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Computational study on gliding flight of a damselfly
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Gliding flight is commonly accepted to be a valuable energy-saving mechanism used by
natural flyers. In this work, In this work, the gliding flight of a damselfly undergoing was
filmed in a large flight enclosure by using three orthogonally arranged and synchronized high-
speed cameras. Using a 3D subdivision surface reconstruction methodology, the damselfly’s
wing deformation and Kinematics were modeled and reconstructed from the high-speed
videos. An immersed-boundary-method-based Navier-Strokes equation solver is then
employed to compute the aerodynamic performance of damselfly in gliding flight. A
comparison between the aerodynamics of solitary wings and the fore-hind wing system
suggests that wing-wing interactions can reduce the drag of the forewing and improve its
gliding performance. Three Euler angles are employed to define the orientation of the wings
in gliding. Parametric studies on these angles are implemented to obtain the optimal
orientation of the wings in gliding flight. It is found that the wings with the orientation directly
obtained from the experiments achieve the optimal gliding performance among all cases. In
addition, vortex structures and surface pressure are also compared and analyzed to better
understand the gliding aerodynamics, which can be used for the flight control of flapping-
wing micro air vehicles.

I. Nomenclature
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0 = pitching angle

0] = flapping angle

P = deviation angle

B = body angle

a = glide angle

c = chord length of the forewing

L = wing length of the forewing

Cy = vertical force coefficient

Cx = horizontal force coefficient

r = the ratio of vertical force to the horizontal force
f = flapping frequency

0-xyz = wing-root coordinate system
O-XYZ = body-fixed coordinate system

Re = Reynolds number

S = the area of the wing

Uy = the velocity of the wing in gliding

II. Introduction

In nature, the main source of lift and propulsion for insects is flapping their wings. Gliding flight is usually thought to
be energy-saving for birds. Tremendous studies have shown birds can achieve efficient lift-generating through gliding
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flight. The fixed-wing flight makes birds generate an elliptic lift uniformly distributed across the span and the smallest
amount of induced drag. However, gliding is an uncommon mode of insect flight[1]. It has been reported that only
several insects, including dragonflies, locusts and butterflies, glide frequently for different reasons[1]. One reason for
frequently gliding flight is energy-saving as it requires virtually no effort from insects[2]. In gliding flight, the airflow
over an insect can be considered to be steady and the insect makes use of potential energy to move horizontally above
the ground. The other reason may be thermoregulatory[3]. At high temperatures, insects may run the risk of
overheating during active flapping flight, gliding can enable insects to benefit from convective cooling by moving
quickly through the air without extra heat production. Engineers and fluid dynamists are more attracted to reveal the
underlying energy-saving mechanisms and find the optimal gliding strategies, which is important to design energy-
saving micro aerial vehicles.

One of the main limitations of insect-scale flying robots is aerodynamically unfavorable scaling laws that result in
increased cost of transport as the size is reduced. Inspired from nature, a hybrid flapping-gliding flight mode is thought
to be a promising locomotion strategy to minimize the energetic cost of locomotion[4]. However, gliding flight,
especially on insects, received little attention. The forces on gliding dragonfly wings have previously been measured
from rectangular planform wings[5] or real dragonfly wings attached to a metal shaft[6]. These studies are different
from real free gliding and did not include the variation of wing orientation. Recently, the free gliding flight of the
damselfly Hetaerina Americana was filmed in a large flight enclosure by using a high-resolution photogrammetry
system [7]. In their work, the damselfly’s wing deformation and kinematics were modeled and reconstructed from the
high-speed videos using a 3D subdivision surface reconstruction methodology. Based on the work, the orientation of
wings in gliding flight has been obtained and a parametric study is carried out to find the optimal wing orientation of
the damselfly in gliding flight.

In this paper, the original wing orientation of damselfly in gliding flight is extracted as the baseline case. An
immersed-boundary-method-based Navier-Strokes equation solver is employed to compute the aerodynamic
performance damselfly in gliding flight. A comparison between the aerodynamic performance of solitary wings and
fore-hind wing system reveals the role of wing-wing interaction in the gliding flight of a damselfly. Besides, three
Euler angles are defined in a wing-root coordinate frame to describe the wing orientation in gliding flight: the flapping
angle ¢, the deviation angle ¢, and the pitching angle 8. Then, a parametric study on these Euler angles is
implemented to obtain the optimal orientation of the wing during gliding flight. An outline of the chapters is as follows:
Sec. III describes the definition of wing orientation, the numerical methods, the simulation setup, and the definition
of performance parameters. The results and discussions are presented in Sec. [V. The conclusions are given in Sec. V.

III. Problem Definition and Numerical Approach

A. Damselfly wing model and orientation definition

The gliding motion of damselfly has been recorded by high-speed videos. The wings’ deformation and kinematics
are modeled and reconstructed from the videos in Autodesk Maya (Autodesk Inc.). Figure 1(a) shows the snapshots
of damselfly at two sequenced positions during the gliding flight. It can be seen that wings are at a fixed orientation
to the body in gliding flight. Also, the body angle 8, the angle between the body and the ground (shown in Fig. 1(b)),
keeps at 8" + 2° which is measured from the experiments. The red arrow in Fig. 1(a) denotes the gliding direction,
which denotes the damselfly glides at an angle a from the horizontal. The angle is called the glide angle[1] and is
50° + 3" which can be obtained by dividing the gliding velocity U,, into horizontal velocity u and vertical velocity v
(Fig. 1(b)). This angle is much larger than that of a dragonfly[1], which shows the particularity of the damselfly in the
current work. Because the glide time is very short and the variation of glide speed is small, we take the gliding flight
as steady in this work. For the gliding flight, the descending motion, forward motion, and the corresponding forces
should be mainly studied and analyzed. Thus, a body-fixed frame O-XYZ is defined in Fig. 1(b). The origin is located
at the mass center, the Y-axis points upward, the X-axis is parallel to the direction of forwarding motion and the Z-
axis complies with the right-hand rule.

Besides, the wing orientation can be obtained in the coordinate frame and with the definition defined in Ref. [8].
In this work, the flapping angle of the right forewing is 80° + 3°, the deviation angle is 68" + 3°, and the pitching
angle is 122° + 3° during the gliding. Besides, the range for each angle during the flapping-gliding flight can also be
obtained. It should be noted that, here, the flapping angle, deviation angle, and pitching angle are different from the
following because they are obtained from the different coordinates and use different definitions. So here we use ¢,
Y’ and 6’ to denote the angles talked about in this part. The orientation of the right hindwing is very close to that of
the right forewing. In the present study, for simplicity and due to symmetry, only the right wings are studied. In
addition, we choose the position of wings directly measured from the experiments as the baseline case, then carry out
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a parametric study to explore the effect of orientation on the aerodynamic performance of the wing in the gliding
flight. All the parameters mentioned above are changing within a small range for stability during gliding. For
convenience, the averaged measurement values are employed to describe the gliding motion in the paper. The values
of related parameters are summarized in Table 1.

(a) (b)

Fore wing

Hind wing
) EE

Fig. 1 Snapshot of the damselfly in gliding flight and the definition of the body-fixed coordinates.

Table 1. Summary of the related parameters in gliding flight

ﬁ a ¢I .lpl 9!
g’ 50° 80° Range: 68’ Range: 122° Range:
+2° +3 + 3 —33°~81" + 3 41°~ 96 + 3 92°~ 136’

To conveniently change and describe the orientation of wings, a non-inertial wing-root coordinate system (o-xyz)
is defined in Fig. 2. Here, to make sure that the relative position of forewing and hindwing does not change, we define
the midpoint of the forewing root and the hindwing root as the new root of the bi-wing system. Similarly, we define
the midpoint of the tips of forewing and hindwing as the tip of the bi-wing system. The origin of the coordinate system
is fixed at the new wing root. The y-axis points upward, the root-tip line is along the x-axis and the z-axis complies
with the right-hand rule. The wing orientation is then described using three Euler angles defined in this coordinate:
the flapping angle ¢, the deviation angle ¥, and the pitching angle 6, as shown in Fig. 2(a). It should be noted that,
for consistency and convenience, we still use terminologies in the flapping flight to name the orientation angles of a
fixed-wing. The flapping angle ¢ is the angular position of the wing in the xoz plane around the y-axis. Likewise, the
deviation angle i is the angular position of the wing with respect to the z-axis in the xoy plane, as shown in Fig. 2(b).
The pitching angle 8 defines the angle rotating around the x-axis. For the original position of wings, that is, the position
directly extracted from the experiments, the flapping angle, deviation angle, and pitching angle are equal to zero in
this coordinate system. The definition of the coordinate is similar to that in Ref [9].

(a) (b)
¥

¢

Average wing root

" Average wing tip

Fig. 2 Schematic of wing orientation in gliding flight

B. Numerical method and simulation setup
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In this paper, the equations governing the flow are the three-dimensional unsteady incompressible viscous Navier-
Stokes equations, which are written in the non-dimensional form as
ou; ou; | oujuj ] 1 0%y
&, oup (%M _9p 1 07U (1)
ax; at ox;j Ox;  Re 0x;0x;

where u; are the velocity components, p the pressure, and Re the Reynolds number, respectively.

To solve the above equations, a finite-difference-based sharp-interface immersed-boundary method is employed.
The equations are discretized on a Cartesian mesh using a second-order central difference scheme and integrated in
time using a fractional step method to obtain second-order accuracy. In addition, the boundary conditions are imposed
through a ghost-cell procedure. Compared to the body-conformal methods, this method greatly reduces the
computational cost for simulations with complex moving boundaries. Besides, when gliding, the forewing and
hindwing touch each other, which can introduce difficulties to the simulations, and the level set method has been used
in the solver to solve the problem[10]. The method has been widely and successfully applied to simulate biological
and bioinspired flow simulations including flying[9, 11-13], swimming[14-17], and biomedical problems[18]. More
details and validations about this method can be found in Ref.[10, 19].

In this study, the non-dimensional parameters of Reynolds number are defined as follows,
_ Ul
T v

Re 2

where U, is the glide speed and U,, = Vu? + v?, L is the root-to-tip length of the forewing, v denotes the kinematic
viscosity. In this study, Re = 619.8. Table 2 shows a summary of the important parameters in this extended abstract.

Table 2. Summary of parameters in simulations

Us Re L Storewing  Shinawing

2.48 619.8 1.0 0.298 0.265

The horizontal and vertical forces are normalized separately to quantify the acrodynamic performance of the fixed-
wing system,

Fx

Cr = oy 3)
_ _Fy
Cr = 1oy @

where S is the area of a wing. Considering the definition of the body-fixed coordinate and the realistic gliding motion
of the damselfly, Cy represents a part of drag of the whole body produced by the wings, and Cy denotes a part of the
lift. For convenience, we call Cy as darg and Cy as the lift in the following sections. Besides, the ratio of lift to drag is
defined as a performance indicator[1],

Usually, a higher ratio » denotes a better gliding flight, because it means that a flyer can move to a further position in
the horizontal direction with a certain amount of potential energy.
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Fig. 3 Schematics of the computational mesh and boundary conditions employed in the present simulations.

As shown in Fig.3, the computational domain has the dimension of 12L X 8L X 8L in terms of the forewing length
to get domain independence results, with 321 X 225 X 97 (approximate 7.0 million) grid nodes in total. A cuboidal
dense region with high-resolution grids is designed to solve the flow field near the wings. The minimum grid spacing
is set as A,,;,= 0.013L. Former convergence studies[20, 21] have proven that the resolution is fine enough at this
Reynold number. Considering that we divide the incoming velocity into two directions, the in-flow boundary condition
is applied to the left-hand and bottom boundaries, respectively. And the outflow boundary condition is provided at the
right-hand and top boundaries. A homogeneous Neumann boundary condition is used for the pressure at all
boundaries.

IV. Results and Discussions

In this section, we first present the aerodynamic performance of solitary forewing and hindwing in gliding flight,
respectively, and then compare the results with that of the baseline case (the original bi-wing system). Besides, three
sets of parametric studies are conducted the explore the effect of the flapping angle, deviation angle, and pitching
angle of the damselfly wings on the aerodynamic performance in gliding flight by fixing the other two angles in each
set of cases. The horizontal force, vertical force, the force ratio r are presented, and three-dimensional vortex structures
of different cases are compared and analyzed.

A. Wing-wing interactions in gliding flight of a damselfly

Simulation of solitary wings and the bi-wing system in gliding flight are conducted with the same conditions, and
results are compared to study wing-wing interactions in gliding flight of a damselfly. Table 3 summarizes the
aerodynamic performance of each case including the single forewing, single hindwing, and forewing and hindwing in
the bi-wing system. From the table, it can be seen that compared with the solitary wings, the vertical forces decrease
for both wings in the bi-wing system. Meanwhile, in the bi-wing system, Cx of the forewing decreases by 43.9%,
while Cy the hindwing increases by 16.7%. Besides, the lift-drag » of the forewing in the bi-wing system increases by
14.4%, while that of the hindwing decrease by 17.3%. The vortex structures of each case are shown in Fig. 4.

Table 3. Summary of the aerodynamic performance of solitary wings and the bi-wing system.

Cy CX r
forewing(solitary) 0.198 0.132 1.503
hindwing(solitary) 0.258 0.138 1.872
o forewing 0.128 0.074 1.720
Bi-wing - .
hindwing 0.250 0.161 1.548
fi i -35.59 -43.99 14.49
Comparison(— 2 — %) (‘>rew1'ng % % o
solitary wing hindwing -3.1% 16.7% -17.3%
(b) © v h-TV
- TV L /
h-EV, f-EV X
h-EV, h-EV

Fig. 4 The vortical structures of (a) solitary forewing, (b) solitary hindwing, and (c) bi-wing system. The
vortical structures are visualized by the isosurface of Q-criterion, Q = 4 is for the isosurface in gray and Q =
10 highlights the vortex core in red.
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In Fig. 4, it can be seen that due to the angle between the wing surface and the incoming flow, two edges of a wing
both can generate edge vortex(EV) which is the source of lift production. In the bi-wing system, the forewing and
hindwing cannot generate coherent EVs, thus the lift produced by each wing decreases. However, for the hindwing,
the main source generating lift is the h — EV, and it is barely influenced by the forewing. Therefore, Cy of the
hindwing decreases just by 3.1%. On the other hand, f — EV, is greatly influenced by the hindwing, so Cy of the
forewing decreases a lot. Besides, we can see that one of the tip vortices (TV) of the forewing disappears in the bi-
wing system. Thus, the induced drag of the forewing decreases. However, in Fig. 4(c), h-TV gets strengthened, which
increases Cy of the hindwing.

It can conclude that in the gliding flight of a damselfly, due to the wing-wing interaction, the lift and drag on the
forewing decrease, but its gliding performance is improved. For the hindwing, even though it can maintain lift
production, the drag increases a lot, which is detrimental to the gliding performance.

B. Effect of the flapping angle on the aerodynamic performance of damselfly in gliding flight

The lift, drag, lift-drag ratio and three-dimensional vortex structures of the bi-wing system with different flapping
angles are studied in this section. From Fig. 5 (a), it can be seen that Cy increases with the increasing flapping angle,
no matter for the wings in the system or the system. When ¢ = 0°, Cy of the bi-wing system is comparatively small
and is equal to 0.377. In Fig. 4(b), Cy of the bi-wing system also increases with the increasing flapping angle. When
¢ = 0°, the lift of the bi-wing system is 0.236. In Fig. 5(c), the lift-drag ratio reaches to the maximum, =1.60, at ¢ =
0°, which means the wings of a damselfly are at the optimum flapping angle in experiments. We define the plane that
passes through the damselfly body as the body plane (see Fig. 5(a)). For most birds, when gliding, their wings are
unfolded and located at the body plane. However, from the results, it can be concluded that even though when the
wings of a damselfly are far away from the body plane, the lift is lower, the lift-drag ratio is higher and the glide
performance is improved, which is different from the gliding flight of a bird.
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Fig. 5 (a) Cy, (b) Cy and (c) the lift-drag ratio r of damselfly wings with different flapping angles in gliding
flight. The dashed red lines denote the results of the forewing, the dashed blue lines are the results of the
hindwing, and the solid black lines are that of the bi-wing system. 0’ is the baseline case. The green dashed
line denotes the position of the body plane.

Next, we choose three cases including ¢ = —20°, ¢ = 0" and ¢ = 80" to make a comparison by presenting
vortical structures, surface pressure, and the 2-D vortex slice. In Fig. 6, it can be seen that when ¢ = —20" at which
the wings are almost vertical to the body plane, the vortex structures on the wing surface are weak, which also can be
seen from the 2-D vortex slices (see Fig. 6(a2)). Thus, the pressure on the wing surface is slight (see Fig. 6(a3)), and
Cy and Cy of this case are small. On the contrary, when ¢ = 80°, the wing surface is located around the body plane
and is vertical to the velocity v, which results in a higher lift. Besides, for this case, the tip vortex is strong, which
results in a higher induced drag.
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. (al) (b1)

| (c3)

$=-20 deg. ¢=0 deg. $=80 deg.
Fig. 6 Comparison of three-dimensional vortex structures (a(1), b(1), c(1)), 2D vortex slices (a(2), b(2),
¢(2)), and the surface pressure distribution (a(3), b(3), ¢(3)) of cases with different flapping angles.

C. Effect of the deviation angle on the aerodynamic performance of damselfly in gliding flight

In this section, we fix the flapping angle and pitching angle, but change the deviation angle to study the effect of
this angle on the aecrodynamic performance of damselfly in gliding flight. The lift, drag, lift-drag ratio of the wings
with different deviation angles are presented in Fig. 7. The effect of the deviation angle is investigated by analyzing
vortex structures and surface pressure of different cases.

In Fig. 7(a), Cx of the forewing, hindwing and bi-wing system increases with the increasing deviation angle when
P < —10°. After that, Cy decreases. When ) = —10°, Cx of the bi-wing system reaches the maximum Cy ,pqy =
0.566. The variation of Cy follows a similar trend as Cy when increasing Y (see Fig. 7(b)). The maximum Cy of the
bi-wing system can be reached at Yy = =10 and Cy 0, = 0.385. However, the maximum lift-drag ratio r is reached
ath = 07, Fge = 1.602. Actually, when 1 = —30°, 7 = 1.613 > r,,_,-. However, ) = —30" is out of the range of
deviation angle during the flapping-gliding process presented in Table 1, so it might be difficult for damselfly to keep
wings at that angle during gliding. Therefore, the angle is excluded. In conclusion, the best glide performance can be
achieved when the wings are at the original position which is extracted from the experiment.
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Fig. 7 (a) Cx, (b) Cy and (c) the lift-drag ratio r of damselfly wings with different deviation angles in gliding
flight. The dashed red lines denote the results of the forewing, the dashed blue lines are the results of the
hindwing, and the solid black lines are that of the bi-wing system. 0’ is the baseline case.

Next, the cases ) = —10°,1p = 0" and 1 = 10 are chosen to further explore the influence of deviation angle by
presenting the 3-D vortex structures, 2-D vortex slices, and surface pressure. In Fig. 8(al), it can be seen that when
1 = —10°, strong and coherent vortex structures are generated at the edges of the bi-wing system, which can also be
verified by the 2-D vortex slices in Fig. (a2). Thus, the corresponding surface pressure is higher and a larger lift is
produced. On the contrary, when ¥ = 10°, the vortex structures on the wings are weak and the surface pressure is low.
So a lower Cy is generated. Besides, the tip vortices of the case 1) = —10° is stronger, so the induced drag is larger.

(al) (b1) (c1)

AC,

- —/
yw=-10 deg. w=0 deg. =10 deg.
Fig. 8 Comparison of three-dimensional vortex structures (a(1), b(1), ¢(1)), 2D vortex slices (a(2), b(2),
¢(2)), and the surface pressure distribution (a(3), b(3), ¢(3)) of cases with different deviation angles.

D. Effect of the pitching angle on the aerodynamic performance of damselfly in gliding flight

The effect of the pitching angle has been studied by simulating cases with varying the pitching angle and fixing
the other two angles. Like the previous parts, the relationships between the aerodynamic performance, including Cy,
Cy and the lift-drag ratio r and the pitching angle are presented. Besides, several cases are selected to be further
investigated by comparing their 3-D vortex structures, 2-D vortex slices, and surface pressure.

Fig. 9 shows the variation of Cy, Cy and the lift-drag ratio » of the damselfly wing when changing the pitching
angle in gliding flight. From Fig. 9(a), it can be seen that Cy increases at first, then reaches the maximum value at 8 =
10°, finally declines when increasing the pitching angle, no matter for each wing in the system or the bi-wing system.
The maximum Cy of the system is 0.259. In Fig. 9(b), Cy of different wings decrease with the increasing 8, and when
6 = —10", Cy max Of the system is 0.471. From Fig. 9(c), we can see that the ratio r of the system decreases at first,
and when 8 = 20°, reaches the minimum (7;,;, = 1.159), then increases when 8 > 20°. The maximum lift-drag ratio
of the system is 7,4, = 2.521 at @ = —10°. However, similar to the analysis of the deviation angle, by referring to
the range of the pitching angle in Table 1, we can notice that it is difficult for a damselfly to keep its wings at 8 =
—10° during gliding. We thus can conclude that the original wing orientation can always help the damselfly to improve
the gliding performance among the situations with different pitching angles.
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Fig. 9 (a) Cx, (b) Cy and (c) the lift-drag ratio r of damselfly wings with different pitching angles in gliding
flight. The dashed red lines denote the results of the forewing, the dashed blue lines are the results of the
hindwing, and the solid black lines are that of the bi-wing system. 0’ is the baseline case.

(al) (b1) , (c1)

6=-10 deg. =0 deg. =10 deg.
Fig. 10 Comparison of three-dimensional vortex structures (a(1), b(1), c(1)), 2D vortex slices (a(2), b(2),
¢(2)), and the surface pressure distribution (a(3), b(3), ¢(3)) of cases with different pitching angles.

Figure 10 presents the vortex structures, 2-D vortex slices, and surface pressure of three cases with different
pitching angles including 8 = —10°,6 = 0°, and § = 10". In Fig. 10(al) and 10(a3), the strongest edge vortices are
generated on the wing surface, and thus a higher lift is produced (see Fig. 9 (b)). Also, the surface pressure for this
case is high. On the other hand, when 8 = 10°, the vortex structures are weak, and thus a smaller lift is generated.
Besides, we can find that the tip vortices of the case § = —10° are stronger, which can help us derive that the induced
drag is higher. However, it should also be noticed that the effective angle of attack of this case is shallower, so the
pressure drag is smaller. Thus, the resultant drag is small.

V. Conclusion

In this study, a computation study of the gliding flight of a damselfly has been conducted by using an in-house
immersed-boundary-method-based numerical solver. The free gliding flight of a damselfly was filmed by using three
orthogonally arranged and synchronized high-speed cameras, and the damselfly’s wing deformation and kinematics
were modeled and reconstructed from the high-speed videos by using a 3D subdivision surface reconstruction
methodology. By comparing the aerodynamics of solitary wings and the forewing-hindwing system, it is suggested
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that due to the wing-wing interaction, the lift of both forewing and hindwing decreases, and the drag of the forewing
also decreases. And the lift-drag ratio of the forewing is improved. Thus, we can conclude that the wing-wing
interaction can enhance the gliding performance of the forewing.

Besides, the original wing orientation is measured directly from the experiments and taken as the baseline case in
this study. Then, three Euler angles in a wing-root coordinate frame are used to define and vary the wing orientation
of the damselfly in gliding flight. The three angles are flapping angle, deviation angle, and pitching angle, respectively.
For convenience, we set the three angles of the baseline case as zero in the wing-root coordinate frame. Parametric
studies about these three angles have been conducted to investigate the effect of these angles on the aerodynamic
performance of the damselfly in gliding flight. It is found that the aerodynamics of the damselfly in gliding is more
sensitive to the variation of the flapping angle. And when the wings of the damselfly are at the optimal flapping angle,
the wing surfaces are almost vertical to the body plane, which is very different from the observations in bird gliding.
It is also found that, for all the three angles, the baseline case, that is, the natural wing orientation of the damselfly in
experiments, can achieve the highest gliding performance with Cy = 0.236, Cy = 0.377 and Cy/Cy = 1.602. The
present study will give insight into the design of micro air vehicles with flapping-gliding flights.
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