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Abstract

Flapping wings have significant importance in the field of micro aerial vehicles
(MAVs). MAVs are capable of performing operations such as environmental moni-
toring, surveillance, and assessment in highly defended areas. Flapping Wing Micro
Aerial Vehicles (FWMAVs) with particularly hovering capability are especially sig-
nificant in military applications because flapping-wing flight offers a power-efficient
and highly maneuverable basis for MAV design especially under low Reynolds num-
ber operating conditions, when compared to rotary-wing and fixed-wing UAVs .
Further, fixed-wing UAVs are not capable of hovering, while rotary-type UAVs, al-
though capable of hovering, are less efficient because of their small rotor size. While
compared to military and transport aircraft, these micro aerial vehicles operate in
the low Reynolds number regime of 10° or lower. It is evident that the main aero-
dynamic parameters, like a lift-to-drag ratio, considerably vary between the low
and high Reynolds numbers and the aerodynamics associated with flapping wings
are unsteady.The interplay between flapping wing kinematics and dimensionless pa-
rameters such as Reynolds numbers and reduced frequency also plays an important
role in the performances of the micro-aerial vehicle. Motivated by the humming-
bird figure-of-eight pattern wing kinematics during hovering conditions, we studied
the influence of kinematics parameters such as frequency, stroke amplitude, pitch
amplitude, and plunge amplitude by using force measurement and smoke flow visu-
alization.The optimum wing kinematic conditions are identified by using surrogate
modeling techniques. We designed and built an adjustable flapping wing mech-
anism with brushless DC servo motors with active and passive pitch types.This
flapping wing mechanism can produce a figure-of-eight pattern. The experiment
results show that a higher frequency of flapping leads to a higher value of force pro-
duction, but it also results in a greater magnitude of negative force. The production
of force positively correlates with the stroke amplitude, and larger amplitudes im-
prove aerodynamic performance. The plunge amplitude varies non linearly with the
output force, peaking at intermediate plunge amplitudes around 18° in the active
pitch mechanism; similarly, the higher pitch amplitudes enhance force production
at higher frequency. The optimal combination of higher frequency with increased
pitch and stroke amplitudes with moderate plunge amplitude gives optimum force

output. An important observation is that frequency and plunge amplitude are more
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significant than stroke and pitch amplitude in lift generation. Additionally, the ac-
tive pitch flapping mechanism produced higher forces compared to the passive pitch
mechanism. Flow visualization showed a formation of vortices. Vortices, especially
leading-edge vortices significantly enhance lift by generating low-pressure regions
above the wing. This phenomenon is critical in unsteady flows, which enables high
angles of attack without stall. Moreover the trailing edge vortices interact with
LEVs to maintain circulation and stabilize the vortex system that contribute to the
sustained lift. Additionally, wake capture phenomenon, where wings interact with

the previously shed vortices, further enhance the lift.

Overall, we optimized the kinematic wing parameters for maximum lift force pro-
duction.This hummingbird-inspired study to understand the influence of wing fre-
quency, stroke amplitude, pitch amplitude, and plunge amplitude can lead to the
development of next-generation flapping wing unmanned aerial vehicles with higher

aerodynamic efficiency.

iv



ARIQA

TATEoT faT T HTSh! URAA @ldeedd (MAVs) & & H Agwdqul AT &1 MAVs BT 3917 93-
RO PR, =R BRI 3R AAAS IR &1 H HTeher il rfafafer # fsam s Fepar
g1 faQy W I gaReT (RER 38M) H Tem T fhr A1seh! T gidbesd (FWMAVs) I 31
WRINT & 31id 3Rl Rig 81 &, FRfds Feftr-faht 38 yomett Haii-$ere 3R 3rfde aua
gl &, QIR ST 31T Aemer g ¥Teew e o A & g1 & | geh! ot H, fhers-fdar
UAVs BiaR T8l % Tdhd, STafd Ael-faT UAVs FeIfll 8faR FR Wahd &, TR BIC AR MHR &
BRI HH &8 eI &l

I vd qRae Al 6t o #, 3 Areeh! Thad @lded 10° A1 399 off B YHiess I
&1 I & B v €1 I8 WE § 5 g anpifadi Rter S o fove-g-31 3rqum, Ay
3R 3 YHiced HEATH & o b A € €, IR weifto fowr & S8t argpifereht qoie: 312
(unsteady) Udpfcl & &Il &1 FeAfdiar st bt anfeiefietan 31k YHicew I vd Yaups fhads s
fImTE ATIEST 3 Heg vide, HTSeh! TRI @ldvel & Ui H Agwayqui Yfid! fFurd &l

EHA BIGR1T & GRTF &fHTdS gRT 31TV ST dTel ATHA-31TS (figure-of-eight) T A AR &l
Uas 31 fopa, forad o srgadfed s fas ot thigasll, Wi videys, g vficiess
U4 Wil UReTelg ol YTd 91 3cTG- R HI9T 1T

4 U GHIAISY TAftiT 3 AosfasH fasme va fAfifa fosan oo sierciw St Iat dies &
UIT 51 31T AT HAfB (active) Ud FASHT (passive) AT ybRT @t enfAe fasan s a8
BB 3MPHIA-3118 de- 3ad o= & Fem &1

TRIPT 3 AT aRoTE & 21 9T a1 f e et et 310 Exdt &, 39 € e I
3 BT &, AT T1el &Y BUTcHb gt b1 A1 Y Sedl &1 e Uhieieys & gig & ot 3cre &
FBRIHD THIT ol 7T, S argpifeietal Heeli sgav g3l

i1 URACIE &1 Ict 3cdTGA b W1 3G (nonlinear) Tser aranm a7, s wfspa e Aasfsa
& fIU PTIPT 18° & HeaH IR HTABAH et T §31T1 3= el vfieresfgd ot 31l thiadel =
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Il TG H e Rig gU1 TeiftT shidaedt 3R wist Uficiess foide SR & ¥ieb wd i
URARIE b JoT-T # 3118 FHTGLITel AT9CS 1Y IV

Afsp frer s & fAfSha O & ot & 1A dc Icd g3 Tell fAa3HelTssieM & I8 e
311 o 377 & IRY 3R AIfEI (vortices) &1 AT € &1 A9 wu § fifdr-vat aida (LEV)
Y9I g W Y G987 30 I faoe B Jgld &1 I8 3Res! Tl FAf & 3rcafdes Jgrres
2T &, ST81 Tict P a1 3T W 31T 31eeh T T 511 Taell &

S 31T, SfeiT-UST AIfEANT (TEV) LEV o H1 3T i ARTiciehIal GR¥TRUT (circulation)
&I FTC I g, ORI dIéaT JoTiel! RAR W&t & 31K R fetoe &1 0T 811 &1 3% B&R o
g1, R 9 qd & 3cqd AEIT & A1 I b vl 8, folde Bl 3R Jgren &l

37cIcE, BH Sl 3G 1 ATABAH B &b flv 77 prgifeed & w1 &1 3Pt bl gfi-
98 I AR T 37T I8 S2ATAT & 6 FfthT fhaad, Wi vitregs, e uftcregs 31 wist
Ut I ATES) o1 FAtT-fAT UAVS 3 aRpIfAd TG el IR 3TeRT 9Td &1 I8 313 9fa-
= § 3T ST aTett 3PTett di) &1 FAfiivT i1 UAVs & e i feem & anfeef vem avar 81
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