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Experimental measurement and analysis of inertia force and aerodynamic
force in flapping motion of flexible wing

LIN Weiteng, ZHU Bowen, YU Yongliang'

Laboratory for Biomechanics of Animal Locomotion,

University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: Inertia force and aerodynamic force are often coupled in flapping motion. In order to
study the aerodynamic characteristics of a bat flexible membrane wing in flapping motion, it is
necessary to separate the inertia force and the aerodynamic force to obtain the aerodynamic force.
By setting up a photographic platform based on multi-vision, images of flexible membrane wings
with different properties were captured, and a multi-vision algorithm was used to reconstruct the
deformation of the flexible membrane wing, so the inertia force can be calculated from the
deformation. A six-axis force sensor was used to obtain the real-time force of the flexible
membrane wing, then the aerodynamic force can be obtained by eliminating the inertia force, and
the law between the inertia force and the aerodynamic force was analyzed. A standard model
verifies that the deformation error of this method is 2.36%. The results show that the highly
flexible wing membrane has a significant deformation during the flapping process, which is related
to both inertia force and aerodynamic force. And with the increase of the thickness of the wing

membrane, the inertia force and the aerodynamic force are increased to different extents.
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Fig. 2 Schematic Diagram of Flapping Mechanism

T

a:2nt*—§,0<t*<1 @D
Kt =t/ T NEENHE, T 1A S0
1

¢ = B :
I3+ [(yos — lysin oc)2 + (zo, — Iy cos a)z]

(Yo, — lisina) - [(yo, — lisina) - yo, + (o, — L1 cosa)zo, — col— |xo, — 11 cosal

MR P 2 B DU AT AL 9 LA 5% &, 3l i 5
(2>~ (3) B AT 45 20—/ J& ST A B 3% 40 471 P o C B A Y
B 57KV SR D, sl 3 s . B R TR
T RoR TP BL AL A EE o FoR EIER B

30

20 F
10 ¢
0k

/()

_10 -

720 -

BB

0 01 02 03 04 05 06 07 08 09 1.0
4T

RN
_30 1 1 I

B3 11 EAsnmMERmsE
Fig. 3 The flapping angle in one cycle

(2

\/lg(yo3 — [y sin oz)2 + 13 (o, — Iy cos a)2 — [(yos, —lisina) - yo, + (xo, —licosa) - xo, — 00]2

Co =

K 2o yos N O3 I x bR y b5

N PR T B M ) R e, B AN R e
TEAR B 52, K 3R A R R R 2 (B 3D, B
£ 180 mm, 7% K 80 mm, LA PLA-+#4 £l i 3D T

DN =

-0 -lL+a +v) (3

BV A, an 1 4Ca) itz o« 9 BT 70 3 o AN SR A
XHE R I SRk J) R, CURE TR SO AR AL )
T3 Kk b JE e B R 3L T ) Rl e e i 3R C B 4 b)) A
FUREE (B 40, MRS E 1.

(a) ToMEH

(b JEReiiR

() FURMLR

B4 HHRCRERR
Fig. 4 Rectangular wing with marked points

F 1 REEEMSRENM RIS
Table 1 Material parameters of the model wing’s membrane and

x2 HEBR[EEMSPUE

Table 2 Range and resolution of the force sensor

skeleton
oo W . HiE A R 5 R
p/(kg * m™) E/MPa h/mm E,/MPa
PLA+ 1300 4000 5 1913
Jek 629 2500 0.07 —
BN 1520 0.66 0.30 —

F,, F, 25 N 1/160 N
F, 35 N 1/160 N
T, T,, T, 250 N * mm 1/32 N * mm

SRy A B A B B ) dE Bl R R T, TE G I 3R RN A i
H EARIC 12 F1 24 4 5. /N 4E 7742 [ 2% ( Nanol 7E,
ATD [ & F FAR AL, D& 4 410132 3l i S B 3] 2
BT AR SHER 2.

1.2 TREMNEF
NEBMEREM B ZHSEPNERE, W5
THETF 2 HM R A MATLAB 2 5 BatTracker,
F T AN [5) Sy B 3 15 160 B8 O0E Hh i 545 210 A i A 1Y)
AR . F = 4R AR R CHE AR AR RO H R Ikt



2 M

MR A S AR IR 12 B B D) S s ) TR I B S o 53

R G WA AR 45 FIIF S 4% 5 A0 e B i AR R AL BR R
CEPAEMLIAEE ) — 4 EMEO F, Wil 5 Frs . 2 IR H
X N ) B RIS AR AL A6 23 56 BEFD N 200 [, 55 )
SHAALE AL S HOHE G . N Z4E BB E AR D
=4t AL bR 1Y) BatTracker 2 7 710 20 B 6 AT 7
6Ca) ~ (d) A 44~ M FE T AR S 0 38 1 EA,
Ce) A FE bR mL 1) = 4EAA bR

(LTI

(u, 1]

b % Wz

5 HIRRTHMIR

Fig. 5 The relation of coordinate system transformation

6 L BatTracker B FITHIRC AH = 44445
Fig. 6 The BatTracker program calculates the three-dimensional
coordinates of the marked points

XFAHMLBEAT A5 €, LASRAS A AL ) A 2 56 B R0 Ak
S . 3k E K b e v 2w AR ML AR E T
AT T AR E AN SR S 8. AR SO — B 12 x
9 BUALAK A AR BB ObR 8 AR, B HEAE A% 12K 10 mm.
b€ RN AR g BRI T S8R & b, A
AL E AR AL SR A, 53 2 e BIR . B
T MATLAB T B A8 AHHLAR € B2, 7 BLA 2 1 ]
B AR B AHALI N S H A S 6 R .

X AR T I & 7 38 34T B E R 22 Ay M . ERTE
W S0, R ZE S ECRIE T AR I R AR %
AN TARIE BN RRZE . IR T & 5%
AR, R bR AR A AT TRSE S, THE SRR ) R G iR
EMNARE. %, WEHSNERRE: H4 6
FHMLNASE A FE4R 1% 5 AR S A E (LR 3), H
J& I R A AN 52 A 3494 43 9] 9 184.02 A 79.31 mm,
5 HESLE K 180 mm 5% K 80 mm AH b, #H XJ 1%
2455 N 2.23% F1 0.86%, T UL AS g 45 R LA
T -

PO B A D B B AT iF B . DL 3D 4T B T
R N, A MK E L = 8 cm, HAlhZ
O S5 BT B B SR AR, B 7 o . RGE
PA 1 Hz SR MIEMIZ 30, Mg ahid . brie i

*3 BSNELER
Table 3 Static measuring results

Hik JEK/mm %K /mm
1 182.89 78.72
2 182.52 78.99
3 185.73 79.61
4 184.66 79.55
5 184.30 79.68

BRSF I B0, vl LB AR T, #ER IS B iR
FE W] AR5 JU AT 6 R B4R A9 B 55 0 AR i il
80 mm, 1M FE N 60°, BRI Z .0 mE R E T
) & iz s g N 80 mm. f# ] BatTracker 2 /7 A5
R 2 Ao, B R L SIS 3, 153
O AR B EL T 8] b )8 B e 2 Dy 81.89 mm, AH XS %
7 2.36%, 5 A E AN R ZEAHIT .

7 BATHERIERNARAEEER
Fig. 7 Standard model for method validation
1.3 REANESH
Rt FAR R R s 81, BT Nis s A&
TEE R R & iz 3 th 46 . SR H BatTracker 2 /7 11
S S I 0 T A AR D AT = R AL BRAE, 2R PR A
15 3 PLARIC RO I B bl s AR . 3840 is
BN BA A, A SR L B R Ho &
FoH L s B 2 At s B il 2R, S5 R
BORWER o 55 ¢ AT O AR LG T AR
7
Ty = Qi + Z (@i, cos(nawt) + by, sin(nwt)]
'n7:1
Ys = Cio + Z [Cin cOS(nwt) + d;p, sin(newt)] (4D
njl
Zi = €0+ Z [ein cOS(nwt) + fiy, sin(nwt)]

n=1

Ko = 2n/T HAME; a;p cios e 9 0 B E B
R 0y fi N 0 I REG 0 R8RS n
B TH: @y 2 N L HICHD RO @ s 2 28
B o 2K FH 3 CB) 23 ) o i SR M 3L f) 0 5 15 4 0 R
G, BIR] A5 380 5 2 (0 45 1 g 1



54 LW W N

http://www.syltlx.com

i

Fr, = _Zmzxz
=1

Fr, = _Zmigi (5
i=1

Fr.=— E m;z;
i=1

K Frn Frp Fr o0 5 9 B8 3 8 s BB .

ys 2 77 ) BB R J1 s Zis G 20 WO EE @ S BT
O BAE zv ys 2 1A ERIIGE B my A AN
.

Rl e N, THE R, AR
HRI > B T S R BE 28 1~3 em 2, A SZEg A
HEARIC S 5Z A [0 BE 2N 2.6 cm, REH BN 3.6 cm,
BT S B%, B AR TE 8 1R 2 8 2 7 AL
AN, ATOS M ) AT A B AR

K 7 1 b v AR AR 0GR R O SR VAR
Rk, 75 1 Hz FEHMZE N I E R A0 7, I 5 3
WAE XS LG . 2 AT R AR T, B0 AL bR AT E 4 B 3K
(D133

z=0
L
y =5 cosp (6)
z = ESIH(D
T+ 2377 18] Rt 73 77 18] AR A ) AR B A -
{F]Z = —mOLZ (7)
F]z :0

s mg B RS R B A o, LR/ O 1,82 x
10" kg/cm; 2095 585 O AL AR N E

B 8 Oy S 6 (i A IR 1 X B . SEES A5 2 1
HEFI AN TE S IR I 2 R 22 73 930 O 4.24 % 107° F1 9.59 x
10 N,
14 SHANETE

[ 7 T B AL (1) ATT /N 4 )% IR 245 I & 1) 2 A
BB 2 B W B S AE ) 2 e AR IR AL R
T4y BB T AL AR A bR R e X, TR AR R
AABR R, TR A AL RR R AR RS MBI
AR ARAR RUTE 1 PR ARFRFE ORI

F, = —Fa,sinff — Fa,cosf

F,=Fa,cosp — (Fa,cosff — Fa,sinfl)sing (8

{ F, = Fa.sing + (Fa, cosf — Fy,sinf) cosg

A . F F,A M5 A b5 RF I 170 B Fis

Fryn Fa, NGRS BERMAGH )170 8 p 9146

0.003

— SEIMA
0.002 F — FB(Y

0.001 ¢

Force/N
<)

—0.001
—0.002 |

—0.003

0 01 02 03 04 05 06 07 08 09 1.0
t/T
(a) )

0.003
0.002 F
0.001

—0.001
—0.002
—0.003 F
—0.004 |
—0.005

Force/N

— IR
— HpE
0 01 02 03 04 05 06 07 08 09 1.0
4T
(b) F+H

B8 {RENLWESEILEILL
Fig. 8 Comparison of experimental and theoretical values of inertia
forces

25 B AR R -y P SR B AR R -y ST Y
Jef, B = 48°.

S HE AR N 3 Hzo MR R AE 2, SRAEA
EAMET A5 & a2 /5, )7 e B R H
JRUGAE 5 o B R A A ORI A 1 kHz, IR
FH SR R S0 U 918 U0 4 25 Bk s A M 75 o 5 U I S
Prek 1452 0y 9 Hz, 3847 S0 M A KT 3 dB, FH AT
IR AN T 60 dB. R4 B 1E B A 2 B RE IR T A
T R B E R 3, X ) B AT R A B, Ak B 45
Rk 9 froR

Xof W B AT R 2 A0 AT . A R 4 S 5
10+ 50 A1 100 g [ A5 #EFE TS X ATT /S 4k F7 4% 8 2% i3t
FTARE , BN RERD B 1000 A H i 55 17 248 E A
AR Y E ) IE N 9.8 m/s?, W SEAE
FU B R ZE U ER 4 FToR . S5 SRR, I =8k, M
X AR 2 /N o ASEIG N R D) R4 0.1 N,
FHXT R 22 29 1.02%, 77 4% 3 1) 572 R 4 H 3 (I
=D HEUS I L SLIR B R . O BN AT 5
B, 1% A% B A 702 SRS T ) Re A 2 B o 10 I =
g

2 ZLWHERSW

21 RREBEILGERSH
K H BatTracker B4 o IEF I JE B HETE 3 Hz



ER ] AR R IR E ) KR8 )y Sege Il B 5 2 i 55
0.5 0.20 = 0.20
0.10 0.10
or £ 0 0
@; —0.10 —-0.10
—0.5
0 01 02 03 04 0 01 02 03 04
— VR y/m y/m
-1.0 b — VERR
: — s — E 10 EREREHEEER
0 0.1 0203 04 ?/; 06 0.7 08 09 10 Fig. 10 Kinematic reconstruction of membraneless wing
(a)
0.6 0.20 g 0.20
0.10 0.10
0.2 \ % 0 0
- —-0.10 —-0.10
= 0 0
0.6 — VBT
— BB E11 RREENEHERER
-1.0 * * * * * * * * * Fig. 11 Kinematic reconstruction of nylon membrane wing
0 01 02 03 04 05 06 07 08 09 1.0
t/s .
(/b) ZEOABE 7 ol 2 5 ARk 0 ot 4 E A, SR IR
0 p— Py 1 BORUE T A8, RBAR I AR b o H R R AE
' — Ve ‘ Tre Je IR BN, B PR R B B R
o M( h{ JJ‘ N, B RN, T L, B 7 R
=02 ‘ m ”] ll*l‘ | fl" I A1 3% 1) B b Bk B e e . RVE JE e AR 0 R
i f”’“ il AN, {ELJB T ISP S8 43 F 0 1y WAL A K O
N R B G A4 RO, FUL 7783 K T B 3
0 mo2w04$06w08w10 TEAEA 7 1) b O T o TN SR 4 B 2 T 500
(e 2y 9 85 KR 2 K T JE e 8 31 SR 5 HE D il 2k

B9 ATl hitRSREmREAIERT
Fig. 9 Comparison of ATl force sensor data before and after filtering

x4 AT HERSENEIRE
Table 4 Force sensor measurement error

iR /g EERIME/N HEEWEME/N REME/N  HYRE

5 0.049 0.047 0.002 4.08%
10 0.098 0.097 0.001 1.02%
50 0.490 0.491 0.001 0.20%
100 0.980 0.982 0.002 0.20%

BN R E), 45 R W E 10 11 Fros (B A
AL, B y—z P ED .

PABARGZ K P e R B 7 BB Bh B
NXOMEAE AL o 2 AL R, 5 T R
32 B A B MR B AR L, AR T 5 1 e e 3 00 1 7
B KT 18.8 mm, Ifi JC I A7 #Z I E )L A AE

12 @7 T A AHE D) 7 1 b, — AN AR e
e Mg AL D) AR A . B R R R s — A A
PWAESA ARt i 28 o T DL Y, B0k (3R

M LWL EE, BB T T #4038 3 b SR AEHE T
e U e B e BRI o DR

0.2

0.1F o
0 5
7, o0
Efo‘l L g
502 E
0.3} a
5
—0.4 =

_05 1 1 1 1 1 1 1 1 1 730

0 01 02 03 04 05 06 07 08 09 1.0
s
) WHET )
e U e A e R e TR

0.06 30
0.04 | Yo o
T T
. 0.02F 110 5
> g
= ! 30
Sk 1 2
0.02 g 10 %
—0.04 i 4 —20 &

-0.06

R -30
0 01 02 03 04 05 06 07 08 09 1.0
/T
(b) itk

12 RRBERBREAN

Fig. 12 Inertia force of nylon membrane wing



56 I T NI B

http://www.syltlx.com

Tl BTk, TS 1 %05 1A B

S R ORI T A R AT, 2R B HES
JSEIEARL Dy 0, fEL S5 25 R R WY AT A7 12 — € 4 J3 CEL Tt
T — ARG, HFRFEAE T M 1% 10 5 i Bl
Pl . XA RER M TRMBAERIES P RAET
AT, A8 T A ROW Sy, BEmRZ 7 HEST .

THE T A R A 0 AR 1 o 5% R G2 T 2%
JEFE YA LD o SRBRTH S, R A JE 2 AR N
o % 2, 5 3 CA R 3R D R R A B D
fo IWE 13 ] LU B, SR B A T W IR 45
BN, £ W BOT R L R, 38 B (R
B, A5 AR B B UUR AR 7 2R R i L

15 _— —— 30
120 o
> T
F 0oy
oD E
R _ [N
5 10 g
-20 =4

~15 -30

0 01 02 03 04 05 06 07 08 09 10
4T

13 HORKAHEZRSEMZNAER
Fig. 13 Twist angle of the wing chord around the leading edge at the
center of the span

5% i) 48 THT B 1K) 25 il AR TR AR A SR AR T PO, B
R = R, B 2 U7 ) b BB TR 2
I, Wl 14 4 EA/NE TR THEErBCR R L
e, B KD B (/O WA RFFIEE, £
PR BN B s T 40 A0 B R B BOR Bk SR AR T
BHERAN K, W9 3 AE 5 B B 2 32 AR S i e A AR
R . MAh, T RBEAH S B RAME, mKE
A EEERTREFBRERME y/o).

MTt T3 ANHE 375 180 (000 3 28 2 S 2 Bk 2
ARt SAT B AR J, B RS B A 3] 2 B 1S

0.04

0.02

0pt i
© hod
20,02 Fif
oF R

-0.04 HAi 4
— Zna/ €]
e y/c

1 1 1 1 1 1 1 0
0 01 02 03 04 05 06 07 08 09 1.0
4T

~0.06 p

—0.08

E 14 REREESASELTEERHEREME
Fig. 14 Maximum camber and its spanwise location of nylon
membrane wing

2N TF 3 AHEF7, Qs 15 fros . AT BLE 2L £E R B
B, MR B AR R Ty, BB BOW 2 R A
71, fFE MBS S . BT ER S
TR 2, £ T 4o B, R g H R
ISy weAa, w7 WARE A0 5 Wi A R R

0.4 = =
oal — TS ]
) > — BRIy 20 ©
01 T 5
=, 0.1 . 10 .%-)D
g 19 =
~ -0.2 -10 E;::
-0.4 =
-0.5 —— 30

.O 01 02 03 04 05 06 07 08 09 1.0_
4T
(a) BHET RSB T/

0.08 —= %
N —Wy
ol | s — R S, 20
0.04 | AN ’ =
Z N 0 5
& 0.02 f E
= / 0o
= ’ i
—0.02 | -10 %
—0.04 | . IR
-0.06 . . . SN ) TR 50
0 01 02 03 04 05 06 0.7 08 09 1.0
t/T

(b) M THEHE S RIS B )
B 15 REEEZEMNREHFISEHA

Fig. 15 Inertia and aerodynamic forces of nylon membrane wings

22 IAREEXWERST

K F BatTracker B 14 | ¥ i JE 524 0.3 mm )
FUR I AE 3 Hz A% T Inig 3 . 55T Rt &
THE 5 012 3h A B R B AH B, 18 3 A8 TR B 3L R R
HMMBEMEY KT 28.1 mm, kM FEME Tk
I SR G JIE SR I AL IEAE T KA TR, W] 16 PR .

0.20 ——0.20
0.10 0.10
£
> 0 0
-0.10 -0.10
0 01 02 03 04 0 01 02 03 04
y/m y/m

16 FURBEERIEHEZLER

Fig. 16  Kinematic reconstruction of latex membrane wing

17 J&oR 1 I A A3 U5 1 b, — AN
L M SRR AR . 5 JE e B IALL, T T 1
R AR T AR S A R Y BOE B (R A
[ ) 2, 5 2 S K i A T /N ) LI SRR AE T )
T3 1) b AR g U AR W SRR T JE e BB . LR R
PR ABE 8 0 U RO T L SR AR ) e, B AR (R



2 M

MR A S AR IR 12 B B D) S s ) TR I B S o 57

JEE 4B SO BT AN B DU 2B 0 e . e e 3R
M 7L B2 R 3R P SR M AT A2 g ol 2 A o7 2 9 I T SR AR
Py 2, I8 i TR A AR A T shiz sh, 3B
Zhizzh, FHEE AL G -

0.4
0.2 3
=
0 i)
z g
§ -0.2 ¢ o0
£ -04f 2
£
-0.6 &N
-0.8

0.3 30
0.2 | 20 o
=
Z, 0.1F 10 ED
~ 138y, <
S 0g 2 N J0 o
3 S5 k=
= -0.1 -10 &
i}
-0.2 F —20 &

_03 1 1 1 1 T // 1 1 1 1 730

0 01 02 03 04 05 06 07 08 09 10
t/T

(b) BHEHE D)
B 17 FURERERES
Fig. 17 Inertia force of latex membrane wing

W 18 fron: 5 R AR AN, A% KA 7L
IR B (¥ Bt K5 T BT (2o / ) AN R ILH R
AR B B O 1A AR R R, TR R E R
IR AR, AT IR th B K 5 e e R AL,
FUB MR 3 e K 5 TR AT H I A7 B Cy /o) BE I 43 #

0.06 2.5
0.02 120
o W1 )
N; —0.02 '.‘:'- o =
—0.06 los
-0.10

1 1 1 1 i 1 1 1 1 O
0 01 02 03 04 05 06 07 08 09 1.0
4T

B 18 IRERMNRASHERREREBMUE
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membrane wing
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Fig. 19 Inertia and aerodynamic forces of latex membrane wings
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Table 5 Flexural stiffness of membranes with different thicknesses
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Fig. 20 Inertia forces of flexible wings with different thicknesses
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Fig. 21 Aerodynamic forces of flexible wings with different
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