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Abstract: This paper numerically investigates the aerodynamic performance of
dragonfly-inspired wings for gliding flight. Dragonfly hind wing morphology (planform and
thickness) is considered to create a three-dimensional model. The morphology was obtained from
the Aethriamanta brevipennis (Scarlet Marsh Hawk) species of Odonata using a digital
micrometer instrument and scanning electron microscope. Gliding flight is known for
energy-saving applications. The present study was conducted to assess the effects of the angle of
attack (@) (0° to 40°) on the glide performance. The Reynolds numbers of 550, 1,400, and 10,000
were used. The flow separation was witnessed beyond 10° of the angle of attack, and the peak
value of glide ratio was near 10° angle of attack. This study shows that dragonfly will sustain
flight at Reynolds number of 550 and 1,400 by orienting its wing for an angle of attack of 10°.
This study has potential to aid in developing an appropriate wing orientation for insect-scale
aerial vehicle applications.
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1 Introduction

Early success in achieving heavier-than-air flight started
with non-powered gliding (Gibbs-Smith, 1974; Jakab,
2012). It is commonly seen in biologica flappers and
unmanned aeria vehicle flights as it is energy efficient
(Sachs, 2017, 2022; Mizrahy-Rewald et al., 2022). Birds are
remarkable gliders, and they have the ability to use the air
currents for sustained flight (Sachs, 2022). Gliding involves
reducing the active flapping of wings and using air currents
to achieve forward motion with minima energy
expenditure. Gliding flight is characterised by lift to drag
ratio, the flow over the airfoil, and flow separation at a high
angle of attack (). Flow separation at a higher angle of
attack leads to stall. There are various studies (Livya et al.,
2015; Sett et al., 2023; Singh et a., 20233) to delay stall.
Bioinspired wings are known for high lift and low Reynolds
number flight (Boughou et al., 2023). Though insect gliding
is not very common, dragonflies are known to be good
gliders.

Dragonflies survive by hunting during flight, for which
they have devel oped complex aerodynamic mechanisms and
biological morphology. The wings of dragonflies can be
individually controlled, which is possible due to the direct
muscles attached to the wing joints (Simmons, 1977). The
control of individual wings alows manoeuvring in all
directions, inspiring researchers to mimic its flight (Gaissert
et a., 2013; Bin Abas et a., 2016; Singh et a., 2022,
2023b). Individual control also enables them to twist their
wings and maintain different orientations for gliding.
Gliding flight is commonly seen in birds, then in insects. In
dragonflies, gliding is used for thermoregulation, that is,
convective cooling, by moving quickly through the air
(May, 1978, 1991; Heinrich, 1993). The flow is considered
steady for gliding, and steady-state aerodynamic forces are
easy to predict and measure (Wakeling and Ellington,
1997).

Computational fluid dynamics is a tool used to provide
aerodynamic information around the complex flow involved
in different everyday activitiess CFD is an effective
aternative to physical testing in terms of time and monetary
aspects of a study. Applications include the design of
spoilers, wings, and lift enhancement surface modifications.
CFD is aso used to understand complex human fluid flows,
the blood flow through arteries (Peskin, 1977; Khader et a.,
2018; He et a., 2023), and nasal airflow (Vaerian Corda
et a., 2023a, 2023b), for example.

Kesel (2000) carried out experiments on dragonfly
wings to investigate variations in morphology patterns along
the spanwise direction of the wing at three sections. These
three sections were separately studied, hence, not capturing
the 3D effects of wing morphology variations seen in actua
dragonfly wings. In this study, the aerodynamic
performance for gliding flight for the dragonfly-inspired
wing is numerically investigated for different angles of
attack and Reynolds number. The gliding performance is
characterised by glide ratio and flow visuaisation. For this
study, the hind wing of the dragonfly is considered due to
its larger posterior area (Wakeling and Ellington, 1997,
Rival et a., 2011; Chen and Skote, 2016). According to
Chen and Skote (2016), the difference between the
corrugated and non-corrugated wings for the low Reynolds
number flow was minimal. Hence, the present study has not
considered the corrugation. The dragonfly glides under a
Reynolds number of 2,400 (Wakeling and Ellington, 1997),
thus this study considers 1,400 and 550. Reynolds number
of 10,000 is considered for comparison with experimental
literature (Kesel, 2000) and computational studies (Chen
and Skote, 2016). The paper is structured to address the
species-specific model and the methodology to capture the
dragonfly wing morphology in Section 2. The numerical
methodol ogy adopted in Section 3.
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2 Wing morphology

Dragonflies have fascinating wing morphology; in this
study, only the planform and thickness variations in the
different directions are considered.

Figurel SEM image showing the section of the wing,
(a) section of dragonfly wing (b) zoomed image
showing thickness of the veins (see online version
for colours)

(b)

Different methods are followed in literature (Okamoto
et al., 1996; Kesdl, 2000; Jongerius and Lentink, 2010) to
obtain wing morphology using micro-CT, SEM, and more.
This study uses a digital micrometre, a digital camera, and
scanning electron microscope (SEM) imaging to capture the
wing morphology. This dragonfly specimen [Aethriamanta
brevipennis (Scarlet Marsh Hawk)] is collected from the
garden. The large container is used to collect the insect
cadaver, and the smaller containers preserve individual
wing samples. The jars are cleaned with an alcohol solution
before use to avoid any contamination. Different
preservation methods (4 Ways to Preserve Insects —
wikiHow, n.d.) include preserving insects in rubbing
alcohol, hand sanitizer and pinning insects. The method
followed in this study for preservation is a 1:1 solution of
water and alcohoal.

The wings are photographed using a Canon DSLR on
plain white paper and graph paper to capture the wing
length and planform. The wing was divided aong the
spanwise and longitudinal axis to obtain the wing geometry.
The wing thickness is measured using a digital micrometer.
It is noted that the thickness reduces from the wing root to
the wing tip and from the leading edge to the trailing edge,
as seen in aircraft wings. This thickness data is further
studied using a SEM. The preserved specimen is “then
air-dried at room temperature for 24 hours to avoid any
distortion of SEM images (Jongerius and Lentink, 2010).
The wing sample is cut at a certain wing length using a
scalpel blade. Once the wing is cut into sections, these
sections are studied under the SEM. The thickness near the
leading edge is higher than that near the trailing edge, as
seen in Figure 1(a). The thickness of the vein can be seen
reducing from 91.01 microns to 73 microns as we move
from leading towards the trailing edge in Figure 1(b).

3 Computational methodology

In this section, the domain mesh and simulation setup is
explained.

3.1 Geometry and computational domain

Based on the SEM and micrometer data, the
three-dimensional model is prepared using Dassault
Systemes 3DExperience 2019. The model is a plain profiled
hind wing model considering the species characteristic
morphology, the planform, and thickness variation along the
chord and span of the wing. The model (model 1: profiled
HW model) used for this study is shown in Figure 2. Also, it
is important to note that the mean chord length (cm) of the
wing is 10 mm.

Figure2 Three-dimensional model

The computational domain consists of two parts. the
fine-discretised inner domain and the coarse-discretised
outer domain. The outer domain is a cuboid with the
upstream dimension at five times the mean chord length and
the downstream at 15 times the mean chord length. In the
vertical direction, the domain extends to five times the mean
chord length in both (positive and negative) directions. The
extension in the third direction is eight times the mean
chord length from the middle of the wingspan in both
directions.

Figure 3 shows the computational domain used. The fine
inner domain has a semi-circular region upstream and
downstream (at the end). The radius of the semi-circular
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region is three times the mean chord length. The upstream
consists of only the semi-circular region. Whereas, to
capture the wake, the downstream dimension is eight times
the mean chord length and ends with a semi-circular region.
The extension in the third direction is six times the mean
chord length from the middle of the wingspan in both
directions.

Figure3 Computational domain (see online version for colours)
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3.2 Mesh

For the meshing, commercial software ANSYS 2022 R1,
Fluent with fluent mesh, is used. Polyhedral elements are
used. The fine inner domain is meshed using a body of
influence with an element size of 2 mm, and the size is
chosen based on the mesh convergence study (listed in
Table 1). The domain computational grid is shown in
Figure 4. Inflation layers were added to capture the
boundary layer effects, with the first layer thickness of 0.01
mm considered to have the y plus value of less than 1.
Figures 5(a) and 5(b) shows the zoomed mesh near the
wing. The maximum aspect ratio is maintained at less than
100. Also, it is important to note that the mean chord length
of thewing is 10 mm.

Figure4 Computational grid

Tablel Mesh convergence study
Grid Volumes CL Co Cu/Co
3mm BOI 675,668 0.3072 0.1031 2.9796
2mm BOI 821,346 0.3069 0.1029 2.9825
1.5 mm BOI 1,077,444 0.3067 0.1026 2.9876
1 mm BOI 2,091,527 0.3057 0.1024 2.9861

Figure5 Computational grid near wing, (8) computational grid
near wing (b) zoomed image showing grid refinement
near wing (see online version for colours)

S I O AT R P ALY
@
(b)
3.3 Computational setup
For the simulation, second-order discretisation is used. The
k-omega SST turbulence model is used for capabilities for
low Reynolds number and flow separation applications. The

flow conditions and boundary conditions are listed in
Table 2.

Table2 Simulation setting
Secifications Parameters used
Solver used Pressure based
Model used Viscous model — K-Omega (SST)

Boundary conditions Velocity inlet, pressure outlet, no slip
for wing wall, and free dlip for

enclosure domain.

Method used

Residual monitors
(convergence criteria)

SIMPLE
Upto 10

Initialisation type Hybrid initialisation
Density 1.225 kg/m?®
Viscosity 1.789*10°° kg/ms
Operating pressure 101,325 Pa
Gauge pressure 0Pa

Spatial discretisation Second order upwind

4 Resultsand discussion

In this study, the gliding performance of the hind wing of
the dragonfly was numerically analysed for three Reynolds
numbers (550, 1,400, and 10,000), and corresponding
gliding speeds are mentioned in Table 3.

We have demonstrated the Wall Yplus values for
Reynolds number of 1,400, as seen in Figure 6, which is
sufficiently less than 1.
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Table3 Reynolds number with corresponding gliding speed

Reynolds number Gliding speed (nVs)

550 0.8
1,400 2
10,000 15

Figure6 Wall Yplusfor Reynolds number of 1,400 (see online
version for colours)

Figure7 Glideratio for Reynolds number of 1,400 (see online
version for colours)

Figure8 Glideratio for Reynolds number of 10,000 (see online
version for colours)

Figure 7 showcases the comparison of the present study
with that of Chen and Skote (2016) (model B) for the
Reynolds number of 1,400. It can be seen that the finding of
the simulation study closely matches with the literature. The
minor differences can be attributed to the species
differences. In the present study, we introduced

‘ Aethriamanta brevipennis whereas the study by Chen and
Skote (2016) used ‘ Anax Parthenope Julius'.

Figure9 Glide ratio for Reynolds numbers 550, 1,400 and
10,000 (see online version for colours)

Figure10 Pressure distribution over the wing for Re 1,400
(see online version for colours)

Figure1l Reference planes (see online version for colours)

@ (b)

Additional studies were carried out for Reynolds number
10,000 to compare the experimental findings of Kesdl
(2000). Figure 8 shows the comparison of previous studies
by Chen and Skote (2016), model A (corrugated hind wing)
and model B (profiled hind wing), and experimental studies
by Kesel (2000) for flat plate and profiled wing with our
wing model (model 1) for comparison with experimental
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results for the profiled wing and flat plate. These results are
relevant to insect wings, whose profiles are more similar to
flat plates than airfoils. The present study considers a
profiled hind wing of a dragonfly, as discussed in Section 2,
and is similar to model B (Chen and Skote, 2016).

Figure12 Streamlinesfor different values of « at Re 1,400
(see online version for colours)

"
iy

Figure 9 compares Reynolds numbers 550, 1,400, and
10,000 for our wing model. The flow separation or stall
occurs beyond o = 10° for Reynolds numbers 550 and
1,400. Meanwhile, for Reynolds, the number of 10,000
stalls takes place at & = 5°. Hence, the insects fly at alower
Reynolds number for a broader range of . From Figure 9,
it is seen that there is an improvement in the glide ratio by
nearly 30% as the Reynolds number is increased from 550
to 1,400. By setting the wings at a 10° angle of attack, the
dragonfly can maximise its glide efficiency and maintain
stable flight during wind gusts. Since the Reynolds numbers
(1,400 and 550) lie in the same flow regime and have
similar characteristics, we consider only 1,400 to present the
following results.

Figure13 Vorticity streamwise component showing thetip
vortex Re 1,400 (see online version for colours)
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Figure 10 shows the pressure distribution along the wing
surfaces, upper and lower. Suction pressure is developed on
the upper surface. For lower values of a (5°, 10°), the
pressure difference aids lift generation.

Figure 11(a) shows the reference planes along the chord
a 025L,05L, and 0.75 L, where L is the wing length
from the wing root, And Figure 11(b) shows the reference
planes along the streamwise direction at 2 cm, 4 cm, and
6 cm. From the streamlines shown in Figure 12(i) for
different angles of attack at 0.25 L, it can be seen that the
laminar flow separates as the angle of attack is increased
from 5° to 40° degrees. This separation is also seen in
Figure 12(ii) (0.5 L) and 12(iii) (0.75 L) as we move
towards the tip. The vortices formed in the wake region of
the separated flow are visible at a 40° angle of attack.

Asthe angle of attack () increases, tip vortices begin to
form at the wingtips due to differences in pressure between
the upper and lower surfaces. These tip vortices are
visualised by the vorticity streamwise component
(Velocity.Curl X), as shown in Figure 13. The vorticity is
captured along the wake at reference planes discussed in
Figure 11(b). As the vortices grow in strength with higher
angles of attack, airflow patterns around the wing are
altered. The intensified tip vortices induce a higher level of
circulation around the wing, increasing induced drag. This
induced drag, which is a significant component of total
drag, adversely affects the glide performance.

This study suggests that during wind gusts, the
dragonfly can maintain its flight by utilising a gliding
strategy. This is an effective way for the dragonfly to
remain airborne and navigate through turbulent air.

The findings of this study have the potential to be
applied to the design and operation of insect-scale aerial
vehicles. These small drones are often inspired by the flight
capabilities of insects. By mimicking the dragonfly’s
gliding and wing orientation strategies, these aerial vehicles
could conserve energy during wind gusts and maintain
stable flight, even in challenging wesather conditions.

5 Conclusions

The methodology to obtain the wing morphology using a
digital camera, micrometer, and SEM has been explained in
this study. The thickness reduces from the wing root to the
wing tip and from the leading edge to the trailing edge, as
seen in aircraft wings, thus improving aerodynamic
performance. The gliding aerodynamics is studied for
Reynolds numbers 1,400 and 550. The flow separation
affects the angle of attack beyond 10°, and a fully separated
flow is visible for a 40° angle of attack. The Reynolds
numbers 550 and 1,400 showed the maximum glide ratio
near o« = 10°. Hence, considering the Reynolds number for
actual dragonfly flight that is below 2,400, the wing
orientation to sustain flight, the dragonfly, would have to
orient the wing to have an angle of attack of 10°.
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