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Abstract

The turning mechanics of damselfly species Psolodesmus mandarinus and
Mnais tenuis is investigated. When free-flying in highly-confined acrylic chambers,
damselflies are observed to decelerate from forward fly status and perform special
turning maneuver in order to avoid impact. High speed camera (fps>1000) is used to
capture transient flapping trajectories and body posture while two dimensional PIV
technique reveals the transient flow field and vortices patterns. The study focuses on
finding the key kinematic parameters influencing the turning ability and deducing the
turning strategies by combining flapping kinematics and vortices interaction.

Results show that damselflies mainly use two different kinds of turning modes
according to their forward fly Reynolds number and the head acceleration increases
with increasing Reynolds number. When the Reynolds number is lower than 300,
damselflies perform “reciprocating turn” while they shift to “rotational turn” when the
Reynolds number is greater than 200. During reciprocating turn, damselflies increase
their flapping frequency to increase their head acceleration up to 120% compared to
counterparts with same Reynolds number. In rotational turn, damselflies adjust their
stroke plane angle to change the location of the drag force. A net moment is thus created
to rotate the body, enhancing the head acceleration up to 75% compared to counterparts
with same Reynolds number. Additionally, as Reynolds number increases, the operating
Strouhal number for damselflies is shown to approach a constant of 0.2, which agrees
with Taylor (2003) that flapping insects operate at certain Strouhal numbers in order to

achieve high energy efficiency.



The study also discovers that during both forward fly and turning maneuver,
the slowly-shed fore wing LEVs interact with hind wing LEVs between the gaps of two
wings, forming sustaining vortices with vorticity up to 160 1/s. The vortices interaction
mechanism strengthens the facts that under same flying speed a damselfly can operate
with half the flapping frequency compared to a dragonfly and, during hovering stage in
turning maneuver, the lift is sufficient to provide body support.

Flapping kinematics obtained in the study can be used to design and fabric

more agile and energy-saving micro air vehicles capable of challenging tasks.
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damselfly, maneuvering flight, turning, body pitch angle, leading edge vortex, vortices
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Specification Requirement
Size <1524 cm Maximum dimension
Weight ~100 g Objective GTOW
Range I to 10 km Operational range
Endurance 60 min Loiter time on station
Altitude < 150 m Operational ceiling
Speed 15ms’! Maximum flight speed
Payload 20g Mission dependent
Cost $ 1500 Maximum cost
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N e T L4 KR A RSl $4 (yaw turn) o T T B i T OEREL
@ R (side Slip)snd 4 0 T A B A PR RCL PRERES 0 A b

FAEARIEE o TE A A RPFRIRA DR - ST - O 5 BT
e fl* r2if i@t p 1 L o e- 252 F°0 4 KFd Bl Ehpuz
&5 pE R E ey w0 T S e ] v g & 5% R o @ Wang (2003) 41 *
1z B fR47 A @ (spatial analytic geometry) iz fé R eELp| HiE (e B & RS A

FEB~ l‘lﬁ"iﬁ:— aw{f"frﬁ’g"ﬂfrmkﬁvﬁ Sl T HH B ’L%}’;T\Lﬁv'fr'*@ F B nfL it 1L

PR SNITOL 0 AR TG LB D] IR s ((pitch motion) s st o 4 L3 FE &
g ehE st o 2 1 Taylor (2001) #0325 R BBy & 7 L fEdpRiE RS 4

oA

BBl T BT AR g dEd B EpRORERRRFE S BE e ATl

B A4 - B aEN TR LT E(R 2-12) 0 d B4 E RO E R fodkiy

x

BB 4G TR 47 o Fry (2003)559L £ = % fk i 12 4 T8 H0A] % 4% 0 B R

“ﬂn
"\‘U
F
Ew

BEREROD BALE S PHNESREE N DB RREIEL Gk
(frictional damping coefficient) » # &+ ff & 3 F e i SRR edrf s 7 4 R TR
BoF 2Rl 4 R g3~ 7 L @ Ristrophetal. (2013) &S 1T 35 d Bl
B OR T o F 0 R AR BRI FRET T KERFER R

ROREE E QNS g I dpreped o AR 0 R UMIT AT A RE
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M TR BPFLME A R RT o B RO T i R R LR
K ehE & e

ML AT SR R PRI GO Bk v P SRR D
B IR-E 2 HTI L ES FR G -

M B 3T A E A E 44 (smart material) sn# 4 > B 7 142 (piezoelectric material)
BEATS Y XTEAR BT ME A AT AT B T Ap e g
A Rileni@® 4 gRRIENE L AISE > LB FFAFUEFSE
B BEERAFEGHRLT BGULRT RS FASRF U A A
Ao Fe T Ll < Al B EBRd i & £ £ i € ek B - Chung (2008) 4] * - B B
R sdp e A b oandp ¥ (flapping) £ 4= #& (twisting)» B p d & chdp £ $ iF ; Hu
(2011)#ARFR A PR T 8 e dF Lehdr by ~ M T R fdpaands 1F o F I
PIV p#E7 FESE s Tk ind > 1A S50%E EE 2 et B H A4 R4 > KA
75%fr 100% X & £ 2. 5 P g+ PR 0 B R4 oA o AR P
BRLBERY 2R R 5o 23 § 8- BITDRRHR % o

AR E RGP A SR AT RS RBERRE ST A
N EY il sd PR Y L RESIEE RS B
FHEANEWRE T AR S NP o A PR SRR BN AR
hE ffofrd TEFEHFF Sdic RS A IORT PR T DY ARk

3 e R g 7 0 B AT T o
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AT EY LY LehE R (P B2 i reat) (T LRI E 0 Jd TR
BB R E R RO Sl AR T A INA 0 LB R

BT o 5 E R R Sl BF R T B Rl %

BN REAREOE R S EAS AR TR, ERA P T
F) o B P Ae r TROE ERCERE Y v i - IR BRI IEY 4 P 2 7 K2 B

BOURT P SRR A L e P

B R T ik
|

— — 1 .
BRAt | | RRHR| | oteadt | | A4 RIS

BagpAas |
HATES ' 2 1l s
I R o YR B5: BT

Matlab 1
SR A ’—ﬁlf? \ﬂ‘

2

B 3-2 2 4L 8 Sl & W

-15 -



SFIRHFEAFIZA

AL ARG AN TG - R T TR D R RN o

9

LA R R E DR SR LIRS E S R

% F 2 Fl= 5 &
P #E | Hix | Fl= S By | H ) =
ERFRE | m | kg | M | HeEFER |V | mb LT
LR c | m L AT 5 f Hz T!
¥ E L m L Bk a rad 0
oA 6 | rad 0 AR A p kg/m® ML
jpreiRty & & rad 0 £ 4 G m/s LT2
AT Bl | g r‘;g/i MTL_f-

'TJ)}?’W $/§7Z‘/,P/H.B9}\.{?3?]){&‘2%]1—?-};}'3‘?;}-‘& ‘i-&m_ﬂir‘] ﬁ;:

R R B kAP R TSl Sl T & d

L=f(m,c,0,V,¢, T ,, 1, p) (3-1)
HY > 8570 28k p n=10> ¥ 7 & 2= BLEF=MLILE Tod ptsi
GRPE R F R i i
K=10- 3= (3-2)

E ko FEZmWmE VL E4F 28 (repeating variables) » & F]=t 38 * ¥
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[T, =[mP[cTVIIK(] (3-3)
a,b,c 5 F etk

B R 1S 0 & F)|N I ST

7;1 =% (3-4) 7,=60 (3-5) 7,=¢ (3-6) T, zg (3-7)

2
z.=a (3-8) %:%%@@ m:%%(&m)

B I i) 3

F(ﬂl,ﬂ 72'872' L T )=0 or

,uc pC (3-11)
( 9¢ v m)—

St
Ar

Strouhal number: St z%

pVC

Reynolds number: Re= (’uc ) =)

g ¥ j= #(Strouhal number) sz & 5 P 2L ¥ 4 (unsteady force) erp ¥4 3%
Bo-#a o pEd ot fjrlicg 4130023 04 2 BB 4 enf 7o

(Taylor et al., 2003) = &A% ¢ » BUdpiedg € FIE3 b # ITF R - @%

fou g

PEREWE F s o FHRENTR LIS FS fodbF 4 ot - &

ERB AT REBA 107108 B AEE 4 R R T oo
32 %%

PR cBY Loy Bl 2 wigrel > W FEYF L HEE E D
6~11 7 » KR 5 3-5 7 o A Ky {2 @R R LR P ANL R L 0 Y

TR L AT 2 R AR E 0 R TR LG A FELEY el 1
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3-3 # (¢4 44

331l L3 AR

acrylic chamber

high power laser (12wW)
laser sheet \

damselﬂ/y seeding particle

cylindrical lens

high speed camera
fps>1000 image acquis\ition software

X
oA

n

Bl 3-4 F K& el W
B 3-4 SRS o 2 JPAPB ML R3S SAPRY cBPRRT 5V
MEEMRER Y A T AFHREFRY 2L 0 ¢ ] 21(85 x 35 x 35

cm®) » E £ 3](55 x 55 x 120 cm®)12 % # £3(80 x 35 x 60 cm’) > H ¥ | A frE

EAlehs Bt chd E2e38 > g ety J R EFER » a §

By BEREAR eIt BERELE TR EFER G EF RS o
d 2z Faid] ) Bl FEVEFE R B REBITER G T B
A IR R BT RF A - R FF A o AR % Phantom 2 P
V7.3 BEER 0 2T el B8 0 BB IEP- i Phantom Camera Control
(PCC)2 H #a_g 44 i & {7 T e (¥ » H B~ if 5 (frame rate) 5 1000 Hz - % % _f#47

B % 800 x 600 pixels » w44 @] 3-9 #77 o
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R 3R 4 B

Bl 35 R w4 1 T A AL RS2 PR

332442
BHBEPPHE DR G ERE TSR > I %3 4 A% o0 Matlab 2

AR AT () 3-7)F £ %8 R DR} B B FE B I R g6 8 R

Boo APTERTN £ wRE A GRE A e BHAI(F 3-6) B9 5
o

PAck MG AP BV FLF ey g, v ko Foadd BRIAE AR
MAcL MG RBE R L2 247 FL LHPWwTE > DB ST T E

B (wing tip velocity) ~ dpf24F 5 2 2 s fsd@ip = B £ £ & ciFH 8 o o

AT R R
ESVE-SN

REE b

o

Bl 3-6 FricEhds it B
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File Edit View Insert Tools Desktop Window Help

NEHS AN RSP P L- 2 |0E =@

03100 tif

B 3-7 Matlab #up» 385~ 4255 41 &
34 A5
341 IFIHHBEZERE
e R HapliE 2 8- I T B (seeding particle)#-= i AR 0 f

TEIERE S OTETE SR Y AR VAR R B R SRR N P LY

A ;J’:—l;}; » 'riﬁj;}'}g ’ % /imﬁ'ﬂ)}" 2 'l' 47" - ‘/"%‘mt /PJ 3— W}E'Im‘li\i"—r .
u, =Ilim AX
X At>0 M e At (3-12)

He At R PR L > ¥ 0 E d&d FHPA R 2B 15 (frame rate) (7 3]
M R E g B 5 Ax EA1* 332 008 O ke =8 o
R AERPIUREY AL BT OEH A PERBERI RS S S3F )
B 238 AR & (interrogation window) » @ AR T P &+ B T A him B E €d L 4p

i# & Fe(cross correlation function) ;- =_

.[j: dxj‘j: dy[f,(x, y) f,(x+m,y+n)]
{7 x|yl 06 D] ok dyLE, (6 WD

R(m,n) = (3-13)
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A PE B o

J oA

% R(m,n)iE 3+ iE >

£ o fi(xy)e f(xy)4 %)
EFRE®E mnr

BT o

NS A BT G (XY)

 WE BN RIS R R TR A AT A4 F] 36
S P

R(m,n) Max ®

342 HEK

FEE R

TR 2 B ¥ 393 v 5 g
FH L F 0 SEF M

(cylindrical lens)& 4 — &2

Sprout-G 3 T B

2]

15 (W

PRSP RERT - GRET

E 4 0 e

Bl 3-8 PIV mIZ R+

Bk B S AR

H 4 4e§) 3-10 « £.15 4] * Phantom 2 £ #7341 & c0v7.3 2

@i g

Phantom V7

3-3.1 &)¢ 2~ F

BT RS TR RS 0 X5 H

TEEE o § stk S lighthouse

[ J ® .
t=to+dt
4;}71,|§733
pre <53 miFs

I

3>
&k
£

—_— 3=

Sy
=

=
o
3

i~

3-10) » 12 1000 fps =B~ . ~ 800 x 600 hizts & - 44 #e2 4 &

Bl 3-9 Phantom v7.3 ¢ g% 242

-22.-

Resolution 800 x 600 pixels at 6,688 fps
Max. frame rate 190,476 fps
Pixel size 22 pm
Sensitivity IS0 4000 mono, 1200 color
Shutter Global electronic shutter
Exposure modes Extreme Dynamic Range (EDR)
Lens 50 mm Nikon-standard lens
Lens mount F-mount (Nikon and Canon)
Sensor aspect ratio 43
Storage capacity 16 GB
Software Phantom PCC




LIGHTHOUSE Sprout-G

Average output power »12W
Wavelength 3320m
Beam diameter 23mm=10%
Beam divergence <0.5 mrad
Operating voltage 100-240 VAC, 50 Hz/60 Hz
Power consumption 600 W max, 330 W typical
Operating temperature 64-90°F (18-32°C)

B 3-10 % 7 & 3 s34t s

35 WY i*

N observation region
\/
x
R
I .

1 | 5v
110V r-l-—\ |
Mylar:fin x2 “ —J
]

! Amplification
unit x2
A 110V [
\
N N | 5v
piezoelectric fin x2
N
: vi=sin(wt)
A e —— st
B _ : <A)
e 0 v2=sin(wt-phi)
W

bi-channel Waveform generator

Bl 3-11 BT 72 pisirdsas L F

AT RRE LR R TR BEREERpHTERF &
A

BT B2 B B3I 2R

B

B - B A kA 2 B (] 3-14)3 g 21k L e fedn 0 B 15 0 )

WELT RS RgF 0 A NGBS B e B(H 3-15)%-F B2 T 100 k4

F_&

BB RT Y o A9 RT P R Y B A Rig o 1R
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R 1P 45, AR 3> o Al AL m)&;ﬁ- HeaA) ¥ ruie fpd 2 foigmk
KPR ARG B R TR A o A B R PINA > FE A S Adprepv g4 3 (L)

g2 sodk ~(2) RI|MFFE~ Q)WL & > Flpt p 74 * solidworks g W& 5 = A

W
AJ(T
P
|

B d Rp b NIEFZ4EME T iR 3-14 0 RIVLFF R
oz fed o bR AR Yz T g pd o ¥ AR ko &

£oBEhv xy To§ 180°2 #d » Ay ERT P2 e B8 CRl L7 M &

g FRP 0 PR R AL PP R R AR A Ve o L @
PRSI R

o

3¢ Agilent 335008 Series

Wawwform Genarator

o Fonge | polity
(ovion |4 towt || Deare | Stsea |t By s

Bl 312 EHsid 2 B

Power Supply 3 Vto55V

Max Unipolar Output  +100 V
Max Bipolar Output  +100V
Av. Output Current 415 mA
Power Bandwidth 3.2 kHz
Peak Output Current 100 mA
signal Bandwidth 60 kHz (unloaded)
Dimensions  11.8 x 12.9 mm (0.46 x 0.51 in)
weight 560 mg (0.018 oz)
Gain 7.5V
Input Voltage Vs/2 1.8V (Zin = 100k)
Input Offset  +100 mV

Load Unlimited capacitive loads

Overload Thermal and current
overload protection

Neise  70mV RMS (270£ + 10uF Load)

Environment 40 to 70°C (-40 to 158°F)
MNon-condensing humidity

Quiescent Current 25 mA (1 mA in Shutdown)

Bl 3-13 AR T %k B2 H QR
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Foauld USLA 4 BAUAEAR T 30 & 60 R E 90 & v i R RSB K
BEAHE > d BI3I57 ol S E A 4p By ARG RinhFRT 49 4t

W imBenE R 2 A o
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5_’425 I I
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|
415 I
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B (0.0025/%5)
BrE A fir=607%
M |
—a I
15 |
H \ [
§425 AN
n I
A5 |
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o 1 2 3 4 5 6 7
B (0.0025/%5)
BreE =90/
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rE

< n

415

EG3fEd (0.0025/#)

B 3-15 AP EIAHR %K
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L g (T I E NS Xk N BE E«— ] 7@_5 IR o

sl

SRERTERE R R o o PRI S s Rdp e Ap s dp et G A R LR AR T
B4 F SHAF VD PR R DT DS e PIV iR 24T F
HERJI* R A d R HF BT REFLDD T > RS eI B R

e A o

BT ERF FL T

PR T BRBEEREY A BORELLE 0 AN - RIS e KT
V- RlERG o i RREfET B 0 R AR RRT R Y - RGBT JRd
P e RS Ao FEOMT e BRsk PR R E S e ke g il o
d 3T R R EBUER e 0T > i S TELR RS € W Ao BLBIRER > T
BBl A P g FEREE AR BT hE A EF o L
EEMELRRER FAIASBER S
(1) F#%&:
g R iEb oy ¢ BRORET R ERTRE B F e AeiE o
A2 TE EHGE i g H (TPE 5 T dp(pronation) B 4w o i By (T B
Vo I e gdp et B B ALPE et AL K W B B e o B R X0 ks
FRLEcirafFiE R RIZEFR? E-A L[ THcEL 1.20m nig e

s c i 1L.0om > migreshigiedlnl 5 0.80m -
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(2) 4k R

7 Ba e P R AR T AL E & ch Y dy ik o Bl RN
i A BYR BRI (TR 0 B ROV EE N B 4 F ] teng (40 ) 4-1) 0 B B
WOREARIT 12 5 - E A REE 0 T RGPS R W e R M 2R

DRI HE Sl 24 FOHEA o T AT B b A Eha
it 2 R TS e R R EE 2 e (H A 2w )2 e R R A IR -
(3) IR F)

dRBRFRDR A LA PR ARG Y o A 038 PR A
Flpt e - RO T T Ay > ki pEE S o A Ry
FERE T - B ™ % 2w gd (T ofheni¥ P & 5 gdprixd o
(4) LRy g

PR A R A G BREE - BRFSR SRR IY L D e LT

B!

SEHETNET SR EIERCT N
(5) =T &
B A Ap R U RN S T G R E ST e o T 2R

Btk A RS IHRTG &

BAE
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W 412 rg bR
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412 e E e 8 2R T

e | N ” \

*’,,,‘Fé gégﬂg *77\@& ?;%ﬁt - A 4‘?@& B4 g Qijg&
- &= A i & e

A (cm) (mis) | (& %1=) (1/s) (R) | (m/s"2) ﬁ‘()i) (& #1%)

@01 | w3t | 1.05 | 1.20 | 774 15.4 32 20 6 0.13

@02 | w3t | 1.03 | 0.95 714 18.9 47 23 43 0.20

w03 | w3t | 1.00 | 094 | 559 19.6 54 28 55 0.21

@04 | w3t | 098 | 0.82 | 488 19.2 55 17 20 0.23

@05 | musy | 0.80 | 0.88 | 419 23.8 o1 15 34 0.22

@06 | w3t | 098 | 0.63 | 375 20.8 45 14 37 0.33

@07 | w3t | 0.83 | 0.74 | 352 18.5 53 12 30 0.20

w08 | muriy | 0.82 | 048 | 229 19.6 40 13 28 0.33

@09 | w3t | 0.83 | 048 | 229 23.3 68 22 46 0.39

@10 | w3t | 0.81 | 0.42 200 19.6 64 11 40 0.47

axdl | Wit | 078 | 0.11 52 19.6 43 10 38 1.43

w2 | ¢ Emsy | 121 | 072 | 514 11.6 33 16 10 0.19

@13 | EFmsh | 123 | 0.65 | 464 11.0 43 18 37 0.20

w4 | ¢ Emsy | 122 | 045 | 321 12.0 59 16 10 0.32

w5 | ¢ EFms | 118 | 041 | 293 13.9 46 16 5 0.41

w16 | ¢ #Fm3t | 119 | 0.29 204 12.2 33 12 5 0.51

wxd7 | ¢ #3120 | 0.19 136 18.5 45 24 5 1.17

w8 | ¢ #Fit | 118 | 0.17 121 154 66 11 5 1.09

w9 | ¢ #0120 | 0.15 107 15.2 64 12 5 1.22
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Be(r ~ @ R)E R 2R e ¢ Eread Tiadp e 5 5 137 Hz » R 3(S.E) &
0.9 #tss@ip =4 5 48.6° L ¥(SE)% 46> ¥ E L 12cm {£8:2 5
0.008 ; w3zt T todpdedp 5 5 198 Hz > % %:8(S.E)5 068 = féfeip iz £ 5
50.2° s 22 (S.E) % 3.1 shsed| T oF = £ L 1.01cm o &85 0.01 5 547

li”g?“&,—»08lcm *ﬂ——gp;‘m 0009’? ‘\"&\'-"41 7V o

, S.E. \/W (4-1)

SEPRIL S ) eIk AR R AL § F P BMhA R > R LA ¥ ]
HEs R L TR(R 4-2) 0 T U ERAEF TR A P b ey
5B AR 020 4 GBS F BT A% 2R (unsteady) 15 4142
T WA A R TRl T U Y i fom i et b

T T BT A .%z i R R BEL AT XA "ﬁﬁ%“\?@}i TRLF T D
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feo Bt A M RS > SR b R F AR & s AR 7

TSR TIEG e X2 SRR R € o I B AEIRD TSR @

-1, 4 B F A4

42 MFAZFTH

Tl R RIORSF (RS | EFHE0) (S et PR

488 17 18.2 19.2 5.5 % TR
464 18 16.1 11.0 -31.7 g | P Ered
419 15 24.3 23.8 2.1 T | g Pl

375 14 23.8 20.8 -12.6 | g PeIh
352 12 22.7 18.5 -18.5 | g PeIh
293 16 14.7 13.9 -5.4 AAR S | ¢ EPIl
321 16 13.3 12.0 -9.8 AAR S | ¢ EPIR
229 13 21.3 19.6 -8.0 | g PeId
204 12 10.2 12.2 19.6 AAR S | ¢ BT
136 24 14.7 18.5 25.9 AAR | ¢ EPeId
121 11 13.9 15.4 10.8 AR | Y EeId
107 12 13.9 15.2 9.4 AR | Y EeTd
4 4-2 530 F #8100 3 500 F BT B 4 8 pEF o g pE enda g g
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