic of the flapping wing in the parallel motion.
Fig. 4. Far-field diagrams of the CFD model for (a) fan-sweep motion and (b) parallel motion.
i
b
t

The kinematics of motion is a combination of the wings’ flapping and
pitching variations with two degrees of freedom. The wings rotate
around the 𝑧-axis at a specified pitching angle 𝛼 in the forward stroke
and then rotate backward at a pitching angle of 180◦-2𝛼 around the
wing’s front spar after reaching the maximum stroke amplitude in the
forward position. A cycle of flapping motion is completed when the
wing reaches the maximum stroke amplitude at the backward posi-
tion. The motion then repeats continuously periodically at a specified
frequency.

The fan-sweep flapping and pitching motions can be expressed as
follows:

𝜙 = 𝛷 sin(2𝜋𝑓 × 𝑡), (1)

𝛼 = Acos(2𝜋𝑓 × 𝑡), (2)
3

where 𝜙 and 𝛷 denote the flapping angle and maximum amplitude,
respectively, 𝛼 denotes the wing pitching angle measured in the 𝑥–
𝑦 plane, A denotes the maximum pitching amplitude, 𝑓 denotes the
flapping frequency, and 𝑡 denotes time.

Fig. 3 shows a flapping wing in the parallel motion in the 𝑥–𝑦–
𝑧 coordinate system. The entire wing moves forward and backward
in a parallel path along the 𝑦-axis periodically. Taking the coordinate
origin o as the starting point, the wing moves through its forestroke
at a specified pitching angle 𝛼 until the maximum stroke amplitude
s reached. Then, the flapping wing reverses and moves through its
ackstroke at a pitching angle of 180◦-𝛼, which is achieved by rotating
he wing spar around the 𝑥-axis at a reversed angle of 180◦-2𝛼. The

cycle of flapping motion ends when the backstroke is completed and
the wing is back at the starting position.

The flapping motion of the parallel mode can be expressed as
follows:

𝑑 = 𝐷 sin (2𝜋𝑓 × 𝑡) , (3)

2
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Fig. 5. CFD grid structure of the (a) flow field and (b) mesh for the fan-sweep wing motion.
Fig. 6. CFD grid structure of the (a) flow field and (b) mesh for the parallel wing motion.
Fig. 7. User-defined function scripts for the CFD models of different motion types.

where d represents the distance of the wing root from the origin
(starting point) in the 𝑦-direction at time t and D denotes the maximum
stroke amplitude. The pitching angle remains the same as that in
Eq. (2).

2.2. CFD model of the 3D wing

To evaluate and compare the aerodynamic performance of flapping
wings in the fan-sweep and parallel motion modes, a CFD model
was constructed using the commercial software ANSYS-FLUENT. In
particular, a 3D flapping wing model with a 100 mm semispan and a 50
mm chord length was established. Fig. 4 shows the far-field diagrams of
4

the CFD model for the flapping wing in the fan-sweep motion modeled
in a spherical field and the parallel motion modeled in a cylindrical
field. The ratio of the radius of the far-field circle to the wingspan was
set to 10 to minimize the boundary effects on the flow field [35]. The
aerodynamic force generated by the wing at each moment during a
flapping cycle was calculated by solving the Navier–Stokes equations
at discrete time/space points.

To avoid a time-consuming reconstruction and poor-quality dy-
namic meshing [32], we employed the algebraic mesh generation
method based on the transfinite interpolation theory to generate a
tetrahedral sliding mesh [36,37] around the wing in the fan-sweep
flapping motion. This method is highly adaptable to the flapping wing
shape and is well suited to unsteady aerodynamic simulations. The K–
𝜔 shear-stress transport turbulence solver [38] was used in the CFD
model. As shown in Fig. 5(a), the flow field was divided into inner
and outer flow fields. The inner flow field moved with the flapping
wing motion, and hence, it was not reconstructed during the calculation
process. The entire structure comprises five surface meshes and three
volume meshes. A grid resolution study was conducted before executing
the flapping wing CFD simulation to obtain the unsteady aerodynamic
solution.

The sliding mesh method is unsuitable for flapping wings in parallel
motion. As shown in Fig. 6(a) and (b), the entire structure comprises
four surface meshes and three volume meshes. The inner flow moved
with the wing, and the outer flow was reconstructed at every time step

during the flapping motion of the wing model.
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Fig. 8. Aerodynamic results for average (a) lift L, (b) drag D, and (c) lift/drag ratio
/D of the flapping wings in different motion types.

To implement the wing motion in the CFD simulations, two user-
efined functions were scripted: NACA 4-Digits and DEFINE_ZONE_
OTION functions. The NACA 4-Digits function was used to define a

pecified NACA airfoil geometry, and the DEFINE_ZONE_
OTION function was used to define the wing motion as a rigid body

Fig. 7). For the CFD models, the influence of the grid density, time
tep, and computational domain size on the solution was considered.
ccording to awing dimension of 100 × 50 mm, the radii of the inner
nd outer flow fields were set to 800 and 1,600 mm, respectively. A
imensionless time-step size of 0.002 was set, and 500 calculations
ere performed within one flapping cycle.

. Aerodynamic results and discussion

The aerodynamic analysis of flapping wings was performed under
he condition that the wings in the fan-sweep and parallel motions
weep the same volume of space at the same pitching angle in a
5

Fig. 9. (a) Lift force and (b) drag force produced by one cycle of the flapping wing
in cases F2 and P2 (𝑡 refers to dimensionless time).

flapping cycle. Table 1 presents the combinations of pitching angle
ranges and equivalent stroke amplitudes considered in this study for
the fan-sweep and parallel motions. A pitching angle of 25◦–155◦

represents a wing pitching angle of 25◦ in the forestroke and 155◦

=180◦-25◦) in the backstroke (a similar definition for 45◦–135◦). The
equivalent stroke amplitude for the space swept by a flapping wing in
the fan-sweep motion in six cases, namely, F1–F6, is equal to that for
the space swept by the wing at the same pitching angle in the parallel
motion in cases P1–P6, respectively, i.e., 48◦ versus 50 mm, 96◦ versus
00 mm, and 144◦ versus 150 mm.

The average aerodynamic lift L, drag D, and lift/drag ratio L/D of
flapping wings in all six cases are shown in Fig. 8. In general, L and D
increase with the stroke amplitude for both types of flapping motions in
cases F1–F6 and P1–P6. For the smallest stroke amplitude and pitching
angle (25◦–155◦), L and L/Dare, respectively, 8.4% and 36.8% larger
in case P1 (a stroke amplitude of 50 mm) than in case F1(an equivalent
troke amplitude of 48◦), and the lift difference between the two cases
s 0.36 gf. When the pitching angle increases to 45◦–135◦, L and L/D

decrease in both flapping motion types. Nevertheless, L and L/D in
case P2 are, respectively, 7.9% and 21.8% larger than those in case
F2, and the lift difference between the two cases is 0.27gf. When the
stroke amplitude is doubled (100 mm and equivalent to 96◦) in cases
P , P , F , and F , the average L and L/D produced by the wings in both
3 4 3 4
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Fig. 10. Pressure distribution on the flapping wing at 𝑡 = 0.35 in the (a) fan-sweep motion and (b) parallel motion.
Table 1
Six cases of the flapping wing (100 × 50 mm2) in the fan-sweep and parallel motions with different stroke amplitudes and pitching angles.

Fan-sweep
Case No F1 F2 F3 F4 F5 F6
Stroke amplitude 48◦ 48◦ 96◦ 96◦ 144◦ 144◦

Pitching angle 25◦–155◦ 45◦–135◦ 25◦–155◦ 45◦–135◦ 25◦–155◦ 45◦–135◦

Parallel
Case No P1 P2 P3 P4 P5 P6
Stroke amplitude 50 mm 50 mm 100 mm 100 mm 150 mm 150 mm

Pitching angle 25◦–155◦ 45◦–135◦ 25◦–155◦ 45◦–135◦ 25◦–155◦ 45◦–135◦
w
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Fig. 11. Schematic of the wing with a slit.

lapping motion types increase significantly (approximately doubles).
t a 25◦ pitching angle, L in case P3 is only 1.8% larger than that in
ase F3, but L/D is 26.2% larger. When the pitching angle increases
o 45◦ (135◦ in backstroke), L increases in case F4 but decreases in
ase P4. L/D decreases in both flapping motion types. In case P4, L is
0% smaller than that in case F4, whereas L/D is 3% larger. When the
troke amplitude is tripled (150 mm and equivalent to 144◦) in cases
5, P6, F5, and F6, the average L in both motion types also increases
ignificantly (by a factor of more than three), whereas L/D does not
hange much. Nevertheless, compared with the fan-sweep motion at a
5◦ pitching angle, L in case P5 is 2% smaller, and L/D remains 5.8%
arger. When the pitching angle is increased to 45◦, the parallel flapping
otion loses its advantage in both average L and L/D. The average L

nd L/D produced by the wing in case F6 are, respectively, 11.6% and
0% larger than those produced by the wing in the parallel motion in
ase P6.

Fig. 9 demonstrates the instantaneous lift and drag forces produced
ver one cycle of the flapping wing at the 45◦–135◦ pitching angle
ith a 48◦ stroke amplitude in the fan-sweep motion (case F2) and
arallel motion with an equivalent 50-mm stroke amplitude (case P2).

he results showed that the lift and drag of the wings in the forestroke i

6

ere symmetrical to those in the backstroke for both motion types. In
ddition, the maximum lift occurred near the midstroke at 𝑡 = 0.32
nd 0.82 and had almost the same value in both cases. Fig. 9(a)
emonstrates that the lift generated by the wing in the parallel motion
case P2) reached an almost zero minimum value at 𝑡 = 0.01 and 0.51
ut remained positive during the entire flapping cycle. The wing in the
an-sweep motion (case F2) produced a small negative lift during the
orestroke and backstroke transitions at 𝑡 = 0 − 0.12 and 𝑡 = 0.5 − 0.62,

respectively. As shown in Fig. 9(b), the drag of the wing in the fan-
sweep motion (case F2) was larger than that in the parallel motion (case
P2) during the forestroke and backstroke transitions at 𝑡 = 0 − 0.1 and
𝑡 = 0.5 − 0.6, respectively, and after the maximum lift at 𝑡 = 0.35 − 0.5
nd 𝑡 = 0.85 − 1.0.

In summary, the parallel motion produced higher aerodynamic lift
nd efficiency over most stroke amplitudes and pitching angles listed
n Table 1, especially with stroke amplitudes of less than 100 mm and

25◦ pitching angle. When the stroke amplitude and pitching angle
ncreased to their maximum values (144◦–150 mm and 45◦), the fan-
weep motion (case F6) performed better, with greater aerodynamic lift
nd efficiency, than the parallel motion did (case P6).

To gain an insight into the results, the pressure on the flapping wing
as captured and analyzed. Fig. 10 shows the pressure on the 2D wing

ections in the middle of the semispan at 𝑡 = 0.35, when the maximum
ift and drag forces occurred (see Fig. 9). The pressure on the upper
nd lower surfaces of the wing in the fan-sweep motion [Fig. 10(a)]
iffered from that in the parallel motion [Fig. 10(b)]. Although the
EV was still fully attached at this moment for the parallel motion, the
verage negative pressure (−19.8 Pa) on the upper wing surface was
maller than that in the fan-sweep motion (−24.7 Pa). However, the
rea of positive pressure and the average value (13.5 Pa) on the lower
ing surface in the parallel motion were clearly larger than those in

he fan-sweep motion (average 9.1 Pa). Therefore, the average pressure
ifference in the parallel motion (33.3 Pa) was slightly smaller than that

̂
n the fan-sweep motion (33.8 Pa) at 𝑡 = 0.35 but only by 1.5%.
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Fig. 12. Aerodynamic results for average (a) lift L, (b) drag D, and (c) lift/drag ratio L/Dof the flapping wings with and without a slit in the parallel motion.
4. Slit effect on aerodynamic performance of flapping wings

4.1. Wing with a 1-mm slit in parallel motion

To evaluate the effectiveness of a slit on the wing [39,40] for lift
enhancement, a slit of 1/50 chord width (1 mm) was introduced to the
7

flapping wing. The slit ran along the diagonal line from the wing root
to the tip close to the trailing edge (Fig. 11).

The CFD model of the wing in the parallel motion was updated, and
the results were compared with those from the wing without a slit. To
obtain further details of the slit effect, the stroke amplitude ranges were
extended (100, 150, and 200 mm) and the pitching angle was extended
to four different values (45◦, 40◦, 35◦, and 30◦). This yielded 12 cases
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Table 2
Twelve cases of the flapping wing in the parallel motion with and without a slit (1 mm) in extended ranges of stroke amplitudes and pitching
angles.

Wing Stroke amplitude (mm) Pitching angle

30◦–150◦ 35◦–145◦ 40◦–140◦ 45◦–135◦

Without a slit
100 W1 W2 W3 W4 (P4)

150 W5 W6 W7 W8 (P6)

200 W9 W10 W11 W12

With a 1-mm slit
100 S1 S2 S3 S4
150 S5 S6 S7 S8
200 S9 S10 S11 S12
g
𝑡
w
p
t
0
w
w
i
t
o
p
w

Fig. 13. (a) Lift and (b) drag forces of the wings with and without a slit for a 100
mm stroke amplitude at a pitching angle of 35◦–145◦.

of parallel motion with a combination of stroke amplitudes and pitching
angles (Table 2). These 12 cases include P4 and P6 (a stroke amplitude
of 100 mm at a pitching angle of 45◦–135◦) (Table 1), which provides
a reference.

The resulting average aerodynamic lift L, drag D, and lift/drag
ratio L/D of the flapping wings are presented in Fig. 12. The results
showed that the average Land D of wings with and without a slit
increased significantly with the stroke amplitude expansion at any
8

pitching angle, which agrees with the cases in Table 1. L varied slightly
at different pitching angles, although the maximum L corresponded to
a pitching angle of 35◦–145◦. As D decreased with the pitching angle,
L/D increased significantly as the pitching angle was reduced for all
cases. Second, L was significantly higher in the 1-mm slotted wing,
increasing by 28.4%, 26.7%, and 22.3% compared with the baseline
wing without a slit for stroke amplitudes of 100, 150, and 200 mm,
respectively. In addition, the slit in the wing increased D by almost the
same percentage compared with baseline. This produced a difference of
∼4.2% in L/D between the two types of wings. Such a result indicates
that wing slits increase the aerodynamic lift over an increased range of
stroke amplitudes but do not enhance aerodynamic efficiency.

From the aerodynamic force–time history in a flapping cycle
[Fig. 13(a)], the minimum lift occurred at 𝑡 = 0 and 0.5, respectively,
in the forestroke and backstroke transition periods for the two types of
wings, and the maximum lift occurred at 𝑡 = 0.33 and 0.83, close to the
middle of the stroke cycle. The results also showed that the maximum
lift force (28.56 g) of the 1 mm slotted wing increased by 28%
compared with the maximum lift (22.3 g) of the baseline wing without
a slit, which was the main reason for the slotted wing generating 27.8%
greater L than that of the baseline wing. Similar results can be found
for the drag force in Fig. 13(b), where the maximum drag occurred
at 𝑡 = 0.37 and 0.87, close to 3/4 of the forestroke and backstroke,
respectively. The difference in the average drag forces between the
baseline and slotted wings was greater than 29%.

Figs. 14 and 15 show the pressure of the 2D section in the middle
of the two types of wings for a 100-mm stroke amplitude at a pitching
angle of 35◦–145◦. The results captured the process of the LEV forming,
rowing, and detaching from the two types of wings during the period
̂ = 0.25 − 0.6. Although the LEV of the slotted wing (see Fig. 15)

as initiated slightly later, it increased rapidly, with a larger negative-
ressure area and a longer attachment area on the upper surface than
hose of the baseline wing (Fig. 14), especially during the period 𝑡 =
.35−0.4. Further, the LEV started to detach and shed from the baseline
ing’s upper surface at 𝑡 = 0.35. However, the LEV on the slotted wing
as enhanced by the flow from the lower surface through the slit and

ncreased to a maximum at the critical moment. On the lower surface,
he positive-pressure area across the slotted wing was larger than that
f the baseline wing during the period 𝑡 = 0.25−0.45. For example, the
ressure difference of the slotted wing was 76.5 Pa (26.6 Pa, −49.9 Pa),
hich was 11.8% higher than the 68.4 Pa difference (21.6 Pa, −46.8

Pa) of the baseline wing. Therefore, the pressure difference between the
upper and lower surfaces, and the induced lift and drag forces from the
slotted wing were significantly higher than those of the baseline wing
(Fig. 12).

4.2. Effect of the slit width

As the wing slit is clearly effective, a further study was conducted
to compare slit widths of 1 mm (1/50 chord), 2 mm (1/25 chord), and
5 mm (1/10 chord). Cases 𝑆1–𝑆4, as shown in Table 2 for the wing with
a 1 mm slit and 100 mm stroke amplitude, were selected for comparison
against several cases with 2 and 5 mm slits (Table 3).

The resulting aerodynamic forces and efficiencies are shown in
Fig. 16. The lift L and drag D forces decreased slightly when the slit
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Fig. 14. Pressure plot of the baseline wing in a 100 mm parallel stroke amplitude at a pitching angle of 35◦–145◦ in the period 𝑡 = 0.25 − 0.6.
Fig. 15. Pressure plot of the wing with a slit in a 100 mm parallel stroke amplitude at a pitching angle of 35◦–145◦ in the period 𝑡 = 0.25 − 0.6 (half a flapping cycle).
Table 3
Cases of the flapping wing with three different slit widths (1 mm, 2 mm, and 5 mm) with a 100 mm stroke amplitude and four pitching angles.

Slit width (mm) Stroke amplitude (mm) Pitching angle

30◦–150◦ 35◦–145◦ 40◦–140◦ 45◦–135◦

1 100 S1 S2 S3 S4
2 100 R1 R2 R3 R4

5 100 Q1 Q2 Q3 Q4
p
d
t
a
w
n
a
t
v
t
t
b
o

width was increased to 2 and 5 mm at all selected pitching angles.
D increased with the pitching angle [Fig. 16(b)], whereas L changed
lightly [Fig. 16(a)], and so, L/D decreased as the pitching angle
ncreased [Fig. 16(c)]. However, at each pitching angle, L/D changed
lightly with variations in the slit width [Fig. 16(c)]. Considering the
itching angle of 35◦–145◦ as an example, with slit widths of 2 mm
case 𝑅2) and 5 mm (case 𝑄2), L was only 2.3% and 2.0% smaller,
espectively, than that in the wing with a 1 mm slit (case 𝑆2), whereas
/D remained at 0.87.

Fig. 17 presents the details of the lift and drag forces produced by
ings with different slit widths in a flapping cycle. The lift and drag

orces were very similar, except for the peak values during the periods
̂ = 0.3 − 0.4 and 𝑡 = 0.8 − 0.9, where the maximum peak values were
roduced by the 1 mm slotted wing.
 [

9

To investigate the effect of the slit width on the aerodynamic
erformance of flapping wings, the 2D section pressure on wings with
ifferent slit widths was captured at 𝑡 = 0.32 (Fig. 18). At this point in
he forestroke, with a pitching angle of 35◦–145◦ in the parallel motion
nd a 100 mm stroke amplitude, the lift and drag forces produced by
ings with different slit widths were close to their peak values. The
egative-pressure area on the upper surface and the positive-pressure
rea on the lower surface of the 1 mm slotted wing were greater than
hose of the 2 and 5 mm slotted wings. For the 1 mm slotted wing, a
ortex was generated by the airflow blowing from the lower surface
hrough the slit [Fig. 18(a)], and this merged with and enhanced
he LEV. However, for the 2 and 5 mm slotted wings, the airflow
lowing through the slit generated a separate vortex rotating in the
pposite direction to the LEV. Therefore, the LEV strength was reduced
Figs. 18(b) and 18(c)]. Although the slit produced an additional vortex



Z. Zhu, J. Zhao, Y. He et al. Biomimetic Intelligence and Robotics 2 (2022) 100046
Fig. 16. Aerodynamic results for average (a) lift l, (b) drag d, and (c) lift/drag ratio
l/dof the flapping wings with different slit widths (1 mm, 2 mm, and 5 mm).

and negative-pressure area after the slit, it weakened the LEV and
could lead to earlier vortex detachment and shedding for the 5 mm slit
[Fig. 18(c)]. Table 4 lists the corresponding pressure values of the upper
and lower surfaces of the wings at 𝑡 = 0.32. The pressure difference
between the upper and lower surfaces of the wings gradually decreased
as the slit width increased.

In summary, the pressure difference between the upper and lower
surfaces and the resulting wing lift tended to decrease as the slit width
increased. The results also indicated that the slit width should be
optimized together with its location and that the LEV depended on the
wing dimension and flapping motion.
10
Fig. 17. (a) Lift and (b) drag force of the wings with different slit widths.

Table 4
Pressure values of wings with different slit widths.

Wing width 1 mm 2 mm 5 mm

Pressure on the upper surface −49.9 −49.2 −47.0
Pressure on the lower surface 26.6 26.0 24.8
Pressure difference 76.5 75.2 71.8

5. Conclusions

From the results of the present investigation of the kinematics of
motion and the slit effect on the aerodynamic performance of flapping
wings, the following conclusions can be drawn.

• The parallel motion provides alternative motion kinematics for
a flapping wing, producing comparable aerodynamic lift and
efficiency to the conventional insect-like fan-sweep motion.

• For two motion types, the lift produced by the wing increases al-
most linearly with the stroke amplitude, thereby achieving higher
lift but with lower efficiency.

• Compared with the fan-sweep motion, the aerodynamic wing lift
and efficiency in the parallel motion are slightly higher within
a limited range of stroke amplitudes (≤100 mm for the parallel
motion or ≤96◦ for the fan-sweep motion) and pitching angles
(≤25◦) but become lower when the stroke amplitude and pitching
angle are outside these ranges.
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Fig. 18. Pressure plot on a 2D section of the wings with slit widths of (a) 1, (b) 2, and (c) 5 mm, captured at 𝑡 = 0.32 in the parallel motion at a pitching angle of 35◦–145◦.
• Adding a slit on the wing is highly effective in increasing the
aerodynamic lift but does not enhance aerodynamic efficiency.
For the parallel motion, the average lift with a 1-mm slit increases
significantly compared with the baseline wing (by 28.4%, 26.7%,
and 22.3% for stroke amplitudes of 100, 150, and 200 mm,
respectively). The lift becomes greater than that in the fan-sweep
motion over the entire range of flapping amplitudes and pitching
angles.

• Increasing the slit width to 2 and 5 mm reduces slit effective-
ness slightly, with the average lift decreasing by less than 5%
compared with the 1-mm slotted wing, and the influence on
aerodynamic efficiency is negligible.

• Further study of the airflow and pressure of flapping wings re-
vealed that the airflow blowing through the slit could enhance or
weaken the LEV strength. Nevertheless, the slit is beneficial for
the wings’ aerodynamic performance. It is possible to gain greater
enhancements by optimizing the slit width and location according
to the flapping motion. In addition, a further experimental test
will be performed to validate the simulation results.
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