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Abstract— This paper presents a part of our ongoing development

INTRODUCTION

of a butterfly-like ornithopter (flapping wing) micro-aerial vehicle
(MAV). Two kinds of butterfly were selected for studies: Monarch
butterfly (Danaus plexippus) and Swallowtail butterfly (Papilio
troilus)). The Monarch butterfly is well-known for its ability for long
distance migratory flight. The Monarch butterfly is well-known for its
high agility. It is also selected as baseline for comparison. The
Swallowtail butterfly has unique tails (streamers) at the trailing edge of
its hind wings. For both types of butterfly, the flow physics show that
during free flights, they use a variety of unconventional aerodynamic
mechanisms to generate force: wake capture, two different types of
leading-edge vortex, active and inactive upstrokes. Free-flying
butterflies often used different aerodynamic mechanisms in successive
strokes. For Swallowtail butterflies, the streamer appears to help their
flight more stable, by aligning the wake vortices behind its hind wings.
The subsequent horse-shoes vortices also help create more vortex lift.
For flexible wing, the result from fluid-structure interaction shows that
the swallowtail butterfly deflect more than Monarch butterfly.

Keywords—Flapping Wing, MAV, Monarch butterfly,
Swallowtail butterfly, Streamer, Fluid-Structure Interaction.

Nomenclature

k . reduced frequency

I . body length

A . half wing's surface area
D . drag

L o lift

M : moment

R : wing span

CL . lift coefficient

Co . drag coefficient

Cwm . moment coefficient
U, . forward (translating) velocity
U : reference velocity

Re : Reynolds number

el : air density

v : kinematic viscosity

® . frequency

¢ . stroke angle
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UTTERFLIES are class of day-flying insect of the order

Lepidoptera. Similar to other insects, they are known to be
agile flyers. Hence, many Micro-air-vehicles (MAVs) and
mircro-flight robots have been developed based on the flight
mechanism of butterflies. Among them, some of which have
been attracting considerable attention. Tanaka et al. developed
a very small and lightweight butterfly-type ornithopter (BTO)
to investigate butterfly flight [4]. Their BTO has a mass of 0.4
grams, a wingspan of 140mm and a flapping frequency of 10
Hz. However, these robots require a tail wing to achieve stable
flight.

Several studies have examined the flow field around an
insect wing. Michael et al. used flow visualization and
instantaneous force measurements of tethered fruit flies,
Drosophilia melangogaster, to study the dynamics of force
generation during flight. They presented a reconstruction of a
vortex loop during the downstroke and ventral flip. Richard et
al used first digital partical image celocimetry (DPIV) to
investigate flow around the wings of an insect. They investigate
the moth Manducasexta and reported the relationship between
the structures of the leading edge vortex (LEV). They
employed smoke visualization techniques to analyse the
aerodynamic mechanisms of free-flying bumblebees and
reported the independent LEVs on both wings. However, the
dynamic behavior of the vortex that forms on the insect wing
and its growth process has not been clarified.

This project is part of an ongoing development of a
butterfly-like ornithopter (flapping wing) micro-aerial vehicle
(MAV). Two kinds of butterfly were selected for studies:
Monarch butterfly (Danaus plexippus) (Figure 1) and
Swallowtail butterfly (Papilio troilus) (Figure 2).

Figure 1 Monarch butterfly (Danaus plexippus)



Figure 2 Swallowtail butterfly (Papilio troilus)

The Monarch butterfly is well known for its high agility. It
is also selected as baseline for comparison. The Swallowtail
butterfly has unique tails (streamers) at the trailing edge of its
hind wings. For all or most butterflies, lift is generated by a
high frequency flapping motion of its wings. This lift generated
is more than what can be accounted for by steady-state,
non-transitory aerodynamics. Thus, the unsteady flow and
flight characteristics of these butterfly-like flapping wings were
numerically investigated in both hovering and translating
motions. These butterfly models are considered as semi rigid
multi-body system, with limited flexibility on their front and
hind wings. The flapping motions are taken from observations
of their real natural flights and from available literatures. The
average Reynolds number range of these butterflies based on
their body (head and thorax) lengths, their maximum wingtip
speeds (for hovering), or their free-stream velocity (for
translating) are Re ~ 500-1000 in nature.

The characteristics that enable a butterfly to execute such a
vast array of flight modes give engineers a strong inspiration
for designing an aircraft capable of such flight. Such an aircraft
would not only be exceptional in performance, it would also be
an eye marvel. To achieve efficiency in flying, the butterfly
relies on a characteristic known as phase difference. Phase
difference is the delay of motion of the rear wing pair with
respect to the front pair. Different phase difference is employed
by a Butterfly to create unique movements for its many
different flight patterns.

Il. FINITE ELEMENT ANALYSIS SOFTWARE

The ANSYS® Multiphysics fluid-structure interaction (FSI)
models are used. For fluid part (air flow), the fully 3D unsteady
Navier-Stokes equations with Direct Numerical Simulations
(DNS) is used. For solid part (flexible wing), the linear
deformation modeling is used. The wings are assumed to be
moderately stiff. The FSI couplings appear on the boundaries
between the fluid and the solid. The Fluid-Structure Interaction
interface uses an arbitrary Lagrangian-Eulerian (ALE) method
to combine the fluid flow formulated using an Eulerian
description and a spatial frame with solid mechanics
formulated using a Lagrangian description and a material
(reference) frame.

In this paper, we used ANSYS Fluent® v.13. This software
has been existed for extended period of time, and many
universities and research institutes around the world are using it
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(Fluent, 2001). Our ANSYS Fluent® v.13 is under a research
license. The machine that ran these problems was a 64 bit
computer, Intel® Core i7-2600 CPU at 3.4 GHz, 8 processors,
with 16 GByte RAM.

The butterfly geometries are prepared in SolidWorks® 2011,
by following the external contour of their respective models
[5]. By symmetry, we use only half model, and include only
their heads, their thoraxes (bodies) and their wings.

The fluid domain around the wing extends about 20-40
times of the body length in all directions, as shown in Figure 3.
The meshes used are unstructured, and there are approximately
10" meshes around the wing as shown in Figure 4.

Figure 3 Fluid domains around the wing. The inflow comes from
-y direction on the top face.
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Figure 4 The sample wing inside the fluid domain.



For flight conditions, we consider two cases:

1. Both butterflies are under hovering motion, during flap down
(power stroke) at the frequency of 1 Hz (i.e. @ =+ rad/s) and
the stroke angle, ¢ of £80°. We consider when the wings of
both butterflies are in planar position, midpoint of either flap
up or flap down, i.e. ¢=0°.

2. Both butterflies are under forward (translating) motion at U,
=10 cm/s, during flap down (power stroke) at the frequency
of 1 Hz (i.e. ® = +x rad/s) and the stroke angle, ¢ of +80°.
Likewise, we consider when their wings are in planar position
(¢=10).

In both cases, the reference velocity will be the maximum
wingtip's speed, i.e. U, = @R, where R is wing span, and R =
5cm, hence U, = 0.157 m/s for both butterflies. The reference
length is the body length I, measure from head to thorax, of
which lyonarch = lswatowtail = 29.36 mm. Their corresponding
Reynolds number is Re = U.4l/v, where v is the kinematic
viscosity of air. Therefore, Renonarch = R€swaliowtait = 470. The
corresponding reduced frequency, k = wl/2U,¢ are 0.3, for both
butterflies.

For fluid flow studies, we assume the butterflies' wings are
rigid. There is no deformation of their wings. This is to simplify
the computation process.

I1l. MONARCH BUTTERFLY

The flight behaviour of Monarch butterfly (Danaus
plexippus) serves as the standard for comparison with that of
Swallowtail butterfly (Papilio troilus), especially the effect of
the streamer. Like most other species of the butterflies, the
Monarch butterfly is characterized by a high flight velocity [2].
With each wingbeat the insect covers a relatively long distance
[5], and periodic changes in altitude and direction of flight give
it the appearance of fluttering [1]. Such a mode of flight results
from rare flaps of broad wings through a large amplitude. [4].
For broad-winged butterflies there are also indications the that
wing flaps in just one fixed stroke plane, perpendicular with the
body axis (head to thorax) during both upstroke and
downstroke. This allows us to simulate in just one plane, and
that, we chose the point mid-way of the power stroke
(downstroke) at ¢ = 0° as a reference for comparison. Another
characteristic of butterflies is the frequent use of intermittent
gliding. The monarch butterfly, like members of other families
of diurnal butterflies, is also capable of sharp jerks forward,
performed at high speed with the wings lifted above the body

[3].
A. Hovering motion

Table 1 shows the results of the CFD simulation for
Monarch butterfly, under hovering and forward motions. Due
to symmetry only half of the butterfly is shown. The butterfly's
wing was at midpoint of its power stroke. The results from
hovering motion are shown at the left side of the table. Along
the leading edges of both fore- and hind- wings, a stable
leading-edge vortex motion is formed and intensive. This
vortex rotates anticlockwise towards the inside (the back) of the
wing. There is stopping vortex downstream of the butterfly.
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Both vortices become part of a new vortex ring connected with
the horizontal one by the old stopping vortex (also shown in
Figures 5-13). At the bottom of the hind wing, the leading edge
vortex just attached along the contour of the edge. There is
airflow passes through the gap between the pronating wings
moves along the axis of the vertical vortex ring. As soon as it
appears, the vertical vortex ring begins to moves backwards.
This is similar to wake-capturing mechanism.

B. Forward motion

The results from forward motion are shown at the right side
of the TABLE I. The forward motion follows the same setup and
phase as the hovering flight. The main difference is that the
wings produce a largely tilted leading edge vortex ring. The
subsequent vortex formation pattern is different. For forward
flight, at the beginning of pronation (starting of the power
stroke), the vertical vortex ring moves quickly backwards, by
convection due to freestream. At the bottom of the stroke the
wings shed the horizontal vortex ring downwards and
backwards. Unlike in hovering flight, where the horizontal ring
is coupled with the vertical one and is therefore retained near
the edges of the hindwings, in migration flight, the clap of the
wings at the bottom of the stroke is accompanied by vortex ring
shedding. Leaving the wings the horizontal vortex ring moves
downwards and backwards. The ring would move in the same
direction in hovering flight if it were released at the bottom of
the stroke.

IV. SWALLOWTAIL BUTTERFLY

The Swallowtail butterfly (Papilio troilus) is uniquely
identifiable by its streamer (tail) at the lower and outer corner of
its hindwings (especially Zebra butterfly, Protographium
marcellus). It is believed that the streamers are meant for better
flight control of the butterfly by providing additional vortex-lift
from the horseshoe vortex it induced [5].

TABLE Il shows the results of the CFD simulation for
Monarch butterfly, under hovering and forward motions. The
aerodynamics is mostly similar to that of Monarch butterfly in
both conditions, i.e. there is the dominant leading edge vortices
emanated along the leading edges of the fore- and hind- wings
of the butterfly. There is also the airflow passes through the gap
between the pronating wings moves along the axis of the
vertical vortex ring.

The presence of the streamers at the lower and outer corner
of its hind- wing introduces the additional horseshoe-like
vortices around the edge of the streamer. This is clearly shown
in Figures 5-13. This horseshoe vortex helps aligning the wake
vortices behind its hind wings, and that, makes the Swallowtail
butterfly flight more stable. Overall, the structure of leading
edge vortices for Swallowtail butterfly is bigger, and hence,
larger lift and thrust force produced.

V. COMPARISON OF BOTH BUTTERFLIES

TABLES Il and IV show the force and moment generated
by both butterflies. In these tables, the lift, drag and moment
coefficients are defined as:

CoL = L/(0.5pU%A) (1)



Co= D/(O-SpuzrefA) (2)
Cwm = M/(0.5pU?Al) (3)

where U = R = 0.157 m/s, for both hovering and forward
motions the air density (p) is 1.225 kg/m®, body length (I) is
0.03 m, and half wing's surface area (A), of which Ayonarch IS
21.6 cm? and Aguaiiowtail 1S 35.2 cm?.

From TaBLES Il and 1V, the forces and moments of
Swallowtail butterfly are more than that of Monarch butterfly
by approximately 20%, whereas the area increases roughly 5%
only. Since the platforms of both butterflies are almost similar,
except the existence of streamers in Swallowtail butterfly, it is
clear that the increment in forces and moments come from the
streamers  contribution.  Figures 5-13  below show
schematically how the streamers introduce the horseshoe
vortices, help align the wake vortices behind its hind wings,
provide more vortex lift and eventually increase the forces and
moments.

TABLE |1l FORCE AND MOMENT GENERATED BY BOTH BUTTERFLIES,
DURING HOVERING MOTION (ALL VALUES % 5%0)

Hovering motion, flaps at 1 Hz CL Co Cwm
Monarch butterfly 0.041 0.032 0.040
Swallowtail butterfly 0.074 0.075 0.072

TABLE IV FORCE AND MOMENT GENERATED BY BOTH BUTTERFLIES,
DURING FORWARD MOTION (ALL VALUES £ 5%)
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butterfly are assumed to be equivanent to elastomer, as it is the
only flexible material option inside ANSYS. Figures 14 and 15
show the elastic strain (von-Mises) on both Monarch and
Swallowtail butterflies respectively. Likewise, Figure 16
shows the total deformation on both butterflies respectively. It
appears that Swallowtail deflects more than Monarch (more
elastic strain). Since their aerodynamics is roughly the same, it
is the relatively more spreading wing and the streamer of the
swallowtail that cause more strain and deflection.

VII. CONCLUSIONS

For both types of butterfly, the flow physics show that
during free flights, they use a variety of unconventional
aerodynamic mechanisms to generate force: wake capture, two
different types of leading-edge vortex, active and inactive
upstrokes. For Swallowtail butterflies, the streamer appears to
help their flight to become more stable, by aligning the wake
vortices behind its hind wings. It is the relatively more
spreading wing and the streamer of the swallowtail that causes
that Swallowtail butterfly deflects more than Monarch
butterfly.
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TABLE 1 CFD SIMULATION RESULTS (STREAMLINES) FOR MONARCH BUTTERFLY, UNDER HOVERING AND FORWARD MOTIONS, DIFFERENT
VIEWING POSITIONS

Hovering motion, flaps at 1 Hz Forward motion at 10cm/s, flaps at 1 Hz
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TABLE 2 CFD SIMULATION RESULTS (STREAMLINES) FOR SWALLOWTAIL BUTTERFLY, UNDER HOVERING AND FORWARD MOTIONS, DIFFERENT
POSITIONS

Hovering motion, flaps at 1 Hz Forward motion at 10cm/s, flaps at 1 Hz
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Figure 7 Comparison of streamlines of both butterflies side-by-side: 3D view, front
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Figure 10 Comparison of vortex structures of both butterflies side-by-side: isometric view, behind
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Figure 13 Comparison of vortex structures of both butterflies side-by-side: isometric view, below
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Figure 14 Equivalent elastic strain (von Mises strain) on Monarch butterfly
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Figure 15 Equivalent elastic strain (von Mises strain) on Swallowtail butterfly
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Figure 16 (left) Total deformation on Monarch butterfly; (right) Total deformation on Swallowtail butterfly



