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Aerodynamic Force Generation
in Hovering Flight in a Tiny Insect

Mao Sun∗ and Xin Yu†

Beijing University of Aeronautics and Astronautics, Beijing 100083, People’s Republic of China

Aerodynamic force generation in hovering flight in a tiny insect, Encarsia formosa, has been studied. The Reynolds
number of the flapping wings (based on the mean chord length and the mean flapping velocity) is around 15. The
flapping motion of the insect is unique in that the wing pair “claps” together near the end of an upstroke and
“flings” open at the beginning of the subsequent downstroke. The method of solving the Navier–Stokes equations
over moving overset grids is used. The fling produces a large lift peak at the beginning of the downstroke, the
mechanism of which is the generation of a vortex ring containing a downward jet in a short period; the clap
produces a large lift peak near the end of the subsequent upstroke by a similar mechanism. Because the vorticity
generated during the clap and fling diffuses rapidly, the clap and fling has little influence on the flows in the rest
part of the stroke cycle. The mean lift is enough to support the weight of the insect. The lift peaks due to the clap
and fling result in more than 30% increase in mean lift coefficient compared to the case of flapping without clap
and fling.

Nomenclature
CD = drag coefficient
C̄D = mean drag coefficient
CL = lift coefficient
C̄L = mean lift coefficient
c = mean chord length of wing
D = drag of a wing
d = distance between the two wings at start of a stroke
G = weight of the insect
L = lift of a wing
n = wingbeat frequency
p = nondimensional fluid pressure
R = wing length
Re = Reynolds number, cU/ν
r2 = radius of the second moment of wing area
S = area of one wing
t = time
U = reference velocity (mean flapping velocity)
u, v, w = x , y, z components of nondimensional flow velocity,

respectively
W = velocity of upward motion of wings near the end of

a stroke
x, y, z = coordinates in inertial frame of reference
x ′, y′, z′ = coordinates in noninertial frame of reference
α = geometric angle of attack
αm = midstroke geometric angle of attack
α̇ = angular velocity of flip
α̇+ = nondimensional angular velocity of flip
�τr = duration of wing rotation or flip duration

(nondimensional)
θ̇c = angular velocity of clap
θ̇ f = angular velocity of fling
ν = kinematic viscosity
ξ, η, ζ = computational coordinates
ρ = density of fluid
τ = nondimensional time
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τ̂ = nondimensional time during one stroke cycle
� = stroke amplitude
φ̇ = angular velocity of azimuthal rotation
φ̇+ = nondimensional angular velocity of azimuthal

rotation

I. Introduction

I T has been shown that classical steady-state aerodynamic the-
ories could not explain the generation of large lift by the wing

of small insects and that unsteady aerodynamic mechanisms must
be employed. (For reviews, see Refs. 1–3.) One of the unsteady
mechanisms is known as the “clap and fling” mechanism, proposed
by Weis-Fogh4 based on observation of the small wasp Encarsia
formosa hovering. Some other small insects, for example, fruitfly
Drosophila virilis, have also been observed employing the clap and
fling mechanism in some circumstances.5,6

The wingbeat cycle of the Encarsia formosa is summarized as fol-
lows. Before the start of a wingbeat cycle, the two wings are close
together (Fig. 1a). The wingbeat cycle begins with the fling phase,
during which the wings open to form a V shape by rotating about
their trailing edges (Fig. 1b). Following the fling, the two wings
separate and move in opposite directions around the body (termed
downstroke translation; Fig. 1c). After moving apart through a cer-
tain distance, the wings flip around so that the undersides of the
wings become their top sides and vice versa (Fig. 1d). Following
the flip phase, the wings move dorsally toward each other (termed
upstroke translation; Fig. 1e). When their leading edges are near
each other, the wings clap, that is, rotate about their leading edges
(Fig. 1f) so that their trailing edges are brought together and then
the wings return to their initial position. Normal hovering insects
beat their wings back and forth in a horizontal plane, and the move-
ment of the wings is similar to that just described except that there
is no clap and fling motion, that is, the dorsal flip is similar to
the ventral flip. Weis-Fogh4 found that the high lift required in the
hovering in Encarsia formosa could not be explained on the ba-
sis of conventional aerodynamic theories. He suggested that the
fling of each wing generates a circulation around it. Because of the
symmetry of the motion, the magnitudes of the two circulations
about the two wings are equal and the senses are opposite. One
wing with its circulation acts like the starting vortex of the other
wing and vice versa, then no starting vortices need to be shed as
the wings move apart. Weis-Fogh argued that this absence of start-
ing vortices avoids the delay in the buildup of the maximum lift
force required by the Wagner effect and brings about a high over-
all lift over the wingbeat cycle. Lighthill7 modeled the fling phase
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Fig. 1 Flapping motion of Encarsia formosa.

using two-dimensional inviscid theory. He obtained a circulation
around the airfoil that is proportional to the angular velocity of
the airfoils, without the delay associated with the Wagner effect.
Lighthill’s analysis provides theoretical basis for the Weis-Fogh
mechanism.

Maxworthy,8 by a flow visualization experiment on a pair of
wings, discovered that during the fling phase a leading-edge vortex
(LEV) is generated on each wing and the magnitude of its circula-
tion is substantially larger than that calculated by Lighthill’s invis-
cid theory. In view of Maxworthy’s results, Edwards and Cheng9

improved Lighthill’s theory of the fling motion by adding a pair
of point vortices to the invicid model to represent the LEVs. The
strength of the vortices is determined in the solution process. The
calculated vortex strength agrees with Maxworthy’s experiment re-
sults. Wu and Chen10 also formulated a model of invicid flow plus a
pair of vortices. The calculated vortex strength from their model is
very close to that of Edwards and Cheng,9 and lift and drag forces
on the airfoils are also provided. Spedding and Maxworthy11 mea-
sured the unsteady lift on a pair of airfoils performing the fling
motion and showed that the lift coefficient increased from 0 to
about 5 as the opening angle increases from 0 to π . Simultane-
ous flow visualization was used to measure the circulation of the
LEV. Their results show that the large lift coefficient is associ-
ated with the high circulation around the LEV. The measured lift
coefficient is in good agreement with that calculated by Wu and
Chen.10

Recently aerodynamic force in the fling and the subsequent
translation phases have been studied by Ro and Tsutahara12 for
a wing pair using a discrete vortex method and by Sun and
Yu13 and Miller and Peskin14 for an airfoil pair using compu-
tational fluid dynamics (CFD). Very large lift is produced dur-
ing the fling phase. Lift coefficient in the translation phase is
much smaller; nevertheless, it is large compared to the steady-state
values.

In the cited works, either the fling or the fling and the subsequent
translation were studied. To our knowledge, the complete cyclic
flapping motion of the wing pair in the tiny insect Encarsia formosa
has not been investigated. There still exist questions such as how
the aerodynamic force on the wings varies with time in a complete
cycle and whether the mean lift is large enough for weight support.
In the present study, the aerodynamic forces and the flow around
a model wing pair performing the complete cyclic flapping motion
of Encarsia formosa is investigated by solving the Navier–Stokes
equations numerically. Because of the unique feature of the motion,

that is, the two wings are close together at the beginning of each
flapping cycle and then move apart through a large distance, the
approach of solving the flow equations over moving overset grids
is chosen.

II. Methods
A. Model Wings and Their Motion

The model wings used in the present study are flat plates with
rounded leading and trailing edges. The thickness of the plate is 1%
of c, where c is the mean chord length, and the leading or trailing
edge radius is 0.5% of c. The planform of the model wings (Fig. 2a)
is similar to that of an entire wing of Encarsia Formosa, which
consists of the membrane and the brim of marginal hairs.15 On the
basis of the estimate of the thickness of the boundary layer around
the brim hairs, Ellington15 pointed out that the hairs might extend
the wing area close to their distal ends. Recently, Sunada et al.16 did
experiment on a bristled wing and a solid wing of the same planform
performing starting motion from rest, Re = 12. They found that the
aerodynamic forces on the bristled wing were approximately the
same as those of the solid wing, showing that, at such low Reynolds
number Re, the hairs could act as membrane.

The motion of the wings is shown in Figs. 2b–2d. Because the
motion of the wing pair is symmetrical about the middle plane, we
only describe the motion of the right wing. Two coordinate systems
are used (Fig. 2). One is the inertial system, oxyz. The origin coin-
cides with the base of the right wing at the start of a cycle, the oxy
plane is horizontal (parallel to the stroke plane), the y axis points
to the right of the insect, the x axis points backward, and the z axis
is vertical. The other is the body-fixed coordinate system, o′x ′ y′z′,
which rotates with the wing. The x ′ axis is parallel to the wing chord,
and the y′ axis is on the flip axis of the wing. At the start of a cycle,
the two wings are close to each other, with their chord lines in a
vertical direction. On the basis of data given by Weis-Fogh4 and
Ellington,15 the flapping motion is approximated as follows. At the
beginning of a cycle, the wing rotates about its trailing edge with an-
gular velocity θ̇ f (the fling); near the end of the fling phase, the wing
begins to rotate around a vertical axis passing the wing root with
angular velocity φ̇ (downstroke); at the end of the downstroke, the
wing flips, that is, rotates around the flip axis with angular velocity
α̇; after the flip, the wing rotates around the vertical axis (upstroke);
near the end of the upstroke (with the leading edges of the two wings
now close to each other), the wing rotate about its leading edge with
angular velocity θ̇c (the clap); near the end of the clap (with the two
wings now almost in vertical planes and close to each other), the

a)

b) c) d)

Fig. 2 Motion and reference frames.
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wing pair moves vertically up for a small distance to return to its
beginning position of the cycle. The angular velocities of the fling,
the flip, and the clap are given as, respectively,

θ̇+
f = θ̇ f c/U = 0.5θ̇+

0 {1 − cos[2π(τ − τ0)/�τ f ]}
τ0 ≤ τ ≤ τ0 + �τ f (1)

α̇+ = α̇c/U = 0.5α̇+
0 {1 − cos[2π(τ − τr )/�τr ]}

τr ≤ τ ≤ τr + �τr (2)

θ̇+
c = θ̇cc/U = 0.5θ̇+

1 {1 − cos[2π(τ − τcl)/�τcl]}
τcl ≤ τ ≤ τcl + �τcl (3)

where θ̇+
0 , α̇+

0 , and θ̇+
1 are constants, U is the reference velocity

(defined later), and τ is the nondimensional time, τ = tU/c, where
t is the time. Here, τ0 is the time at which the stroke cycle starts and
�τ f is the fling duration; τr is the time at which the flip rotation
starts and �τr is the flip duration; and τcl is the time at which the
clap starts and �τcl is the clap duration. In the present study, rotation
around the vertical axis is termed translation. The angular velocity
of wing translation is given as

φ̇+ = φ̇c/U = 0.5φ̇+
0 {1 − cos[2π(τ − τ0)/�τs]}

τ0 ≤ τ ≤ τ0 + �τs (4)

φ̇+ = φ̇c/U = −0.5φ̇+
0 {1 − cos[2π(τ − τ0 − �τs)/�τs]}

τ0 + �τs ≤ τ ≤ τ0 + 2�τs (5)

where φ̇+
0 is a constant, �τs is the duration of the down- or upstroke.

The velocity of upward motion near the end of the cycle, W , is given
as

W + = W/U = 0.5W +
0 {1 − cos[2π(τ − τcl − �τcl)/�τup]}

τcl + �τcl ≤ τ ≤ τ0 + τc (6)

where W +
0 is a constant, �τup is the duration of the upward motion,

and τc is the nondimensional stroke period. During the translation
of the down- or upstroke, the angle of attack of the wing is con-
stant and is denoted αm . In most calculations αm is specified as
40-deg. Parameters τc, �τ f , �τr , �τcl, �τs, �τup, and αm will be
determined using flight data. Other parameters and constants in Eqs.
(1–6) are related to these parameters.

B. Navier–Stokes Equations and Solution Process
The Navier–Stokes equations are numerically solved using mov-

ing overset grids. For flow past a body in arbitrary motion, the
governing equations can be cast in an inertial frame of reference us-
ing a general time-dependent coordinate transformation to account
for the motion of the body. The nondimensionalized incompressible
unsteady Navier–Stokes equations, written in the inertial coordinate
system oxyz (Fig. 2), are as follows:

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (7)
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where u, v, and w are three components of the nondimensional ve-
locity and p is the nondimensional pressure. In the nondimension-
alization, U , c, and c/U are taken as the reference velocity, length,
and time, respectively; Re = Uc/ν, where ν is the flow viscosity
coefficient. Equations (7–10) are solved using an algorithm based
on the method of artificial compressibility. The algorithm was first
developed by Rogers and Kwak17 and Rogers et al.18 for single-zone
grid, and it was extended by Rogers19 and Rogers and Pulliam20 to
overset grids. It is outlined next.

The equations are first transformed from the Cartesian coordinate
system x , y, z, τ to the curvilinear coordinate system ξ , η, ζ , τ using
a general time-dependent coordinate transformation. For a flapping
wing in the present study, a body-fixed coordinate system, o′x ′ y′z′,
is also employed (Fig. 2). The inertial coordinates o, x, y, z are
related to the body-fixed coordinates o′x ′ y′z′ through a known re-
lationship, and the transformation metrics in the inertial coordinate
system (ξx , ξy, ξz, ξτ ), (ηx , ηy, ηz, ητ ), and (ζx , ζy, ζz, ζτ ), which
are needed in the transformed Navier–Stokes equations, can be cal-
culated from those in the body-fixed, noninertial coordinate system
(ξx ′ , ξy′ , ξz′), (ηx ′ , ηy′ , ηz′ ), and (ζx ′ , ζy′ , ζz′ ), which need to be cal-
culated only once.

The time derivatives of the momentum equations are differenced
using a second-order, three-point backward-difference formula. To
solve the time-discretized momentum equations for a divergence
free velocity at a new time level, a pseudotime level is introduced
into the equations and a pseudotime derivative of pressure divided
by an artificial compressibility constant is introduced into the con-
tinuity equation. The resulting system of equations are iterated in
pseudotime until the pseudotime derivative of pressure approaches
zero, and thus, the divergence of the velocity at the new time level
approaches zero. The derivatives of the viscous fluxes in the momen-
tum equation are approximated using second-order central differ-
ences. For the derivatives of convective fluxes, upwind differencing
based on the flux-difference splitting technique is used. A third-order
upwind differencing is used at the interior points, and a second-order
upwind differencing is used at points next to boundaries. Details of
this algorithm may be found in Refs. 17 and 18.

With overset grids, as shown in Fig. 3, for each wing there
is a body-fitted curvilinear grid, which extends a relatively short
distance from the body surface, and in addition, there is a back-
ground Cartesian grid, which extends to the far-field boundary of

Fig. 3 Portions of moving overset grids.
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the domain. The solution method for single grid is applied to each
of the three grids. The wing grids capture features such as boundary
layers, separated vortices, and vortex/wing interactions. The back-
ground grid carries the solution to the far field. The two wing grids
are overset onto the background Cartesian grid, and parts of the two
wing grids overlap when the two wings move close to each other. As
a result of the oversetting of the grids, there are hole regions in the
wing grids and in the background grid. As the wing grids move, the
holes and hole boundaries change with time. To determine the hole-
fringe points, the method known as domain connectivity functions
by Meakin21 is employed. Intergrid boundary points are grid points
at the outer boundaries of the wing grids and the hole-fringe points.
Data are interpolated from one grid to another at the hole-fringe
points and, similarly, at grid points at the outer-boundary points of
the wing grids. In the present study, the background grid does not
move, and the two wing grids move in the background grid. The
wing grids are generated using a Poisson solver that is based on the
work of Hilgenstock.22 They are O–H-type grids. The background
Cartesian grid is generated algebraically. For computations in the
present study, the artificial compressibility constant is set to 200.
(It has been shown that when the artificial compressibility constant
varied between 50 and 500, the number of subiteration changes a
little, but the final result does not change.)

For far-field boundary conditions, at the inflow boundary, the
velocity components are specified as freestream conditions, whereas
pressure is extrapolated from the interior. At the outflow boundary,
pressure is set equal to the freestream static pressure, and the velocity
is extrapolated from the interior. On the wing surfaces, impermeable
wall and no-slip boundary conditions are applied, and the pressure
on the boundary is obtained through the normal component of the
momentum equation written in the moving coordinate system.

Once the Navier–Stokes equations are numerically solved, the
fluid velocity components and pressure at discretized grid points
for each time step are available. The aerodynamic force acting on
the wing is contributed by the pressure and the viscous stress on the
wing surface. Integrating the pressure and the viscous stress over
the wing surface at a time step gives the total aerodynamic force
acting on the wing at the corresponding time instant. The lift of
the wing L is the z component of the total aerodynamic force, and
the drag of the wing D is the component of the total aerodynamic
force parallel to the translational velocity of the wing. The force
coefficients, denoted by CL and CD , respectively, are defined as
follows: CL = L/0.5ρU 2 S and CD = D/0.5ρU 2 S, where ρ is the
fluid density and S is the wing area.

C. Data of Hovering Flight in Encarsia formosa
The only nondimensional parameter in the Navier–Stokes equa-

tions that needs to be specified is Re Reynolds number. For the
flapping motion described by Eqs. (1–6), as already mentioned,
nondimensional parameters τc, �τ f , �τr , �τcl, �τs , �τup, and αm

need to be specified. They are computed based on the data of a hov-
ering Encarsia formosa.4,15 The data are as follows: Insect weight is
2.45 × 10−2 dyne, stroke amplitude � is approximately 135 deg, and
stroke frequency n is 400 Hz. Wing length R is 0.65 mm, wing area
(two wings) is 0.34 mm2, and the mean chord length c is 0.26 mm.

The reference velocity is defined as U = 2�nr2, where r2 is the
radius of the second moment of wing area, r2 = 0.69 R, and is
computed as 84.8 cm · s−1. The Reynolds number and nondimen-
sional period are computed as follows: Re = cU/ν = 15.3, where
ν = 0.144 cm2 · s−1, and τc = (1/n)/(c/U ) = 8.15. From his study,
Weis-Fogh4 obtained the approximate time durations of the fling,
flip, clap, etc. On the basis of these data (Fig. 6 of Ref. 4), we
set �τ f = 0.11τc, �τr = 0.17τc, �τcl = 0.11τc, �τup = 0.06τc, and
�τs = 0.47τc.

III. Results and Discussion
A. Test of Flow Solver

A single-grid solver based on the computational method17,18 de-
scribed earlier was developed by Lan and Sun.23 It was tested by
the measured unsteady forces on a flapping model fruit fly wing24

Fig. 4 Calculated and measured26 lift and drag of revolving model
wing including single-grid code24 results.

and on a revolving model bumblebee wing.25 A moving overset-
grid solver was developed by the same authors, and it was tested by
comparison with the analytical solution of the starting flow around
a sphere and with the measured forces on a flapping model fruit fly
wing.26 The three-dimensional moving overset-grid solver is further
tested here in two ways.

First the code is tested using the recent experimental data of
Usherwood and Ellington27 of a revolving model bumblebee wing.
In the computation, the wing rotated 120 deg after the initial start,
and Re was set as 1800. (This Reynolds number Re value was sim-
ilar to that of the bumblebee wing.) To make comparisons with the
experimental data, lift and drag coefficients were averaged between
60 and 120 deg from the end of the initial start of rotation. (The
averaged lift and drag coefficients are denoted by C̄L and C̄D , re-
spectively.) The computed and measured C̄L and C̄D are shown in
Fig. 4. Results computed by the single-grid code25 are included for
comparison. In the computation, the wing grid has the dimensions
109 × 50 × 52 around the wing section, in the normal direction and
in the spanwise direction, respectively; the outer boundary of the
wing grid is approximately 2.0c from the wing. The background
Cartesian grid has dimensions 90 × 85 × 80, and the outer bound-
ary is 20c from the wing. The nondimensional time step is 0.02. In
the entire α range (from −20 to 100 deg), the computed C̄L agrees
well with the measured values; both have approximately sinusoidal
dependence on α. The computed C̄D also agrees well with the mea-
sured values except when α is larger than ∼60 deg. The results
computed by the overset grids are almost identical to those by the
single-grid code.

Next, the code is tested by comparing with the force
measurements11 of an airfoil pair in fling motion. The angular veloc-
ity of the airfoils and the Reynolds number were taken as the same as
that given in the experiment. At the beginning of the simulation, two
wings were held parallel to each other at angle of attack α = 90 deg,
and the distance between the wings was set to 0.06c. The wings
were then rotated apart along their trailing edge. The exact wing
motions used in their simulation and the experiment of Spedding
and Maxworthy11 are shown in Fig. 5a. The lift forces as functions
of time for the calculation and the experiment are shown in Fig. 5b.
In the computation, the wing grid has dimensions 153 × 55 around
the wing section and in the normal direction respectively; the outer
boundary of the wing grid is 2.5c from the wing. The background
grid has dimensions 119 × 199 in the x and z directions, respectively.
There is reasonably good agreement between the computation and
the experiment.

B. Time Courses of Forces and Flows
As seen in Fig. 2, d is the distance between the two wings at the

start of a stroke cycle. When d is very small, the motion between
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a)

b)

Fig. 5 Comparison between experimentally measured9 and computed
lift L during fling, where θ is opening angle.

Fig. 6 Lift and drag coefficients vs nondimensional time in one cycle
(d = 0.1c).

τ = τ0 and τ = τ0 + �τ f is a close approximation to the fling motion
of the Encarsia formosa. Here, we specify d = 0.1c. (The effects
of varying d will be investigated later.) Figure 6 shows the time
courses of the motion and the aerodynamic force coefficients of the
right wing in one cycle. Figure 7 shows the contours of the nondi-
mensional spanwise component of vorticity at midspan location at
the end of the fling. In Fig. 7, the magnitude of the nondimensional
vorticity at the outer contour is 1 and the contour interval is 1.
To correlate force and flow information, we express time during a

Fig. 7 Contours of nondimensional spanwise component of vorticity
at midspan location at end of fling: ——, positive vorticity and - - - -,
negative vorticity.

stroke cycle as a nondimensional parameter τ̂ , such that τ̂ = 0 at
the start of the downstroke and τ̂ = 1 at the end of the subsequent
upstroke. Results calculated with three grid systems are plotted. In
all of the grid systems, the outer boundary of the wing grid is set
at about 2.5c from the wing surface and that of the background
grid at 25c from the wings. For grid-system 1, the wing grid has
dimensions 23 × 49 × 36 in the normal direction, around the wing,
and in the spanwise direction, respectively, and the background grid
has dimensions 63 × 53 × 63 in the x , y, and z directions, respec-
tively. For grid-system 2, the corresponding grid dimensions are
32 × 77 × 50 and 83 × 63 × 83. For grid-system 3, the correspond-
ing grid dimensions are 55 × 105 × 73 and 113 × 83 × 113. For all
three grid systems, grid points of the background grid concentrate
in the near field of the wings where its grid density is approximately
the same as that of the outer part of the wing grid. It is observed
that the first grid refinement produces some change in the vorticity
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a) τ̂ = 0.10

b) τ̂ = 0.23

c) τ̂ = 0.37

d) τ̂ = 0.46

e) τ̂ = 0.55

f) τ̂ = 0.71

g) τ̂ = 0.80

h) τ̂ = 0.92

Fig. 8 Isovorticity surface plots (left) and sectional vorticity contour plots (right) at various nondimensional times (d = 0.1c): ——-, positive vorticity
and - - - -, negative vorticity.

plot (Fig. 7); however, after the second grid refinement, the dis-
crepancies are considerably reduced. There is almost no difference
between the force coefficients calculated by the three grid systems
(Fig. 6). Calculations were also conducted using a larger computa-
tional domain. The domain was enlarged by adding more grid points
to the outside of the background grid of grid-system 2. The calcu-
lated results showed that there was no need to put the outer boundary
farther than that of grid-system 2. From the preceding discussion,
it is concluded that grid-system 2 is proper for the present study.
(The effect of time step value was considered, and it was found that
a numerical solution effectively independent of the time step was
achieved if �τ ≤ 0.02; therefore, �τ = 0.02 is used in the present
study.)

Now, we proceed to analyze the time course of the force coef-
ficients shown in Fig. 6 using the flowfield information. Figure 8
shows the isovorticity-surface plot (top view) and the contour plot
of the spanwise component of vorticity at the midspan location at
various times of the cycle. For the isosurface plot, the magnitude of
the nondimensional vorticity is 1. For the sectional vorticity plot,
the magnitude of the nondimensional vorticity at the outer contour
is 1 and the contour interval is 1. Because the forces and flows of the
left and right wings are similar, we only discuss those of the right
wing. First, we examine the fling phase (Fig. 6; τ̂ = 0 − 0.11): CL

increases to a peak value of approximately 10 at the middle of the
fling phase and drops to negative value near the end of this phase,
and CD behaves similarly. A positive strong LEV is produced near
the right wing, and a negative LEV of the same strength is produced
near the left wing (Fig. 8a). That is, a strong LEV pair or vortex
ring (when the two LEVs connect by the tip vortices form a vortex
ring) is produced in a short period, and the time rate of change of
the fluid impulse must be large. This explains the large peaks in CL

and CD in this phase. The dip in CL and CD near the end of this
phase is caused by the angular deceleration of the wing. When the

angular velocity of the fling is decreasing, the wings are pushed by
the flow on its upper surface, resulting in the decrease in the force
coefficients.

Next, we examine the clap phase (Fig. 6; τ̂ = 0.83 − 0.94). Near
the end of the upstroke, the wing pair claps. Peaks in CL and CD

as large as those during the fling are produced. Again, the large
force peaks can be explained by the generation of a strong vortex
pair or vortex ring in a short period (Fig. 8h). At the end of the
cycle (τ̂ ≈ 0.9 − 1.0), there is a negative peak in CL . This is caused
partially by the angular deceleration of the wing in the later part of
the clap and partially by the upward motion of the wing pair. The
wing pair moves upward by a distance of 0.36c between τ̂ = 0.9
and 1.0.

Figure 9 shows the velocity vectors in a vertical plane at the
middle of the wing length. This can provide a physical explanation
to the large lift during the fling or the clap: The fling (Figs. 9a and
9b) or the clap (Figs. 9c and 9d) produces a jet containing downward
momentum, resulting in the large lift.

Finally, we consider the forces and flows between τ̂ = 0.11 and
0.83, when the wing performs the translation of the downstroke
(τ̂ ≈ 0.11 − 0.38), the flip (τ̂ = 0.38 − 0.55), and the translation of
the upstroke (τ̂ ≈ 0.55 − 0.83). Wing motion in this period is the
same as that in normal flapping motion. (When the clap and fling
is replaced by a flip similar to that at the end of the downstroke,
the flapping motion is called normal flapping motion.) The flow of
the wing pair performing normal flapping motion has been com-
puted and the results will be presented here subsequently. It can
be shown that CL and CD in this period are almost the same for
the two types of flapping. That is, the clap and fling has little
influence on the flows in the rest part of the stroke cycle. This
might be because the LEV generated during the clap and fling is
diffused rapidly and could not affect the flow in the subsequent
phases. The rapid diffusion of the LEV generated during the clap
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a) τ = 0.05

b) τ̂ = 0.11

c) τ̂ = 0.83

d) τ̂ = 0.93

Fig. 9 Velocity vectors in vertical plane at middle of wing length: horizontal arrow indicates reference velocity.

and fling can be seen clearly in Fig. 10, which shows the evolution
of the LEV from the end of the clap and fling to a short time af-
terward. It is seen that at τ̂ = 0.105 (the end of the clap and fling),
the maximum nondimensional vorticity in the LEV is 12 (Fig. 10a),
whereas at τ̂ = 0.193 (9% of the flapping period afterward), this
value becomes 3. This shows that the vorticity diffusion time scale
is smaller than the time scale of flapping by about one order of
magnitude.

In the downstroke translation (τ̂ = 0.23 − 0.46) and the upstroke
translation (τ̂ = 0.55 − 0.80), a LEV (or thick vorticity layer) exists
over the wing. It is of interest to examine, in the present case of
very low Reynolds number Re (Re = 15.3), whether or not there
is spanwise flow that could remove excess vorticity generated by
separation at the leading edge. Figure 11 shows the velocity vectors
in three planes normal to the upper surface of the wing at two time
instants of the downstroke translation. Similar results exist for the
upstroke translation. It is seen that spanwise flow directed from
wing root to wing tip exists and the velocity of the spanwise flow
is 10–50% of the reference velocity (the mean flapping velocity of
the wing).

C. Mean Lift and Comparison with Insect Weight
Averaging CL over one cycle gives the mean lift coefficient C̄L .

The value of C̄L for the described flapping motion with clap and
fling is 1.78. The insect weight G, area of wing pair 2S, and ref-
erence velocity U have already been given: G = 2.45 × 10−2 dyne,
2S = 3.35 × 10−3 cm2, and U = 84.8 cm · s−1. Multiplying the mean

Table 1 Effects of d on mean force coefficients

d/c 0.1 0.2 0.4 0.8 1.6 Single wing

C̄L 1.79 1.66 1.55 1.49 1.49 1.49

C̄D 6.29 4.92 4.49 4.26 4.17 4.14

lift coefficient, C̄L = 1.79, by 0.5ρU 22S (ρ = 1.23 × 10−3 g · cm−3)
gives the mean lift as 2.64 × 10−2 dyne, which is approximately
equal to the insect weight. As will be seen, using flapping without
clap and fling, C̄L is only 1.33, which is not sufficient for weight
support.

D. Effect of d
Earlier the distance between the two wings at the start of a flap-

ping cycle, d, was specified as 0.1c. Here we investigate the effects
of d. Figure 12 gives the time course of CL and CD in one cycle
for various d. The results for a single wing performing identical
motion as that of a wing of the wing pair are included for com-
parison. The corresponding mean force coefficients are shown in
Table 1. When d is increased, the interference effect between the
two wings decreases. When d is larger than 0.8c, the force coef-
ficients vary only slightly and are not very different from those
of the single wing, indicating that when d is larger than approxi-
mately 0.8c the interference effects between the two wings become
negligible.
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a) τ̂ = 0.105

b) τ̂ = 0.123

c) τ̂ = 0.141

d) τ̂ = 0.158

e) τ̂ = 0.175

f) τ̂ = 0.193

Fig. 10 Contours of nondimensional spanwise component of vorticity
at midspan location, with rapid diffusion of LEV produced during clap
and fling.

Comparing the results of the single wing with those of the case
of d = 0.1c shows that the peak in CL during the fling (Fig. 12)
is increased by 38% and C̄L (Table 1) is increased by 20% by the
interaction. Note (Fig. 12) that large interaction effects only occurs
at the beginning of the fling phase (τ̂ ≈ 0 − 0.05) and at the end
of the clap (τ̂ ≈ 0.87 − 0.92). In these periods, a large part of area
of one wing is in close proximity to that of the other wing. This
suggests that only when a large part of area of one wing is in close
proximately to that of the other wing, the interaction effects could
be large. Also note that when d increases from 0.1c to 0.2c the peak
in CL during the fling changes little, whereas the peak in CD de-
creases by approximately 50%. This suggests that to have effective
aerodynamic interaction, the wings should not be too close to each
other.

E. Comparison with Normal Flapping Case
As already mentioned, when the clap and fling is replaced by

a flip similar to that at the end of the downstroke, the flapping
becomes normal flapping. CL and CD for normal flapping are
shown in Fig. 13. Results for flapping with clap and fling are in-
cluded for comparison. Between τ̂ = 0.11 and 0.83 (the period af-
ter the clap and fling), CL and CD for the two types of flapping
are almost identical. C̄L and C̄D for the case of normal flapping
are 1.33 and 2.83, respectively, which are considerably smaller
than those of the case of flapping with clap and fling (C̄L = 1.79
and C̄D = 6.29). Thus, we see that the fling produces a large lift
peak at the beginning of a downstroke and the clap produces an-
other one near the end of the subsequent upstroke, resulting in
a value of C̄L 34% larger than that of the corresponding normal
flapping.

a) Locations of planes

b) τ̂ = 0.23

c) τ̂ = 0.37

Fig. 11 Velocity vectors in planes normal to upper surface of wing.

Fig. 12 Lift and drag coefficients vs nondimensional time in one cycle
for various d.
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Fig. 13 Lift and drag coefficients vs nondimensional time in one cycle
for flapping without and with clap and fling.

IV. Conclusions
The fling produces a large lift peak at the beginning of the down-

stroke, the mechanism of which is the generation of a vortex ring
containing a downward jet in a short period; the clap produces a
large lift peak near the end of the subsequent upstroke by a simi-
lar mechanism. Because the vorticity generated during the clap and
fling diffuses rapidly, the clap and fling has little influence on the
flows in the rest of the stroke cycle. The mean lift is sufficient to
support the weight of the insect. The lift peaks due to the clap and
fling result in more than a 30% increase in mean lift coefficient
compared to the case of flapping without clap and fling.
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