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Figure Y: Schematic image of a dragonfly

Jdoas (v ISK8) b SBluw o0y b Ol g Bx,n e o
053 4 1) Glofag axgi 053 (55lsp 04 amie o S
WSS 5le s Ol celed o YL &l b osjol8 Ol i cplasles S
2 oy laysile 5 (bl Slgn) ailes Glee La8 o
ol 9% 1) wsSae Slon 5 Cur SLSU s (ST 252
Joe Jb Sz 052 g 5l cilb oo blE (ol 5l glovas idu .auyled

il sbml ) 6 pdy J S g piie é.z.nL;.psﬁT Loyl
OB % g9 ol il e oauzmn LEle cran Lol 0e25 b
Silon Gpit (b jo lojs o 35Sl 5l S al,
Bl BB 5 6 ke BW 1 oS8l .l 00,5 oS

oS wes s e ol g Slog (cemzain Selus gl

' Hover



baalio s 2,25 yp lr 03l odin o (b Joe
oo plonil Liwly e 40 g [V el ol g o o s
5 o5l Seelinsg pl (Sauzey oo lis wlalllas g5 (5l
Ssla ) 385 il 5 b Sl 00T Sla

Seelizogpl slogys (slwae a8 Glallle LS 5o
GBS 53 sy 4 LR 5l (6,500 (aws wilods 35 el
lallas oyl izl o5l sloodiy Slay 5 e glojl
2l s Joge sladSd (JU (fhw azmen elge wilos ST A
ol Ol slalaly bg 00,8 Ll ) o5l (SSe sla S
3 il L Ul 5y » (Senlindg pl 65105,k g Lo Sy
3 Glase 4 o e A oasl e woas 5w @L., Wi} ol
s o, Ll lods s ol 5le o Solnog pl g o5l Joles
IS 1l lojen (i Ol oo Slelllae ol salex |
Slax 5o Seelingpl o Sles  Jb g pdgdlanil s (widie
b pdycdllasil (5L 5o o3lam Jlws (2S5 w0 Jolos INN] sl
St S (b s VY] (ol (slag 5 31 o385 ka5 50
sl olols )| corgin 5 oS Caz ned S as
Gblacs Jow o sanwgs Gz 0,5 o Ll VY] 58 Gllass]
235 g (Sealnagpl slog s olojed stwlone (sl a8, iy
o2 b S e pla el 9,8 B L L sla S
bS5 b 5 olabs )| Jlos 559 [VF] osle olss g 4,
L &5t bbb sl aels 5 (5,8 wiile 3l
039> onl 30 e s 00 ! [Vol ous ggiloars 5l oolixl
P S50 50 @alS il e Gig sy Aty (pl aig) oo sleds oy
O3l sleosip 5588 (b g Sealisg T g o5l 1S 0l
lasls

cEFl by gilwas jocd, i b plejee (ol yo
—or & lagiagh 5l i )b laesiy jlyn Sealins
Siloy Blizme slasls o baibelw cnl S 5 5 Mk galis
orl—aiSl oazmy 5o gl 5 gl 4 9, S > (5,0 wiile
U b slad s 5l e sloo Sy, 039 cnl 5o ol
pelal 4 Ol oo LG alezr Il ol 4B ) S0y oS s
ooliiul b alos sl g anels ( Wil5 2 b5 5L sl el )y
5 43 S e S5 ol 4ty i lapn oSl

Gl gaie) ;o a8 S5 o lalllae i) (nl o
s d ildoe £95 ol 2 Dlsien 1) 03 Slon Sl ]
slaJoe DN LLL 5 Llhacs LU by Jow 1,5 pundis S ass
3y Wlcanlio YU slacae o g o3l (s3l5 5 Ll (6l Baae LL
b bbas lo o i 8,55 ,lubl Lyl s s SIS s
gaze Sloj (Kialy 5 (Seals SIS s (38,5 Sl s
b5l s3lman ,5 5o S 3 pls g ardls (5 5YL 8o
ooy colai 1 0iS o (3306 Ll ala Jue «lis s ails
So il (Sailaly alex heploj arai iy (Seslinsg
lple 9 25505 50 1) Hlyz @dx Sl g esg3dl py2 (a5 2
Sdlreiw ailo (b slogjdb Sl 880 5wl sl
aalllae ia; (s b Sy (i 51 (S i alia
Ol 5 oot Jp gy Of yo a8 9 VDY Jows o (5]
Obss gl Ad o p (elow & j9u00 Loy Slsp 5o (B rae
cliJbgloloslon Slon Ll b slon 2 pSle (nlsd as ol
ladios eSL by ol 51 IYT cagls ol lacglas
0397 (nl > 8 slagialejl 5 ilwoe 4y Glos S
g 2]l ol Lol s 4 ol asily, ol s

el 0392 (05 51 (U (Selinsg !
¥l alaz 5| il o0 aloul (gouaie lalllas il ol 4
L elojlyn 50 (Saalinogpl slag,s dog slp oloJos
oo 6lp Lla i Jos 5l eola—ul Y] YL o3 L sazels
o ol il LF] 05 e (Sonliang ol (slag
Sz el g oo glosS s b pipcilasl glo b Js>
8 S 3l ool l 8 (Saliog T (slog s (sslona
Sy it 9 5ok sl N 60 Ses— 556 oae
iz LF] 5lg losls Lulal 2 ()3 5oy (Sealinog ]
03t lr Job 35 silwh 5 ilwdae wile plaiegn
sl Sl Julow Y] Jld o po b Slowwa s
Lha—d hs e Seeliusgpl wluly aSSgo GlaJb b o3
S5 2 (55t Silate 5 Ju U5t 3l oy [A]
09055 sl JS—5 Jlesl Liloads 5 sl g Seoliysg ]
el 5 5 (A1 5l jlyn 50 e e g Slopnts 58l



g ol s o aniaYl gl Yol Solw Jdo a4y @
gl e a8 S L s o &g 4 day 5 oL
Ded o g ddy Sealnsgpl 5l iegh pl 0 @
g0 (28 ol izl oyl Gles g > @
Oeized g odd 5 CESs ol g A e i @
Ngder 28 aline o b
iz Shge a4 ) eaip ol il Jaw Glp g ol jo
S e sl yslaS 5 Loy s el Jds 4 s 9 0357 Joe
g oe oolitul & > S¥sles gl Sl jolate 4 (s b,
0dls (Gl (Sdus Ojeo 4 a5 oy (oYL gled VIS

S8l (50 (Sidaiz Juw ¥ S8
Figure Y: Multi-link model of a dragonfly
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%107 Energy Error for Different Initial Conditions
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Figure £: Mechanical energy error in three directions

alboles J5 SolSo (65 51 098 o0 onnline T IS (0 aS job Lo
Jsb )3 (Bolad sadsl Sl (naizsln 5 69959 Do Ll 2o 50
Fe2b Ol waisg Jloges (o aile o Bl ol Lo s g
SYolee a5 a2 oo olad dalizes sliwly aw o SGSG (65,
297 sl g3 3o L) (65 51 (Sl condisiluosly &S5 >

Wilos S Laas

aS sl s 4 Jgl 64 1o Jummsil yr0 (salolas VY 0 (515 5
alivs Sloglas alolas £ (] 090 dinlg> alolas £+ £g0me
Ml.)‘sc))) C;md)ﬁdlimuysw g9 0092

) T Ay 6l Jpeme VY

X100 Yoo Z 1o

U, Vg Wi (fY)
Pro» 91010
Po» o Vo
219 0929 25T 4 Jsrme Y7 55 la b sl
X Vi Zus Puodus i @ Oy (F%)
i=1:4
1,00 0929 S (e 55 5 Jstme S98 VY iz
FLix’FLiy’ K. Ji=1:4 )

JB SYoles )LS o a5 w5 jls 0929 18 Jseome £0 Sgeme jo oS
3045 Sealoog T ()NS50 (o9 pslae (28 L) 09 wialys J>
sl ,gliiS a8 ol S3 a p3Y (09 co Bl oyl s e
Ngd oo 4385 5l )0 i (639)9 Olgre 4 S (o
@op5lSe 3525 o3l 50051 g4z )0 VA (558 ol Jaw 5o
plsl Glugly o8> aw Jitns Ojg0a wlgn JU o o5 Sl
Sl ol Klae wiojls slaibels iz (g3lwosly ¢ Jos o am0
00l 8 e ) Y (5 el g pgliaS wilen o5
)5 Yo 3995 S 135 b SzsS loam slooniyy (sl S b
DC slaysige b s5e g9 wiile pom e sl Shos 5 ool
la Shos (ol (nl )3 s colio obj o> 5 039 Jodoa
Jleel b 15 caiiinn Fasgy slany ;5 axadign dlge b S xSl
S Sl 055 slos) (SlSe S i S5 (5503
Ol S (oo mal B e slap il 4 5L g |y U sl
Sl B o bl (g B a9 Gjg SRl ped b Ses
hanSeledl sloosing e (b )3 g wjlo 1, YU o5t
W8 esliiul 3y00 el Ve s olal yo ehga ol pie
, Jow oolil a0 VA Glgsce g,00lsl VY Y8 86,5
isSos SlaSlas iz b sl S 5 ALl el &g
2,5 (gilwosly



—\.¥ —\.r

X .0 py X .0 py
—Y.YA —Y.YA

N pZ X y."\ pZ
\.vY hX v.Aay hX
x ). f X y.f

—\.7F h —0.0 h
Xy y % ). y
A.YA h Y..v h
X . 7'f ‘ X V. 7f ‘

oGS 90 ;2 4 weo oo lis Jga 0w lCawady bl
las s> 3 (glaize by 4w )5 Glagly 9 (s o5 >
WYL Coo Sy ggo9e ol il oo (SLoatol goue
ookl 3590 (goas o g, sy g &S > OYolee (g5lwosly
R

or @ dn o8 )0l Jae (o Sl plebl ol 4zl
2 aS ol gl sed e aisly able Selns 5 L S8
52U Sl B0 )2 b anlie o la b gy Dlie Sl ke
Sl g 8,5 oauob |y oyl oy cowlio <80 b )lf oo el
28,5 k0 s asy bl oS ol AU slejslisS g Lag s
@l sl glp way giludns mls & S ;o 5 aalsl jo
Lulyi by (ol sbel U 5o 2 5o yees Jol) Jb Slakie
aS o oo Hlid g bl ol cwleads &Iyl Solas sadsl
Sk g (Seslus ol p Mg 0 6585 (Jb o Sy et
sk a5t way oS

Angular Response of System
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Figure ©: Mechanical energy error in three directions
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Table V: Linear and Angular Momentum Error

Second initial condition First initial condition

Error Parameter Error Parameter
0.00 Y.YA
X ). px NE T px




0 @gde 03 a5 jsbjles i oo aled by Job o JI
Pz Sl sgzs Lo 55 s (gugeine ysd bl gloojly
ol ogd e el bllas sl wguore Gl Ojgoas b
o S a5 s JU oy Gl S amogn i 5,
g oo aidy Sid gl ey s

283 e owiige saxdlas Sy 392y Sl @S (IS b
oaob Jb py> Sl aS Jhee 0wl Sl (Sols 5 Jow
JraS g Judoi g ool ool il pody pios SY0les ol 428 8
Sl a5 oleosl jo Jow cdo Ll el oo plosl e o
YL o 4y 5lias Ll jo izl 0,15 Gus 4y sl o S5,
5o Llwcwl 65900 Jb pz 0,5 blad @)l 052y (Silaipw
balaz a5 Slaslxe Codgamme b ol )5 L adsl sla Ll
i o 31 595 50 o il Jys8 M5 oo, o a2z sl
Bl Ay 5 el sl S Wl o

ol T gilw e . ¥
5 Joe Sz gl SO Sjso @ ol Gudey (RS0 0
5l OYoles ol cnly Cas jo 0l zl el o oS &Y olxs
5 Sibedoe & Gisu ol g0 a5 Wl el Sl ] sleosssy
D o Ay odsy (pl (gilwads
LLG g5 5l wlpio (B0 05JL » oS Saslisog

ianils o1 slizl ot Olfse by s sesasy Sz 5 008

(Fj) Toolidl, s bay Swilsly @

FTeaszly o

(Fini ) P00933 o2 (snayial @

(Fyo) alss 85 o
P S o w Sl b S p a8 (Salisgnl slag s anl
bl 45 goady Hlex 5l (AU Gl e 1) 09Bos 3)ls 92 s
(ke b VAl e85 L o

F,=F +F +F_+F_ (%)

® Added mass inertia
¥ Wake capture

AR

Figure 1: Dynamic behavior of the body in the presence of wings
with different masses
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Angular Error vs. Reference
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Figure Y: Body dynamic behavior error in the presence of wings
with different masses
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Figure Y): Vertical and tangential forces generated by delayed stall
phenomenon

Sl oy 5l 36 (Seabusgnl slagys Y S
S99 9908 S5m0 loged (nl 3 e o0 ules | ooldl 2Ly
lodd gy Al B Loy ol S Job o (sules
s S (oo Joo Jb oo p 3ges slaiel )3 45 3g0s (5953
Mﬂ)*‘ﬁw‘wﬁ*wﬁu&h@u?)w)
O o ol liee 2ol g Gl padeay (S 00
Sl 3l Cow ol Sud g 3ls T o a0 1) e
oS owlon (59,5 (oo yo Cenl b Slog Cs s g ala sl
9 55T sl slaels ks S (oo Jos Jb ghan sl 5o
oy b delin 13 5 el o 4 Suo5 5 Jll Loyl o),
2,0 (I8 slog 5 addg 53 (5 keSS ST dges

S ilely (o it o 8l 51 il Loy Sl 5125,
Slpess g Jb glwss &S > Sl (ol jo as el oolidl S bay
Sz oo Jb gl 4 1,35 b l9a (L2 e a5 pglae
95 S on saals 9B e i MLl &y ot VL sy
—los S5y A S 508 S5 Fplite SUL g
b 00 e e ol o ol ganlS i geatas Lt
ilbee Jb (S5 gl slaas >

oy Jawgi ool oloul 6l (695w Jloged 30 VY S e
> 3l b oot slml sluy (59,5 iz 5 25z
A2 o lid 1) 00g38l



saboslitul Jos 45 amo_ge ol 3kl cpl i ls alie slles
3 eddn opl (Sealiogpl Ly coul ol8 rags ol 5o
gl Josd s s L1, ales csdngly cilizeo slooogasma

S

35 N
@® () Experiment o~
3t O  Cy Experiment Pes
C; Theory @
— — =, Theory e
25 o
7
LD
2 /

Cy

G,

% 0 20 0 40 s s 0 s 9%
a (deg)
Ao 6“%.5‘} o> oétﬁélﬁ;ilidg L;.\chb LgLuJ 9 lﬁ “"“J“ Y JS...:
[vv]
Figure ' Y: Delayed stall lift and drag coefficients versus angle of
attack [Y'Y]
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Figure ) °: Drag of delayed stall and rotational lift for simulated
(top) and experimental (bottom) [Y+]

b oy Olpsd (Sl 6l Jow i) oYL jloses o
A > 0 0 ake ald g0 g Codo ald g0 b plate ool LS, (6l )l

VY

)tié) My)b o ‘) JJ.A uL....o.]o‘ u...lalﬁ 9 8o OJA—‘CAMQCL" ).n)l.a.o 9
N JSKS 0 g Gide opl saeldl o auS s a0l Gi,:.aL;.l%ﬁT
5 0oldl by (Sulily (oouoy 59 8 Eomme sl Wy, loged
(Y1 Mogeg, gowin (228 @l polie 5 5 (52 955
50 Soldl 4y Azl b oaS cewl 53 4y a3 andl el onls &l
15 ST paimas 5 o5y 5 Sl 5 1S S 3
VE Gl S 5o o]l slajloges dagl codgs slag s ol
99y 6&5 6MLM u&-“‘ b lous ) S 2 O yg0ds VO g

Sgs wol,d asleles

A v T v T ' ~

L) Lg)L..ad.....w L5.~..'>)_'> 6‘)—.’5 ootléb,}ti 4 ‘;xbb 6‘)—.’ Sy B sza

v 1 (oal) 0 5
Figure Y ¢: Lift of delayed stall and rotational lift for simulated
(top) and experimental (bottom) [+ ]
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Figure Y: Total vertical force (lift and weight) and vertical
acceleration of the aircraft
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Figure YA: Trajectory and tracking error of the desired path
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Figure YV: Vertical velocity and displacement of the aircraft

Wﬁb OAJJ.L GOges C«.C).w u‘M @Yb)low Y J&.ﬁ)o
Gl g oS old oglite jsb 435 S o ok o
03Vl (5500 5l (S Dlpesd (nl &5 WS g0 S ) Sy
s s Sz5S Lo gials ol Lol gy oaiodgs oglie
RPN O PR | E N VX POV NG H NP L SR E X P

wile oo 3L Il Loy o IS Cunig g 059
o3l Hisled Hloy e 0k (9508 (2lmle (Sl loged jo
Sl sdals g 04l obs coale 35 ol Syt Sl 00
50 oy 45 Aad o Hlis (Seg,Sue 00 iz > ,0) ] S8



w3 ge Olis ES 5> Jsb yo 1) eniyy elas)| Sliss Sl Jloged
oSl jlade (33 Jk a5z 5l (AU SasS Slilugs sezg L aS
Soolon 1y 59,0 5B sadlge o Slos b g oaile BL culi o
aS aeo o uled |y 0aip llgs Ol 58 ol jloged .l
stz BB i slls e agl; Lo ey oo jllanl a5 jobojlen
wilodsle usd ey L\.:).a.: 500 digly 90 g 009 (4,0 Vo dg0>)
s ok yrme Lai> (o odiy &5 Wm0 LS Cumdy

Sl 00 5 oolawl e aygly s 5l 80,5 olw!l (6l

SySass . O

sloodiyy S yaxie lacebl 5 Ll bl (gl cnl 5o
Walol J0 0l cwy e Ghlen raibls ple b anglie ,o 5L
o Sloyio S S8 S oy p b sba
ooz Lulyd 5o slly lsn wsndyygle YL 2l salaloa
s sl Jlossl slasSUl 51 (S dizme Jb b 50 3525 5
Sy 5l om et wgme 3L slaesiy (ALl
42,0 WA L (bt e (Joae opie onl (Sslns @laShs
Gl Jb g 60y soduzmn OlS o ol ;084S wll 00ls dswgs (g0l
Ol geli walsl jo wuS gilwand 580 O sod | SEluiwad
Al 09y 00y Bd> b Jb il Sl ol o a8 Jowlh JolS Jow
015 o 9yenlyl sl b Jols OS] a5 050 T aseine g 0l

o o Ll o ol eyl
Sl gy 0 aS oS Soluog il glrodsay IS sanlsl jo
Pz 5 i3z ly ol b Fuibly dex ) wjls uis
g, doossay ol 5 oy (slyp 8BS 1,3 Julos 3,50 (0553
oo sileaned 55 9 0l glZal Lhact coyi by llodass
w8 Jolod g cmyp it 5l ol @l e 13,5 Jlos!
B 5o oS gl b Lalyh jo by 5 1 slag e L3, 5
b iloand Glaezgys Joe Jliel 5 &8s (o) n sl (2l
Ol 5 9 duglie (5L slrosin Slon 42 bgye (925 loosls
ORS00 Cadla b ps3 ikl Jus cpl 45T 0l 0ol
OR,5 o b as ol las s (SBlris ol lg  (53lwans
colin Ol 5 i3 > (g9, 0ol Slay Sailly ol 5
55 Ayl S 1y skt o Bl il S 3

o05db leas = 516U ol j0 09290 Slilugs a5 als o yiules
Sy loygs Ol Jdoay Slugs L8, ool ol oaiy
2 ol a5 arse &5 005l JSem 0 )0 (Sesliyog ]
Lol odile 8L Jgud LB g S>s5 L (00900

Al Y sga ley waw (b cewl oad 3890 0y jile () yo
Oiulesl cnl 5o sadendas e asgly oS JolS 1, (glopls o
odwl Cowoay o il ¥ ogas 198 glal g 00gy a0 Ve ol
ol gl onl el odip v93 JU Jsb b ply Luyis a5 el
5 B9 (195590 szl 4 ol ondyy Sl 5 Juw A5 wes oo
) e sl A 50 il g5 Sa58 i 3 o
39, 1,8 jlre o>

L,
- s Ly
Z 001 = ==L
3 .- .- a- P -~ -~
s M\ M\ /o s\ [ s\ [ N\ Jr A\ /s
0 A NN | ‘
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
02100
=-2r
= 4l
. I . |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
04
g
g ¢
S 02 -0
50 e »
k-
0 . . I . . L
0 0.01 0.0 0.03 0.04 0.05 0.06 0.07 0.08
Time (s)

095 993 e oin sblgy 9 ) (59,0 slaadlge N SO
Figure Y %: Lift force components, altitude, and aircraft angles
during turning
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then validated through dedicated experimental
measurements. The resulting model enables accurate
nonlinear simulation of both hovering flight and turning
maneuvers, modes in which dragonflies achieve
exceptional stability and agility through coordinated
forewing—hindwing interactions. The aerodynamic
coefficients and force profiles extracted from
experiments are incorporated into the simulation to
evaluate performance, with results showing strong
agreement between predicted and measured
aerodynamic loads. This consistency confirms the
physical plausibility and predictive capability of the
proposed framework. The novelty of this research lies
in the integration of a detailed multi-body dynamics
formulation with biologically inspired quasi-steady
aerodynamics, producing a unified and experimentally
validated model suitable for both dynamic analysis and
control design. Beyond replicating key aerodynamic
effects, the model provides a flexible tool for exploring
the influence of wing kinematics, body—wing
interaction forces, and aerodynamic parameters on
overall flight performance. Such a framework serves as
a robust foundation for future studies on stability
augmentation, maneuvering control strategies, and the
design optimization of bio-inspired MAVs. Ultimately,
this work contributes to a deeper understanding of
flapping-wing flight mechanics and offers practical
insights for the development of high-agility, hover and
turn-capable aerial systems.

Keywords: Dynamic_Modeling, Flight Simulation,
Quasi-Steady ~ Aerodynamics,. Flapping  Wing
Dynamics, Dragonfly-like insect.
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Abstract:

This study presents the dynamic modeling and
simulation of an )A-degree-of-freedom (DOF)
dragonfly-inspired micro aerial vehicle (MAV) with
rigid wings, incorporating a quasi-steady aerodynamic
framework. The model is developed using a multi-body
dynamics approach, in which the central body accounts
for six DOFs and each of the four wings contributes
three DOFs, capturing both translational and rotational
motions. The full set of coupled nonlinear equations of
motion is derived via the Newton—Euler method for the
body and rigid wings, considering internal force and
torque interactions among all components. Unsteady
aerodynamic mechanisms—namely delayed stall,
rotational lift, and added mass inertia—are integrated
into the quasi-steady model to capture the dominant lift-
and thrust-producing phenomena observed in flapping-
wing flight. Empirical formulations, calibrated from
prior insect flight experiments, are employed to
determine aerodynamic force coefficients, which are
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