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In this study, a comprehensive dynamic and aerodynamic model of a dragonfly-
inspired flapping-wing system was developed to analyze the mechanisms of unsteady
flight. Using a nonlinear 18-degree-of-freedom formulation based on the Newton—
Euler equations, the coupled motion of the body and four independently actuated
wings was simulated. Key unsteady aerodynamic effects—delayed stall, rotational
lift, and added-mass inertia—were modeled and incorporated into the dynamics,
while wake capture was omitted for simplicity. Simulation results showed strong
agreement with experimental data, reproducing lift and drag characteristics across
diverse flight conditions. The model also demonstrated stable hovering and agile
turning maneuvers, confirming its capability to capture essential flight
characteristics. Overall, the validated framework provides a reliable basis for future
research on stability, control, and performance optimization of bio-inspired flapping-
wing micro aerial vehicles.

flapping wing dynamics,
dragonfly-like insect.

Introduction

Dragonflies have long inspired the design of flapping-wing
micro air vehicles (MAV’s) due to their exceptional flight
capabilities. Unlike early fixed-wing machines and simpler
rotary-wing systems, flapping-wing fliers combine hover and
agile maneuvering with high energy efficiency and
robustness to disturbances. Dragonflies in particular (see
Figure 1) exhibit remarkable omnidirectional flight, sustained
hovering, and rapid, highly agile maneuvers largely enabled
by their four independently actuated wings.

This same morphological complexity that grants dragonflies
superior performance also makes their dynamics
exceptionally challenging to model. Dragonfly flight is
governed by strongly nonlinear, multi-body, and unsteady
aerodynamic phenomena; a faithful representation therefore
requires not only exact equations of motion but also models
of delayed stall, rotational lift, added-mass effects, and wake-

capture interactions. As flapping-wing robotics matures and
finds applications in surveillance, environmental monitoring,
and search-and-rescue, fundamental questions arise about
stability and controllability: can a bio-inspired flapping
vehicle be designed to remain stable across diverse flight
regimes, and can it be guided accurately along desired
trajectories? Answering these questions demands a
comprehensive dynamical model, realistic numerical
simulation, and, ultimately, tailored control strategies. In this
work we present a detailed multi-body dynamic formulation,
coupled with quasi-steady and unsteady aerodynamic
representations, to enable rigorous analysis of dragonfly-like
flapping flight and to provide a foundation for future control
design.

Methodology

In this study, the dynamic behavior of the dragonfly-inspired
flapping-wing system is formulated using Newton—Euler
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equations for both the body and the four wings. Each link in
the multi-body structure is modeled with six degrees of
freedom, leading to a complete set of nonlinear equations of
motion. On the right-hand side of these equations, the
external forces and moments appear, including gravitational
effects, inter-link interaction torques, and aerodynamic forces
and moments generated during flapping. The inter-link
torques, which arise from wing actuation mechanisms, are
treated as control inputs to the system. After simulating the
full nonlinear model, its response was compared with a
simplified model in which wing inertias were neglected,
indicating that wing inertia has negligible influence under the
tested conditions.

Following the dynamic formulation, the aerodynamic
modeling of the flapping motion is developed. The
aerodynamics governing insect and bird flight are inherently
unsteady, and four principal phenomena dominate the lift and
thrust generation mechanisms:

e Delayed stall, representing the transient increase in
lift due to the leading-edge vortex;

e Rotational lift, produced by rapid wing rotation at
stroke reversal;

e Added-mass inertia, accounting for the acceleration
of air particles surrounding the moving wing; and

e  Wake capture, representing the interaction of a wing
with the wake generated in the previous stroke.

Wake capture effect left unmodeled for simplicity. These
aerodynamic contributions are then coupled with the
previously derived Newton—Euler dynamics, and the
resulting model is simulated to evaluate the system’s
performance, stability, and overall flapping behavior of the
dragonfly-inspired design.

Results and Discussion

In this section, the aerodynamic coefficients and forces
obtained from the proposed model are compared with well-
established experimental data to validate the model’s
accuracy. Figure 13 presents the dimensionless lift and drag
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coefficients associated with the delayed-stall phenomenon,
calculated from Equation (47) and compared against
experimental data [32].

As shown in Figure 13, the model closely matches
experimental trends: the lift coefficient rises nearly linearly
with angle of attack, peaks around 45°, then declines as flow
remains attached longer than in steady conditions. The drag
coefficient increases steadily with angle, reflecting greater
resistance from flow separation and vortex formation. This
strong agreement, especially at mid angles, confirms the
model’s ability to capture key unsteady aerodynamic effects.

Figures 14 and 15 further compare modeled lift and drag with
experimental data [30], both showing the characteristic
double-peaked flapping waveform and strong overall
correlation between the dragonfly model and Robofly results.
Although the absolute magnitudes differ, the consistent
waveform patterns demonstrate that the proposed model
accurately captures the key aerodynamic mechanisms of
flapping-wing flight. The results show stable hovering
behavior (Figures 16 and 17) and accurate turning
performance through lift redistribution induced by roll
motion (Figures 18 and 19), confirming the model’s
capability to represent both hovering and maneuvering
dynamics reliably.

Conclusion

This study developed a comprehensive dynamic and
aerodynamic model of a dragonfly-inspired flapping-wing
system to explore the mechanisms of unsteady flight. Using a
nonlinear formulation based on Newton—Euler equations, the
motion of the body and independently actuated wings was
simulated. Key unsteady aerodynamic effects were modeled
and integrated into the dynamics, producing results that
closely matched experimental data for lift and drag across
various conditions. The model effectively reproduced stable
hovering and agile turning, demonstrating its ability to
capture essential flight characteristics. Overall, the validated
model offers a strong foundation for future research on
stability, control, and optimization of bio-inspired flapping-
wing micro aerial vehicles.
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Figure 1. Schematic image of a dragonfly.
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Figure 2. Multi-link model of a dragonfly.
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Angular Response of System
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Figure 6. Dynamic behavior of the body in the presence
of wings with different masses.
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Figure 7. Body dynamic behavior error in the presence
of wings with different masses.
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Figure 4. Mechanical energy error in three directions.
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Table 1. Linear and Angular Momentum Error.

Second initial condition

First initial condition

Error Parameter Error Parameter
5.55x 10713 p 2.78 x 10713 p
X X
—-1.39x 10713 p -1.39x 10713 p
y y
—-2.78 x 10713 P —-2.78 x 10713 p
Z Z
1.72 x 10714 2.92 x 1014
hX hX
—-1.66 x 10713 h —5.50 x 10715 h
y y
—-14 —-14
9.78 X 10 hz 3.03x10 hz
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Table 2. Specifications Used in the UAV Simulation.

Value Parameter Value Parameter
9.81m/s? g 1.225kg/m®  Density
1cm? Wing area 12.71g Link mass
0.25 Rotation 1 cm? Wing chord
axis
40 Hz Flapping 4x1 Link
frequency X1lcm dimension
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Figure 12. Rotational lift force and added-mass drag
force.
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Figure 10: Angle of attack, stroke, and velocity of the
wing’s center of pressure.
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Figure 11. Vertical and tangential forces generated
by delayed stall phenomenon.
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Figure 13. Delayed stall lift and drag coefficients versus
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Figure 14. Lift of delayed stall and rotational lift for
simulated (top) and experimental (bottom)."
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Figure 15. Drag of delayed stall and rotational lift for
simulated (top) and experimental (bottom)."
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Figure 17. Vertical velocity and displacement of the
dragonfly.
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Figure 16. Total vertical force (lift and weight) and
vertical acceleration of the dragonfly.

oy 590 Lid 9 (039 9 10) (9908 (S9 Egorme VT S
g ooliil by (Faildly sonrsy 93 oS5 ol o5 amo oo ol
Slaplog (5350 (59,5 45 358 o0 odaline el odipy (435 35 9 (A5
G 5o ol Catte lade g ojls ol 5 ps JSew Job o (selite
Y g) S950 Sawgm Wy Slo o sl ould Lad> a3 > Sl (slodee
Jb 99 Ll o lie &5, (28 s 4 izmed el (5 gl Lad> (sl
03g: yivo Ll (3 Ly (59,5 sl (Salon &jgots (e g (25l
e 500 VL (59,25 s B0 lS oL (6551 ol o sl oS e

B9 (39

Dy oaalive (loj Gz o (ogee QLD NP USS nl loses )
sl 00,5 x5 1L B g 009 005 Vb (595 (593! lio bty L3,
sl 00l Jool Wb a4y gy Glid o iien gy ol blE jo a5 (5 )sbay
32 Jl st S B ] ot 5 el S s sl
w3 oo ol Jolow ol el (G390 (sl 5o SBlnin (55 > Condy
Sr B sy sl ol il (Seelipags] slasny o5
A5 i G (69508 LD H0 Luguore Ol pesd dbul 4 0l (g gl

22l (Gl gl slon 50 38 Suxdse JFS g @y sl gile 50 Wlsi oo

Obej oz 1) 0dipy (g3g0e Cae s Dt (VL loges AV JSCE o
2 sk 55 esin o8 col Gl Sk C s (gt 58] R0 L2
anl 05,5 4y 25 1) Ce o 2015 5 (605 Ll glite oty 05 b JS
CeslaJl bawgs onladgs Cglie o YL (59505 5 (U St cnl &S
2 0kip 3908 slalug 45 2B ge (LS e s SzgF L (aials
el oaile B sl Lo o IS Candg g 009 Sgaas gl 51y >

Sebes oaalin Gloj can oy $3gee lmla (b loges 5o
> 0) QT S6S Jlews sasls g oyl ool coele 35 ol ol s
O Slps sl Sy Sl )3 0y oS a3 g0 LS (Reg Sue 00 iz
20 Silodend Suon Kilo oo (ol Cunloo,S @25 | (6522 b (3500
Ll 53 593 ol 3 ol oS ol b (5 glss Sl sl

Lol 5L gadl>

'YY



AYO-) 'V.ua..o AAEAS /H.yL &Y o)l.o..i'.\ Ad! (50,98 wiy y Sl LS..;..\A.QA&S@.L: sl

Sl a5 sblen aas o ialed 1) eaipn (Gllgy Olpusd 58 Sl
90 g alily (42,0 Ve 090>) 295 BB jlade (cdé gasoly Ladd (o8, o
oy 45 W3 e i Candg ol laile ;i e Lu,E K08 saugl
oolaiwl ade gaygly s 3l 50,5 oloul gl hadd ¢ Job yue Lrd> o

Sl 08,5

S5 A . O

3 O3l slaonip 034 yaziae Slacull g Llzs bl ol ragh 5o
2 P sbar dslal o il ond () 3lgn slaailele plo b anlis
YL Ul galavlsay a5 slopio sl oad 55105 SBlrin (g0 0o
3 dyzme Jb Sz 95 9929 5 o0z Laulrd o 5k Slgn ws iy gile
dsn wymime 03k slrosiny (b ) 5ol sl STyl (slasS
a2, VAL (as e (o o SBloris (Sslios sla Sy (Boxe 5l o
5 A ottty eS > ol ol aS ! oals ool axwgi (goljl
ol Jae gulis sl yo S gloanas lids 1, SBlriwans slagl
i 5 dugliie gy ond Bi> o Jb gyl J1 T 0 o5 Juo by 555
ot 5 bl sl 5] im0 sl 5zl Lol D] 45w
05 ki e

O Loy Sl po 4 (Gl (Sealinss Sl slaoasay gy sadlsl o
Julos (00933l a5 ot 1y woolidl e Swildly ales 5 w5l
bhars o b 5 (hbsianss bals, dopl 5 o o sl o swboas
Silwad 5l Jolo gl Gupw il Jlosl Joo (g3l 1o 9 2l 5l
iload gl Sl litee Lulph o Lay 5 1 slag pi J18) 5 o 5 (o) 2
b loars Glagzs > (Joe Jlael 5 s pu)n Gl w2l o5 0
oads ool ylis g dwlie 5L lrodiy lon 4 barse (0,0 sbeosls
GRS e )b Cedly b er @l S0 oo a5 cl
T 08,5 055 L aSial ools (Lid s «SBlnias gLt sl (6 jhoienss
0Ol el P canlie QLI g (A3 (6950 o3l 2By (Swilel
5 e Glaplug a5 55 adsil Gl @ ]y 5,5kl cle s o
@by Sl o wiiles (b S5 )l Slodgazs ;5 s350e bl
Siboasd 3 onl pogdle Zawl ol slg p Sislins 385 (pledil yo Je
ade sargly olonl b as canl ouls sdslive 35 Sgaome glads )0 (405,90 5l
s 35 g 3B oy g a8l Gl 1y (69508 61555 e sadlie el
Logis o1 Jsb s el 5 ) 45 Jlo 5o o o (555 las 5o

Sl ol Lads 5 e

Ol B0 olojlsimsly aizmed g (Sealnd ilo e YL cds 4 azg b
woadplml (giluans a5 C8 5 Al g ce (0 sloosls 5k 5l
St () 0398 OIS (g0 @0l B gy e iy ol sl pSome Tl
b s bl gylul Ll @l el Gl plsea wlsioe
Sgute s (| Gaald] 5o 09 solitwl suis] o GBs J S slap,6Xl
S B (ian o g lland T 5 Jb S5 (558,5,055,0 L Jao
Sty B0 Bilg5 oy g po dhex | 0y laisu (Seelioog ST U]
3 e Sope b k;...ol.ue9)ﬂ Joe arwgl (pl pogdle ams ulidl 1)
GULL sloonty 53958l 5 Slabne slals Kol (s5lstnn

Joe Smota Ol Rl 50 ppe (B lis (185 asile ¢ Soaumey

\YY

T
0.04 -

0.03
0.02

0.01 +

Y (m)

-0.01
-0.02

-0.03 +

-0.04 +

L i L L L
-0.02 0 0.02 0.04 0.06 0.08

[T

0.4 0.
Time (s)

L L
-0.08 -0.06 -0.04

Error (m)

Figure 18. Trajectory and tracking error of the desired
path.
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Figure 19. Lift force components, altitude, and
dragonfly angles during turning.
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