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Abstract

This study explores the wake effects of an upstream leading insect on the flight performance of a following one. The potential-flow
based aerodynamic model, which combines the unsteady panel and unsteady vortex-lattice methods, is used to compute aerodynamic
loads and simulate wake structures. The accuracy of the current aerodynamic model was confirmed in this study. The paper shows that
the following insect does not cause any noticeable impact on the leading insect aerodynamics, while unfavorable effects due to the pres-
ence of the leading insect were found on the following counterpart. Nonetheless, by choosing a proper wing kinematic phase, the follow-
ing insect may absorb the energy of the leading insect’s trailing wake, and therefore mitigate these negative effects. The variations of the
required mechanical power of the following insect against the wing kinematic phase difference were shown to be related to the travel of

the leading insect’s downstroke starting vortex.
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1. Introduction

Insects may aerodynamically interact with their flying
neighbors when swarming in close proximity. During this
flight, an insect may strongly collide with the wakes of others,
and this type of problem has not been investigated in previous
studies that treated each insect independently [1-4]. When
conducting experiments on dynamically scaled insect-like
robotic wings, researchers have uncovered some crucial aero-
dynamic mechanisms, including the delayed stall, wing rota-
tion and wake capture effect [5-8]. More recently, Ortega-
Jimenez et al. [9] and Ravi et al. [10] studied the behaviors of
hawkmoths and bumblebees in turbulent airflows caused by
the von Karman vortex streets behind cylinders; Vance et al.
[11] investigated how insects adjust their wing kinematics and
body orientations to mitigate gust perturbations. Nonetheless,
the experience of flying in the wake of another insect may be
totally different from that in the above mentioned studies. First,
insect wake shedding is periodic and has a frequency equal to
that of the wing motions [12]. Secondly, unlike the von Kar-
man vortex streets in the experiments conducted by Ortega-
Jimenez et al. [9] and Ravi et al. [10], unsteady wakes, which
are caused by the multi-degree-of-freedom motions of insect
wings [13], have more complex structures formed by the trail-
ing-edge, leading-edge, tip and root vortices [12, 14]. It has
been shown that the interactions between insects and their
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own wakes could benefit their lift production [6, 8, 15, 16] and
probably affect the dynamic flight stability characteristics
considerably [17, 18]. Nevertheless, a physical insight into the
interaction between an insect and the wake shed from another
one has not been achieved so far.

The effects of wake encounters have been investigated and
well documented for fixed-wing airplanes [19, 20]. However,
so far, for flapping-wing insects, this type of problem has not
been explored despite its significance in nature. In this work,
for the first time, the answer to the question of how insect
flight performance is affected by the unsteady wake of another
one is discussed. Herein, two insects are assumed to fly to-
gether at the same flight speed. The upstream leading insect
sheds unsteady wakes that travel downstream and interact
with the following insect. Aerodynamic loads are computed
by an efficient potential-flow based model that combines the
unsteady panel method (UPM) and the unsteady vortex-lattice
method (UVLM). The leading-edge suction analogy model is
incorporated into the present aecrodynamic model to include
the delayed stall effect. The wakes are modeled by a system of
vortex lines that have growing core sizes over time and trans-
port freely with the local velocity of the flowfield. Compared
to higher-order methods solving the three-dimensional Navier-
Stokes equations, the current aerodynamic model requires
much less computation effort, and therefore, becomes more
appropriate for the present study, in which a large number of
simulations are required for an iterative trim search method.
By modifying the wing kinematic phase difference between
the two insects, it is possible to observe the variation trend of
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Table 1. Mass and morphological parameters of the hawkmoth.

m (mg) 1578.70
R (mm) 48.50
¢ (mm) 16.81

S (mm?) 815.33
r 0.53
L (mm) 44.80
/L 0.45
/L 0.25

Fig. 1. Insect model and angle definitions.

the following insect’s required mechanical power. The veloc-
ity fields and wake structures are presented to provide the
physical explanations of this trend. Moreover, based on the
power variation profile, it is possible to choose an appropriate
wing kinematic phase to enhance the flight efficiency of the
following insect. In this study, wing kinematic coefficients
were tuned to obtain the trim conditions, and the wake effects
on these coefficients were also studied.

2. Insect model and methodologies

2.1 Insect model

The leading and following insects are assumed to have the
same morphological parameters, which are based on meas-
urement data of the hawkmoth Manduca sexta [21, 22]. Some
basic parameters of the wings and bodies are given in Table 1,
where m is the mass of a hawkmoth; R, ¢, Sand r, respec-
tively, denote the wing span, mean chord length, wing area
and radius of the second moment of wing area; L is the length
of the body; / and /, denote the distance from the center of
mass of the body to the anterior tip and that to the wing-base
pivot, respectively.

According to Fig. 1, the body angle y is defined as the angle
between the body axis of an insect and the horizontal plane.
Wing orientation is determined by the set of three Euler angles

@, 0 and «a relative to the stroke plane, which is inclined at
angle S. These Euler angles, respectively, represent the sweep
angle, which defines the angular displacement of the wing
corresponding to back and forth motions; the elevation angle,
which is corresponding to the up and down motions of the
wing; and the rotation angle of the wing about its feathering
axis.
Willmott and Ellington [13] measured the variations of ¢,

6 and a during one wingbeat stroke of the hawkmoth Man-
duca sexta at various flight speeds. In this paper, for simplicity,
the wing motions of the insects are represented by sinusoidal
harmonic functions with a frequency fas follows:

#(t) =g, + ¢, cos(2x fi),
0(t)=6, (1)
a(t) =q,+a, sin(27z’ﬁ).

The coefficients used in Eq. (1) are determined based on the
measurement data from real hawkmoths [13, 23]. However, to
obtain the equilibrium flight state, some coefficients have to
be adjusted to satisfy the force and moment balance conditions.
Note that the small variation of the elevation angle 8, which
was observed in previous measurements, is neglected here,
and thus, this angle is assumed constant.

2.2 Aerodynamic model

To compute the aerodynamic forces acting on the insect
wings and bodies, the UPM and the UVLM are employed,
respectively. These methods are based on the potential flow
theory, which is applied for irrotational flow fields [24]. The
validity of this approach has been proved for several applica-
tions, in which viscous effects are ignored. In this study, the
aerodynamic model allows the computational program to in-
clude some important features of insect aerodynamics, which
cannot be treated by conventional potential-flow based models.
Specifically, the effect of leading-edge vortices that cause the
delayed stall on insect wings [5] can be considered through the
leading-edge suction analogy model. Moreover, viscous diffu-
sion is also taken into account by the use of the vortex-core
growth model. Compared to higher-order aerodynamic mod-
els that directly solve the Navier-Stokes equations, the present
aerodynamic model is more efficient because of its substan-
tially lower computational cost, while most of the important
effects of insect aerodynamics are still included with a rela-
tively high level of accuracy [25-27]. Particularly, when the
parallel computing technique is applied to update the geome-
try of the free wake after each time step, the running time of
the current program may be reduced significantly [26].

Regarding the UPM, which is applied to compute the aero-
dynamic loads on the insect bodies, it is assumed that the flow
is irrotational, inviscid, incompressible and no separation is
allowed to occur. The basic idea of this method is to solve the
Laplace equation of the velocity potential @ numerically with
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Fig. 2. Aerodynamic panel mesh.

the consideration of three boundary conditions, including the
far field, the Neumann and the Dirichlet boundary conditions
[24]. These boundary conditions, respectively, guarantee the
zero velocity perturbations in the far field, the no-penetration
of the flow into the body surfaces, and the constant velocity
potential inside the solid bodies.

Following Green’s identity, while solving the Laplace equa-
tion of the velocity potential @, the general solution can be
constructed by a sum of source ¢ and doublet u distributions
on the body surfaces S, and the wake sheets S, :

41”)[ il |ﬂ"“
el (e

Here, r is the position vector, » denotes the unit outward
normal vector.

According to the Neumann boundary condition, which is
corresponding to the no-penetration condition of the flow, the
source o is determined as

(I)(r,l) =
()]

o=V, -n, 3)

where V, is the velocity of a body.

The doublet 1 can be defined as the difference between the
internal and external velocity potentials in the case of solid
bodies (Eq. (4)), and between the lower and upper surfaces in
the case of wake sheets (Eq. (5)):

ﬂ:CD[—CD, (4)
H=0,-0,. 5)

®, denotes the internal velocity potential of a body, and
subscripts / and u refer to the lower and upper surfaces of a
wake sheet.

To solve the aerodynamic problem numerically, the insects
are discretized into panels (Fig. 2), on which source and dou-
blet elements are placed. Collocation points, at which we ap-
ply the boundary conditions, are located at the centers of these
panels. The strength of the source elements on the insect bod-
ies is determined by Eq. (3), while the strength of the doublet

elements is found by solving the system of algebraic equations,

which is formed by applying the Dirichlet boundary condition
at the collocation points.

For the insect wings, which are considered to be thin ob-
jects, the upper and lower surfaces coincide with each other
and have the opposite normal unit vectors. Therefore, the
source elements, which are determined by Eq. (3) on the upper
and lower surfaces of the wings, will cancel each other out.
Consequently, it is possible to exclude the source elements on
the insect wings. Moreover, due to the equivalence between
constant doublet elements and vortex rings, the insect wings
could be represented by a system of vortex ring panels, and
the UPM will become the UVLM [26, 28]. Thus, the present
aerodynamic model couples the UPM and the UVLM, which
are used for the bodies and the wings of the insects, respec-
tively. Note that while applying the Dirichlet boundary condi-
tions to the insect bodies, the contributions of the wings and
their wakes are included; and similarly, the effect of the bodies
on the no-penetration boundary condition of the wings must
be considered, too. The Kutta condition is satisfied along the
trailing edges of the wings; therefore, vortices are shed freely
from these edges to form the free wakes. For the UVLM, the
wakes can be represented by a vortex line system with the
finite core radius, and the velocity potential caused by the
wakes @ atpoint P can be determined as follows:

wake

ds, (©)

wake

S

Il
gV —

~

where P, is an arbitrary point in the far field, and V,
denotes the velocity induced by the wakes.

Similar to other potential-flow based methods, in this study,
the aerodynamic pressure distributions on the insect bodies are
obtained by the unsteady Bernoulli equation:

ref

p:pre]_p[;vq) VO +V vq>+aai)} (7)
t

where p,. and ¥V, denote the reference pressure and ve-
locity, which are, respectively, set to be equal to the far-field
pressure and the relative velocity of the undisturbed fluid with
respect to the reference point on an insect body; and p is the
air density.

For the thin insect wings, the UPM is reduced to the
UVLM,; thus, Eq. (7) could be changed to a simpler form to
compute the pressure difference between the lower and upper
surfaces:

9= | () n . ®)

where V,, is the velocity of the flow relative to the wing
surface; y denotes the local surface vorticity vector; and T is
the circulation of the local vortex ring.

The total aerodynamic force and moment acting on an in-
sect can be computed by integrating the pressure obtained by

Egs. (7) and (8) over the entire body and wing surfaces.
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Fig. 3. Leading-edge panel.

Previous authors have emphasized the importance of lead-
ing-edge vortices that cause the delayed stall in the high-lift
aerodynamic mechanism of insect wings [5, 29]. Thus, it is
necessary to include the contribution of this term in the pre-
sent aerodynamic model. In general, the delayed stall, which is
associated with the separation and reattachment of the flow
near the leading edge of an insect wing, cannot be treated by
the potential-flow theory. However, Polhamus stated that
when the delayed stall occurs, the flow around the leading-
edge vortex is somewhat similar to the potential flow around
the leading-edge radius [30]. Due to this analogy, it is possible
to relate the suction force of the potential flow to the vortex
force, which appears due to the presence of the leading-edge
vortex, and the vortex force per unit length of the leading edge
F, can be estimated as [26]

oz e, ©)
' 16 A'XLYE. COSAL.E. '

where 7, denotes the coefficient of leading-edge suction
efficiency; I',, is the circulation of the vortex segment
placed at the leading edge; and Ax,, and A,, are, respec-
tively, the length in the chordwise direction and the sweep
angle of the local leading-edge panel, which are illustrated in
Fig. 3. According to Nguyen et al. [26], the coefficient of lead-
ing-edge suction efficiency 7, is 0.5 for hawkmoth flight.

In general, viscous effects cannot be treated by potential-
flow theory; however, the model used in this paper can be
modified to include these effects by allowing the core radius
of the vortex lines in the free wake to increase over time. This
vortex-core growth assumption is based on the observation
result by Ramasamy and Leishman [31], who indicated the
effect of the viscous diffusion on the core size of vortex lines.
The vortex radius r, of a vortex line with circulation I" was
determined by Nguyen et al. [26], and Gandhi and Tauszig
[32] as

r(t) = 40¢Lv[1+a1£jt. (10)
\/ v

Here, o, =1.25643 is the Lamb constant; v and g, are
the kinematic viscosity and Squire’s parameter, respectively.
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Fig. 4. Scheme of trim search method.

Nguyen et al. indicated that @, =0.1 is suitable for modeling
the wake generated by a hawkmoth [26].

2.3 Trim search method

In this research, the small oscillations of insect bodies are
neglected [13], and the insects are assumed to fly at a constant
speed. During trimmed flight, the force and moment balance
conditions must be satisfied. As demonstrated by Kim and
Han [33], the changes in the sweep angle amplitude ¢, , the
rotation angle offset ¢, and the sweep angle offset ¢, men-
tioned in Eq. (1) are the most effective with respect to the
controls of the lift, drag and pitching moment, respectively.
Thus, to find trimmed flight, these coefficients will be tuned
until the balance conditions of the force and moment are satis-
fied.

Trimmed flight of an insect is obtained by an iterative
method that is illustrated in Fig. 4. The initial wing kinematic
coefficients for the trim search method are chosen on the basis
of the measured hawkmoth wing motions [23]. The trim crite-
ria are satisfied once the resultant force and moment are less
than given tolerance values. Here, the tolerance values are the
same as those used by Nguyen et al. [4] and Nguyen and Han
[34]. In detail, the tolerance for the lift and drag is 1.0 % of the
insect weight, and that for the pitching moment is 0.1 % of the
product of the weight and the mean wing chord. Nguyen et al.
demonstrated that these tolerance values are sufficiently small
to assure a trimmed flight state [4]. If the trim criteria are not
satisfied, the wing kinematics must be altered. As mentioned,
¢, , a, and ¢ are three kinematic coefficients that are
modified to obtain the trim conditions. A gradient-based
method is used to calculate the new coefficients through the
control effectiveness matrix B, which is defined as
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where L, D and M denote the cycle-average lift, drag
and pitching moment. It is noted that lift and drag are defined
as force components that are perpendicular and parallel to the
flight direction of an insect, respectively.

The values of the kinematic coefficients at the A+1th itera-
tion are computed by the following equation:

A AL
a,| =|a,| +B,'| AD | - (12)
¢0 K+l ¢0 k AM K

In this equation, AL, AD and AM are the offset lift,
drag and pitching moment needed to apply to the insect to
obtain the balance condition.

First, this method is used to find the trimmed flight condi-
tions of a single insect. When two insects fly together, it will
be shown later in this paper that the effect of the following
insect on the aerodynamics of the leading counterpart is in-
considerable; hence, the trimmed flight conditions of the lead-
ing insect can be considered to be the same as that of a single
insect. Consequently, it is required to find only the trim condi-
tions of the following insect.

3. Results and discussion

3.1 Validation of the aerodynamic model

The validity of the current aerodynamic model has been as-
certained in several previous papers for hawkmoth-like insect
models [4, 26-28]. In this paper, the aerodynamic model is
first validated again in comparison with results from computa-
tional fluid dynamics (CFD) methods that solve the Navier-
Stokes equations directly. Fig. 5 shows the lift forces acting on
a wing and the body of a hovering hawkmoth Agrius convoluli,
a species close to Manduca sexta. In this figure, time is nor-
malized with the stroke period. The forces computed by the
present aerodynamic model are in good agreement with the
CFD results from a study by Aono et al. [35].

Lua et al. [36] conducted an experiment for robotic hawk-
moth wings to measure the aecrodynamic force in the stroke-
plane-fixed reference frame. The wing force in a direction
perpendicular to the stroke plane determined by the present
model is compared with that obtained through experimental
data (Fig. 6). Good consistency between these results can be
found in this figure.

The downwash structures simulated by the CFD model [14]
and the current aerodynamic model are presented in Fig. 7. In

0.025¢ === Wing lift (Present)
== =Body lift (Present)
0.02¢ == Wing lift (CFD)

== Body lift (CFD)

0.015f

0.017

Lift (N)

0.0057

0 0.2 0.4 0.6 0.8 1
Nondimensional time

Fig. 5. Lift forces on a wing and the body by the present potential-flow
based aerodynamic model and by a CFD modeling method [35].

0.025¢

—Present model
0.02r ® Experiment

0.015¢

0.01¢

Force (N)

0.005¢
)

0 0.2 0.4 0.6 0.8 1
Nondimensional time
Fig. 6. Wing force in a direction perpendicular to the stroke plane

obtained by the present model and from an experiment on robotic
hawkmoth wings [36].

Fig. 7. Downwash structures obtained by the CFD model [14] (up) and
by the present aerodynamic model (down).

this figure, the downwash velocity is normalized with the
mean wing-tip velocity. The similarity between these down-
wash structures confirms that the vortex-core growth model
represented by Eq. (10) is suitable for handling the viscous
diffusion effect.

For the present study, it was important to accurately model
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Table 2. Kinematic parameters.

£ (deg) 35.8
x (deg) 21.7
S (Hz) 25.6
6, (deg) -8.6
a, (deg) 46.4

Navier-Stoke solutions Present model

Single forewing

Single forewing
Single hindwing y

Single hindwing

Forewing 3 .~ Forewing

£ Hindwing #/52 ¢ _Hindwing

Lift coefficients

o

{

Single forewing

Forewing
: Single hindwiylg

Thrust coefficients

i
Ry
.

Hindwing

0 0.25 0.5 0.75 1

Nondimensional time Nondimensional time

Fig. 8. Time courses of the lift and thrust coefficients on the fore- and
hindwings by solving the Navier-Stoke equations [36] and from the
present aerodynamic model.

the interaction between the wings of the following insect and
the trailing wake of the leading counterpart. It appears that
there has not been any previous research on this type of prob-
lem. Thus, to investigate the accuracy of the currently em-
ployed model in terms of handling strong wing-wake interac-

tion, a similar case of dragonfly aerodynamics was considered.

For dragonflies, hindwings collide with the wakes of fore-
wings in a similar manner to that between the following and
leading insects. Wang and Sun [37] numerically solved the
Navier-Stokes equations to study the aerodynamics of the
dragonfly Aeshna juncea at a Reynolds number of almost
3000 based on the mean wing-tip velocity, compared to 6000
of hawkmoth flight. The wing lift and wing thrust coefficients
of the hovering dragonfly are computed along with those of
the single isolated wings and shown in Fig. 8. Here, the force
coefficients are calculated based on the mean wing velocity
and the total wing area. From a comparison between the re-
sults from the two models, it is possible to state that the pre-
sent potential-based aerodynamic model can reasonably esti-
mate the effect of strong wing-wake interaction. According to
Sun and Lan [38], the interaction effect reduces the lift forces
on the fore- and hindwings of the hovering dragonfly by 14 %
and 16 %, respectively. Using the present aecrodynamic model,
these values are estimated to be, respectively, 12 % and 20 %.

3.2 Trimmed flight state of a single insect

Initially, the trim search method was applied for a single in-
sect flying at a constant speed of 2.0 m/s, which is considered
to be within the favorable flight speed range of hawkmoths

150 -

100 f

Angle (deg)

Upstroke

0 0.25 0.5 0.75 1
Nondimensional time

Downstroke

Fig. 9. Trimmed wing kinematics (solid lines) and measurement data
from a real hawkmoth [23].

0.06 1

Force (N)

N /
N
Upstreke. ¢

Downstroke

0 0.25 0.5 0.75 1
Nondimensional time

Fig. 10. Lift and drag forces during the course of a wingbeat stroke.

[12]. Table 2 provides the values of the stroke plane angle £,
body angle y, flapping frequency f and some coefficients of
the simplified sinusoidal wing kinematics expressed in Eq. (1).
These flight parameters are given based on the measured data
from a male hawkmoth at 2.0 m/s [23].

As mentioned in Sec. 2.3, the sweep angle amplitude ¢, ,
the rotation angle offset ¢, and the sweep angle offset ¢,
are tuned during the trim search process. After obtaining the
trim solution for a single insect, the wing kinematic functions
are plotted and compared with the measurement data from a
real hawkmoth [23] in Fig. 9. The figure shows good agree-
ment between the trimmed wing kinematics (solid lines) and
the measurement data (markers).

The lift and drag of the insect during the course of a wing-
beat stroke are shown in Fig. 10. The variation of the lift has a
much larger peak-to-peak amplitude than that of the drag.
Most of the lift is produced during the downstroke phase of
the wing motion.

The required mechanical power during the trimmed flight
can be estimated as the sum of its three components 7, F,
and P, corresponding to the sweeping, elevating and rotat-
ing motions of the wings. According to Casey [39], the contri-
bution of the elastic storage mechanism to the total mechani-
cal power of hawkmoths is insignificant. Therefore, it is pos-
sible to assume that the negative power is simply dissipated
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Fig. 11. The total required mechanical power P and its components
P, and P,.

Fig. 12. The leading and following insects and the distance between
them.

and the flight muscles act as an end stop [40]. The power
components can then be calculated as

dj L d
P/ :T./'E UI(T;/E> Oj’
. dj< |
P =0 if TjZ_O , (13)
(j=¢.0.a),

where 7 denotes the torque required to overcome the inertial
and aerodynamic forces acting on the wings.

The total mechanical power P and its components P, and
P, are exhibited in Fig. 11. Note that P, is 0 since the varia-
tion of the elevation angle 6 is neglected, and this angle is held
constant. Similar to the aerodynamic forces, the required me-
chanical power during the downstroke is more significant than
that during the upstroke. The mean mechanical power for the
trimmed flight of a single insect is estimated to be 65.7 mW.

3.3 Flight of the following insect in the wake of the leading
insect

This section presents some numerical results to reveal how
the interactions between insects can affect their flight per-
formance. Two insects, which have the same flight speed of
2.0 m/s, are positioned as shown in Fig. 12. The distance d
between the mass centers of the two insects varies from 100
mm to 175 mm, corresponding to from 2.2 to 3.9 times of the
body length.

At first, the two insects are assumed to have the wing kine-
matics of a trimmed single insect, as derived in Sec. 3.2. Two

0.06 r;
===Single insect

Leading insect (in-phase)
==*» Leading insect (anti-phase)
0.04 {| —=—Following insect (in-phase)
Following insect (anti-phase)

z %
= 0.02 R
B
0 *«;‘*":4:.:‘_
Upstroke Downstroke
-0.02 - - !
0 0.25 0.5 0.75 1
Nondimensional time
0.04 -

Drag (N)

Upstroke

Downstroke
-0.04 -

0 0.25 0.5 0.75 1
Nondimensional time

Fig. 13. Lift and drag forces on the leading and following insects in
cases of in-phase and anti-phase wing motions.

cases, including the in-phase and anti-phase wing motions, are
considered. The anti-phase case is corresponding to a phase
difference of 50 % of the stroke period between the two in-
sects. The lift and drag forces of the leading and following
insects at a distance d of 100 mm are shown in Fig. 13. It is
easy to find that there is almost no change in the aecrodynamic
force acting on the leader due to the presence of the follower
in both in-phase and anti-phase cases. Hence, the trim condi-
tions and the required mechanical power of the leading insect
can be regarded as unchanged and assumed to be the same as
those of a single insect. This statement becomes even more
valid at a larger distance d.

On the contrary, Fig. 13 indicates that the leading insect has
considerable effects on the lift and drag of the following insect.
These effects tend to be dependent on the wing kinematic
phase relationship. In general, due to the induced downwash
produced by the leading insect, the lift of the following insect
decreases, while the drag appears to increase because of an
airflow that is pushed backward by the leader to generate
thrust.

Next, the trim search method runs for the following insect
for various values of the distance d and the phase difference.
As presented earlier, three coefficients of the wing kinematics,
including the sweep angle amplitude ¢, , the rotation angle
offset o, and the sweep angle offset ¢, (Eq. (1)), are ad-
justed to obtain the trimmed flight state of the insect. After
running the trim search program, the variations of these coef-
ficients and the required mechanical power against the wing
kinematic phase shift of the follower relative to the leader are
plotted and shown in Figs. 14-17. The plots in these figures
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values for the single insect.
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Fig. 15. Required mechanical power and wing kinematics coefficients
of the following insect in trimmed flight against the phase shift of the
wing motions when the distance d equals 125 mm. Solid lines show the
values for the single insect.

are corresponding to distances d of 100, 125, 150 and 175 mm,
respectively.

As can be seen in Figs. 14-17, flying in the wake of the up-
stream leading insect generally reduces the efficiency of the
follower since more mechanical power is required. The power
requirement significantly depends on the phase shift of the
following insect’s wing kinematics. Therefore, at each dis-
tance, by choosing a proper wing kinematic phase, the follow-
ing insect can attenuate the unfavorable effects due to the
presence of the leading one, as well as enhance the flight effi-
ciency considerably. For example, at a distance of 100 mm
(Fig. 14), amongst the nine considered cases, the required
power achieves the largest value of 75.5 mW at a phase shift
of 87.5 % of the stroke period. This amount is about 15 %
larger than that required for single insect flight. However, if
the insect changes its wing kinematic phase shift to 25 % of
the stroke period, the required power decreases to 66.0 mW,
which is close to the level of the single insect.

Similar to the mechanical power, the wing kinematic coef-
ficients also depend on the phase relationship between the two
insects. Figs. 14-17 show that the sweep angle amplitude ¢,
of the following insects tends to be larger than that of the sin-
gle insect. This finding can be explained by the existence of
the induced downwash generated by the leading insect, which
is detrimental to the lift production of the follower. Kim and
Han revealed that the change in the sweep angle amplitude is
the most effective in terms of lift force control [33]. Therefore,
to mitigate the adverse effects of the downwash on the lift
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Fig. 16. Required mechanical power and wing kinematics coefficients
of the following insect in trimmed flight against the phase shift of the
wing motions when the distance d equals 150 mm. Solid lines show the
values for the single insect.
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Fig. 17. Required mechanical power and wing kinematics coefficients
of the following insect in trimmed flight against the phase shift of the
wing motions when the distance d equals 175 mm. Solid lines show the
values for the single insect.

production, the following insect has to increase its sweep an-
gle amplitude ¢, . Nguyen et al. showed that at 2.0 m/s, the
drag of the hawkmoth is sensitive to the change in the velocity
of the incoming airflow [4]. The leading insect has to push air
backward to create thrust; thus, it will magnify the intensity of
the incoming airflow to the following insect and result in an
increase in the drag of this insect. Consequently, to maintain
the force balance condition, the following insect has to fly at a
smaller angle of attack during the downstroke by reducing the
rotation angle offset ¢, [33]. This trend can be clearly ob-
served in Figs. 14-17 when the rotation angle offset «, is
lower than that of the single insect in almost all cases. Nguyen
et al. [4] also indicated that both downward and backward
airflows have strong effects on the pitching moment. Whereas
the downward flow reduces the pitching moment, the back-
ward flow tends to increase it. Consequently, the combination
effect of these flows makes the variation trend of the pitching
moment against the wing kinematic phase more complex. As
shown in Figs. 14-17, the sweep angle offset ¢,, which is the
most effective to control the pitching moment [33], can be
either lower or higher than that of the single insect.

As seen in Figs. 14-17, the variations of the power and the
wing kinematic coefficients against the phase shift are weak-
ened when the distance d becomes larger. A similar trend was
exhibited by Maybury and Lehman [41] for the aerodynamics
of dragonfly hindwings flapping in the wake of upstream fore-
wings. In the present study, the variations of the following
insect’s flight parameters depicted in Figs. 14-17 are attributed
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Fig. 18. Sinusoidal functions fitted to the power data.

to the transient wake structures generated by the leading in-
sect’s flapping wings. At a large distance, the wake velocities
become uniform within fluid and the variations vanish.

It is observed that the variations of the power and wing ki-
nematic coefficients with respect to the phase shift have al-
most sinusoidal forms. The phases of these sinusoidal func-
tions change as the distance d increases. The power and the
sweep angle amplitude ¢, show similar trends. This similar-
ity can be explained by the fact that a larger sweep angle am-
plitude will result in the faster flapping motions of the wings,
and thus larger inertial power [42]. Fig. 18 shows sinusoidal
functions that are fitted to the data of the mechanical power
required for the following insect’s trimmed flight. Here, while
studying these functions, it is found that when we increase the
distance by every 25 mm, the phase of the sinusoidal function
is shifted by approximately 20 % of the stroke period. This
phase-shifting is attributable to the travel of the strong vortex
shed from the leading insect’s wings at the start of its down-
stroke. As the distance increases, the travel time of this vortex
until it interferes with the following insect becomes larger. It
is widely agreed that wing-wake interaction may have pro-
found impacts on the aerodynamic performance of insect flap-
ping wings [6, 8, 15]. However, in preceding research, scien-
tists mainly paid attention to the interactions between insect
wings and their own wakes. In this study, for the first time, the
influence of an upstream leading insect’s wake on the flight
performance of a following counterpart is investigated. Ac-
cording to the phase-shifting data provided by Fig. 18 and the
flapping frequency given in Table 2, the average travel veloc-
ity of the downstroke starting vortex shed from the leading
insect’s wings relative to the follower is estimated to be ap-
proximately 3 m/s, which is larger than the flight speed of
2.0 m/s. This large velocity is due to the aforementioned back-
ward jet generated by the leading insect to create thrust.

Fig. 19 shows the wake patterns produced by the leading in-
sect during the downstroke of the following insect in the
minimum and maximum power cases at a distance d of 100
mm. The wing kinematic phases corresponding to these cases
are 25 % and 87.5 %, respectively (Fig. 14). Note that since
most of the lift force is generated during the downstroke, we
focused only on the downstroke aerodynamics. As shown in
Fig. 19, there are two major vortices: the down- and upstroke
starting vortices travelling in fluid. These vortices are gener-
ated by the leading insect at the beginning of the down- and
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Fig. 19. Wake patterns shed from the leading insect during the down-
stroke of the following insect at a distance d of 100 mm in the mini-
mum and maximum power cases.
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Fig. 20. Downwash wake structures during the downstroke of the
following insect at a distance d of 100 mm in the minimum and maxi-
mum power cases. A negative sign of the velocity is corresponding to a
downward flow.

upstroke, respectively. Whereas the upstroke starting vortex is
located well below the following insect and probably has no
noticeable effect, the downstroke starting vortex moves down-
stream and directly impinges on the following insect’s wings.
Therefore, in this analysis, it was necessary to focus on the
interaction between the following insect’s wings and the lead-
ing insect’s downstroke starting vortex. It was found that in
the minimum power case, during the course of the downstroke,
the starting vortex is located in front of the wings, and the
wing-vortex interaction occurs at the end of the downstroke.
Based on the physical background provided by Lee and Smith
[43], there is a positive effect on the following insect due to a
slight induced upward flow region behind the vortex (Fig. 20).
So, less power is required in this case, and the following insect
can enhance its flight efficiency considerably. On the contrary,
in the case of maximum power, the following insect’s wings
interact with the starting vortex at the beginning of the down-
stroke. As shown in Fig. 20, the induced downward flow in



3286 A. T. Nguyen et al. / Journal of Mechanical Science and Technology 33 (7) (2019) 3277~3288

front of the following insect appears at the beginning of the
downstroke and travels downstream to have a negative effect
on the aerodynamic mechanism of the insect. Consequently,
the insect needs more power to sustain the trim conditions,
and its flight becomes inefficient. The wing-vortex interaction
mechanism described in this paper is similar to that of the
wake capture effect introduced in the literature [6]. After con-
ducting experimental analyses, Dickinson et al. [6], Birch and
Dickinson [15] and Han et al. [8] concluded that during the
process of wake capture, a flapping wing can absorb the en-
ergy of its own trailing wake to augment the lift. Here, by
altering the wing kinematics properly, the following insect
also can employ the leader’s downstroke starting vortex to
improve its own flight performance.

4. Conclusions

This paper has uncovered some important features regard-
ing flapping flight performance in the wake of an upstream
leading insect. The two insects were assumed to fly at the
same speed of 2.0 m/s with a distance between them varying
from 2.2 to 3.9 times of the body length. A potential flow-
based aerodynamic model coupling the unsteady panel and the
unsteady vortex-lattice methods was employed to simulate the
aerodynamics of the insects. To confirm the accuracy of the
present model in terms of simulating insect acrodynamics and
handling strong wing-wake interaction, the results of a hawk-
moth and a dragonfly were validated against Navier-Stokes
solutions. The trim conditions of the single insect were found
through a gradient-based trim search method, then analyses
were conducted to reveal how these trim conditions are af-
fected by the unsteady wake of the leading insect.

When studying aerodynamic force profiles, it was observed
that the following insect had almost no influence on the lead-
ing insect flight performance. In contrast, noticeable effects
were found on the flight characteristics of the following insect.
These effects depend on the distance and the wing kinematic
phase relationship between the two insects. In general, due to
the induced downward flow by the leading insect, the sweep
angle amplitude ¢, and the required power of the following
insect are larger than those of a single insect. Moreover, to
compensate for the effect of the induced backward flow by the
leading insect, the follower has to reduce its rotation angle
offset ¢, .

The variations of the required power and wing kinematic
coefficients with respect to the change in the phase difference
have sinusoidal-like forms. Based on these variation functions,
the following insect may choose a proper wing kinematic
phase to mitigate the unfavorable effects due to the presence
of the leader and then improve its flight efficiency profoundly.
The study also revealed that the variations of the required
power and the wing kinematic coefficients appear to be weak-
ened with increasing the distance between the two insects.
This observation can be explained by the homogenization of
the wake velocities at large distances.

The variations of the following insect flight characteristics
with respect to the wing kinematic phase are strongly associ-
ated with the downstream travel of the leading insect’s down-
stroke starting vortex. It was proved that if the following in-
sect undergoes the downstroke motions when this vortex is
approaching, the insect can capture a significant amount of the
vortex energy, and hence, minimize its required power. How-
ever, if the downstroke motions are carried out when the lead-
ing insect’s downstroke starting vortex has passed, there will
be an opposite effect, and the following insect needs a great
deal of power to sustain its flight.
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