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Assembly contact force measurement method based
on distributed threedimensional force sensor

Chu Wenmin' ,Zhou Kuai', Teng Lichen’

(1. School of Aeronautical Engineering, Nanjing Vocational University of Industry Technology, Nanjing 210023, China;
2. Beijing Research Institute of Automation for Machinery Industry Co. , Lid. , Beijing 100032, China)

Abstract: Accurate measurement of contact force is the foundation and prerequisite for achieving active compliant assembly of
components. This article proposes an assembly contact force measurement method of large components based on the distributed 3D force
sensors for the precise and compliant control requirements of redundant drive parallel mechanisms. First, the kinematic model of
assembly positioning mechanisms is formulated. An assembly contact force calculation method based on a dynamic model is proposed.
Subsequently, to address the problem of gravity compensation during the compliant assembly process of components, a centroid self-
calibration method of the terminal based on multi-attitude is proposed. The centroid parameter is solved using the least squares method.
Then, numerical simulation methods are used to analyze the measurement errors and installation angle errors of the sensor, as well as the
influence of the centroid calibration strategy on the measurement error of assembly contact force. Finally, dynamic assembly contact force
measurement experiments of large components are implemented in the laboratory. Compared with the six-dimensional force sensor, the
experimental results show that the assembly contact force standard deviation measured by the distributed three-dimensional force sensors
is reduced by 41. 6% , and the assembly contact torque standard deviation is reduced by 47. 1%.

Keywords :large components assembly; centroid calibration; compliant assembly; force measurement

2% AHME PR 2 00 T AR o 27 ) s A T

o 35 & Rt 50% 4L B AR L e T %% 4 T
LR,
S BOSR T (BB ) $e BT EOR AT 4 A K a2 T AT R 1 TR 4 B TR 9 SR R

B GEREO R, KRB RCFE R S AL R R B i O R AR E 1 O

S H 1. 2024-08-23 Received Date; 2024-08-23
# BL AT H VLA H AR A ARBEEDF 5 H (24KIB460020) | Fg 5 Tolk B F AR K251 3E AABHIFG 273 4100 H ( YK23-03-02) B2 8h



5511 40

WSO A LT 0 A 2 4 ) A e 1 2R T 3 f 0 ik vk 31

PR A 25 K s ) ) g 14 A %t 45 AR 1Y) 2 ) a7 48 E A7
T RGP SRR I I BIR SR TR 8 R K 2 E 0
PO B KT £ T M RE LR A B Y, KT 2 A Y
REORG R T2k B T 80 Ak AT d ) 3 28 (AN
FEHRERA) WORE BE R R . Hh 2 Bl (v AL iz shad 7 rp
X} 2 e S T A ) % floh 0 e = S s JER R A A o
e, Bl LA 0 e 5 | S ) K TR 5 A e i Oy A A 2 A
RN 38 2 (57 R i A H2% fk g i 2 A R 2 S R A A
PR AR R RN A5 A #1032 B 52

FNGs P AR S g e IR R4 3k F BT R
2B e P 3 A S AL A it 1) 25 4 B A) R R e i 4
R, Bl ) 2 i 2o A e A o 0 M B B s B
PR LA Bh g RS L, IR L T 43 E 3 3%
IG5 i R 50 2 R e K ol sl R i S 4
B L REY A T ) 3 o S M AL X 2 fioh 7 VB HR sl 1) 5
DLSEAEHE . — i LR (9 4 3 2 ke & RCC, RCC 7E
FH 2 Re i BEAR FE A4 R =22 18] 19 0 R ) JE SR AT 3 b0 b 47
TN 328 Bl LA 1 A7 R AR B3 i 22100 4 s SR IO i 7
REAR 45 4 () 8 C 22 fioh 01 7 TR IR T R G IR, (B gk 8
F e B AV T B T (ST AR i P 07 5 92 W RS 5 0 )
Wil 57 PR B, 25 A A AL 2 il ol ke 17 AR R 1y TR e 5 HL vk
Bl sh e e i P iR, 5 2% 1 o s B A s IR, Bk
B 5T P 0 125 BR AT 5 W 5 e 22 IOk =2 T 1 o
J& , AP AN T4

BTN AR AL BB AR =B AR &R, +
SR BCH A T i g 0 FRE 2 45 4 1 A sl ke fid
2 Bl e P e e ik At b (o P 0 1 R SR SR T e 45
P 2Z [] ()42 fah 0 8 3k ) 4 ) B0 e AR A A A R AR 4
PO AT e DR HOR f Jo8 5 4% fih ) 2 S R
GEAL) S B RN L A SR ANRTAR 2 O T X AU
FF Mg il 0 an ) ol FH 7S 2 g A A I S ML 5
ISR Bl T3, I8 FH R 20K 2 10 D /N 42 e o 000 ) e
P, RS AT Tl MLAS A 32 3 32 04 i o A v
A vty B 2% 5 AN AR BT Bz Ak BN TR TEALAR A 22
SRR T N AL R IEE S T — &)
FraE S, MRS A X R A B AR B S LR
N ZE G e R, 7 X ML AR ity ) A5 SR AR AT i 4
2 R A B T M S 30 A R A A 48 S T e T
filk A HLAS A A S T3S I B 5L 22 T

T L 3 B RS EC FT PR A9 A T DL & B E
25 B0 2R e 3 2 FH T AL g Akt /I 50 48 g 14255 i
HT BRI B T ALRE AR R R N R RE TR
SERREI X HE R, FE R I ZE MR L R G, 0 H R A R
O30 X AR AREREE R 7 e AR Y TT A SR Bh IR B ALF A N
BERCE ALK S TUAY IR B I BE ALK EL A S Y W
FEN WK AR AE 0 N A S O R

HE, FA SRR B 7 v e fik g () 2208 ad %
AN A N S 1) 75 4 7 A5 TR AR I, 7S 4 0 AL T 1Y
YRR A 06 22 S 2 RC R PRI | HORS B S5 G LA oG A2
RISGHG UL T3 MR BE oK fe), i T HOR
RO, KGR 2 TIC I 426 fik ) 55 g PO ARLOE & T /N 25
Fa 2 0] 35 T B4 AL, PR O 5 S 2% A R I ) A K
v, BE— AP RRAR 1 7N GE ) A SR B 4 0 RS JEE

NI AR SRR 0 A% UK B % e 7 52 B PR o 2 5T
PEAT R B T 5T A 5 = 4 T A A (0 R 4
e DR E e i PUR (afc WIS e EY R
REAUR B 3l g 2 AR A 7 2 T 4 i g B, X 5 4 22
I P e R e ) o g A [ R, T R B sl )
i VB AT A S O L B, SRS, SR BUE 5 5T
TN T AR IRt IR 22 2 A JEE VR 22 TN 45 F L fi
0] TC 1 fih 000 R A S O S N A ) AR TR Y
Hefh I HORS BEREAT S R, LR ELTHIL A S
ARHAR e e PSRN ME 52 96 38 48 9 19, E AT R U 45 4y 26 i
Hefit 7y S5, Bk 1R oA 2K = G AR IR RS
AT T ey 142 PR e 0 R

1 EEEMOIRE

1.1 THRIRFNIEEE HIE N FEE

FHF K AL R T 52 (7 9 TUAR IR S BRHLAL 32 22
SARGRE LA FEHE | YRR AR, s 1 TR
TARARE N — PR DLSEEE X/ Y/ Z 3 AN AR E 1A
W12 sh i B sh A BATHLR , HLAEAN 5 ) 345 R 1A 26
RV AR, 57 A3 A sk Sk RN ER ST AL AL I BR B S FE4L
MRE MR T TUARIR S B HLAG =4 ) 15 Bl 22 2%
TEBREST 7, T I 2 e X LA B PE T 1, Z5 M 4l
153 B R FEFC AR S PR e b i 2 B e v el
ARSI B R G 2 A sk el B fh S a0, ik
T8 A [ R A S R e i

B TURIRSIIFIRRE L RE (L R 5t

Fig. 1 Redundant drive parallel assembly positioning system
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Fig.2 Schematic diagram of terminal torque balance
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on the contact force (torque)

& 12 TR 0 AR H CAD AR (e
FOSEGHA T b A, nT D& B O R I B A it A
KL AR Hefih s (FE) AR ZZ BN, 2 H O Y
FIM BRI N 0. 05 rad B, Befih 7 (46 IR0y
(HERCR, F B TS O S HO T B AT 21 1 32 it 7
BRZEVIE, ARG KA R 0.4 rad B, AHEER
PRGOS, Bl IR Z AR T 97. 0% , il )
SRR 2ZZAIIERRIR T 95. 4% 5 A Ui A Fe KL A A 4k e it
JNEY 0.5 vad B, FEfl Ty () A9R 22 TREBIRAL 2% , 36T
AR BR 224 T A S A i ) e R3S 1 /N, 4 fik
(3B ) R AR T HARE 2 | DI AT LAk 2 F 0 A
THEIT A St ) B RS R e /INIE 42 g () 15825 B 2R
TS ZE 0 B, 8 o0 B A T P A iy 1) e R
BAJG AT (HE) BOARME2ZE i T HAR 22 (A, Lt
ik 7 () 1R 2 B FR BEMLIN R hA .

e X TR T Y X 2 T M 1 00 e S ) 52 i) 04 5 O
98, PRI FEFRE BN 2~ 8 WK, FR oK i 14 i K
BN 0.4 rad , LIS RANE 13 iR,

g 10 <6
gt m (M)
SLONERE

_Tr = (M)
£ of ~ 1y
z | z
g’ 3R
R 4f &
§3- o™

51 B

1_

0

HRERBN
B 13 FREEREON AL 1 (5 B2

Fig. 13 Influence of weighing times on contact force (torque)

P13 AR EIRECN 0 AR CAD B8 i 238
FOSBOEAT H b I 5 R A BB F O AL AR



38 % & L F ¥

T AUBOE N, 2 fith 7735 22 () (A AN WA . AH HE SR
AR St ) 3 T O S B AT 2 il g T, X R 1 U A
PR Bz fk IR ZE I T B T 29 60. 3% , Hefh 1 Fi iR
ZEVIE T T 24 48. 5% 5 SRR E MR B T 6 TRA , 42k
SRR E A UCE, Hz ik T () DR 25T BRI BEAR /N,
b DA a5 3 AT DL & B, oA O A A SR S O 42 fl )
(HE) POBRIE 22 52 MR /)N, DR I T 00 A0 6 s e 42 fike g 114
R ML 22 A 5
3.2 EMAMEFRITLE

T8 S S AT P AR R B ) I R ARS BE X L,
ol 2 P 0 iy v, A 3 B0 RS I A BB U B N
6 WK, FRH I Al 1 e KL N 0.4 rad, TR METE
BJE 53 R = 2 145 IR RN S Y AL SR AR A T 4% fih 7
ST AR i A A5 B () 2 fk T R4 T B PR S TR A i S A R
LSS, LI 8 A S, S I A i BT AR K AN 3R 2
B R SRR HARM 244 (0 mm,0 mm, ~120 mm) ;
(0 rad,0 rad,0 rad) |, LG5 E L1454 525 Hz il
JIURZE R SAE AR HE 25 | FF A8 O IR ER UG 2R 11
Tt AT 00 e DA T B3 AR 3 Y S PR AL 228, S 45 SR An
& 12~15 FiR,

R2 RmHVIE= B
Table 2 Initial spatial pose of the terminal

%5  x/mm y/mm  z/mm a/rad B/rad y/rad

1 -46.553 -28.255 21.844 0.19482 -0.18290 0.15022

2 10.235 54.413 24.631 0.26551 0.29512 -0.313 12
3 27.97 65.509 -3.738 0.20936 0.125 46 —0.223 97
4 35.961  35.267 -27.618 -0.381 00 -0.001 63 0.259 74

5 19.907  39.09 35.929 0.251 26 -0.244 90 0.005 95

6 38.249 -34.071 28.571 0.047 21 -0.361 37 —-0.350 70

7 -37.616 -36.34 38.8969 0.214 28 -0.256 47 0.329 26

8 33.082 12.085 49.723 0.116 04 -0.226 71 -0. 148 34
| S
[ ba Y
o e
g DOy 71714 1
B2
B
& 1.5
. 1.0
% 05t { ]
a8 7
ks -0.5

T2 3 4 5 6 71 8
TR S0
14 RTBULERE BA H fih g B0 5 b ofe 22
Fig. 14 Mean and standard deviation of contact force

of large components

Fa5%

—~ x1073

5”} N T
. S

-~

% 25 ~ CH LR E
_%2.0-

%1.5-

1.0t

go.s-

& 0

Ros- e
%" 1 2 3 4 5 6 71 8

P 3 gl
15 RANGSHE A4 fih ) X B S v 22
Fig. 15 Mean and standard deviation of contact torque

of large components

B 14 1015 AT DL 3, g 20 55 g v 25 g 4 fioh )
() IR 22 R I I /N T Hopr e 22 | B e T LATA R 7 24 i
O HERIE T, 33K P 422 ok o 00 7 vk iR 2 R L2
BEALE 2 5 A, Sl S 2 ) g R A7 S e )
BF SESA 4 ik I BRUE2E Sy 2. 34 NS Y3l ) H AR 25
1.630x107 N~ m, i 434 X =4k S L AR A T34 i
DS, $2 Al bR 22 - P RN RN 1. 42 N RERL 1 AR
LR E] 0. 862x107° N - m KA ST H A 3L T
O30 3 2 T AR TR )4 ok 0 DNy vk R S AR v 2
P i) ZR G0 2 o 3 ) RS B

HI Pl 16 F1 17 7] LUK 3R, AR i 75 4 07 14 A5 00 75 1)
BETC 3 AT Z MG S, 24 B 57 AT A Sty 1 S 2407 H
fi2E4 0. 553 mm, FIPLEMMZEH 3. 42x107° rad, FF
B SR B AR 25 AR KRR i 1o T 1 5 5 4 1) £
(0.5 mm) , FRRE S5 AT RETC IR 58 A & 0 4R 20 X
T A SRR AT T Ak 0 e O A T 0 9 S
e P A AR A 1) -4 7 0 2554 0. 355 mm , F- 34 /1
JEZE R 2. 36X 107 rad , & 0 LA A Sy 1) 407 5 Al 25 4350
INFREESSHRE M, I BAE A 2SR, R 450 2 16
PR ST B 2, X B A 1 et /N | A ) /N e
BeA S5 A4

08

[11>F

Sy i
0.6

04r

AL B AW 22 /mm

02f

1 2 3 4 5 6 7 8
KT S0

B16 5 (S ATLRA A S ) 7 5 i 2

Fig. 16 Terminal position deviation of positioning mechanism



5511 40

WSO A LT 0 A 2 4 ) A e 1 2R T 3 f 0 ik vk 39

x107?

REfE rad

1 2 3 4 5 6 7T 8
TR S0

P17 S LA A S P 2 25 4 i 22
Fig. 17 Terminal attitude angle deviation of

positioning mechanism

4 & i

IR 300 T IR IV 75 SR R 125 1 2 1
PRI 3 X8 TUAR BIR 2y TC 5 5 AL A P A 28 42 1)
TR A SCHR Y T B T A 2 = 4 g 1% et 10 2 15 4 fi
FIET v, Y, i R R O E LU B4 Bl ) 2
RURE = 4 ) A% [ A AR ) ) 455 T 46 S 75 242 i
T3 RT 4 i o 0 e A e ) R T RIS O MR I
T BT 20RO B AE T, H5E i 4
(B FLOTIERITSE T BERLIR 22 AL IS 4 3 A BE 1% 22 LA %
TR SRS X 4 ik g I E RS 2 A R0, 7 LA R R A
AR O FRESREME T | SR HI 7S 4t 00 4% A AR A% T 4
Tt B kT A s o 2 I A0 v TR ] = 4 0 A R R DA
FY, DT 9 D i v o A S R i 199 i 38 385 A T
PR R UCEOT LA 35 8 s Al g I ERORS B, IR TE
SEHGPRE T AT T Ak o 0 RS S LS5, S A
SRR AR SR 0 3 T 00 A1 3K = 4 ) A RS 4 fd g )
R S S AL Y A S AT O U R
it v M 07 0 A B 5 A L S AR T A B SR T 43 A X
Y AR IR DT B M AR EZE TR R T 41, 6% , 3 i
JIHERRUEZE TR T 47. 1% , A5 R X AR i 4 52 B fir
BEREATIN G | 45 RS BRSO 4 Hh 42 fioh ) D0 D7 v g
KGR RS A 7 F i 23 8] i A0 8 22, o ¥ I 22
R T 35.8% A MM 2T T 30. 9%,

[1] MEI ZH Y, MAROPOULOS P G. Review of the
application of flexible, measurement-assisted assembly
technology in aircraft manufacturing[ J]. Proceedings of
the Institution of Mechanical Engineers, Part B; Journal

of Engineering Manufacture, 2014, 228 (10). 1185-

(2]

(3]

[4]

[5]

(6]

(7]

(8]

(9]

1197.
LT MR, BERE, 5. OLIREEZ 0w QAR E
AT ()], AR, 2021, 42(2) :10-17.

LI X Y, LIN H, XUE Z,

et al. Self-calibration

optimization method for laser tracking multilateral

measurement| J].  Chinese  Journal of  Scientific

Instrument, 2021, 42(2) . 10-17.
ZENG Q, HUANG X, LI SH G, et al. High-efficiency
method  for

prealignment large

iGPS and

posture component

assembly via laser ranging[J]. IEEE
Transactions on Instrumentation and Measurement, 2020,
69(8) . 5497-5510.

HUANG L L, HUANG X. Research on registration error
prediction of large size measurement field based on finite
element and artificial neural network[J]. The Inter-
national Journal of Advanced Manufacturing Technology,
2023, 129(9/10) ; 4589-4603.

ZHANG B, YAO B G, KE Y L. A novel posture
alignment system for aircraft wing assembly[J]. Journal
of Zhejiang University-Science A. Applied Physics &
Engineering, 2009, 10(11) : 1624-1630.

FOIEFA, KM, TR, B SRR A SRR R h
OCHE S LI E ST ()], ACER A R AR, 2024,
45(7) : 292-300.

HAO ZH Y, ZHANG F, ZHANG F Y, Research on key
influencing mechanisms in admittance control systems for
automated assembly[J]. Chinese Journal of Scientific
Instrument,, 2024, 45(7) : 292-300.

PARK H, PARK J, LEE D H, et al. Compliance-based
peg-in-hole  assembly force
feedback[ J].
tronics, 2017, 64(8) : 6299-6309.

WANG Z R, YIP H M, NAVARRO-ALARCON D,

robotic strategy  without

IEEE Transactions on Industrial Elec-

et al. Design of a novel compliant safe robot joint with
multiple working states[J]. IEEE/ASME Transactions
on Mechatronics, 2016, 21(2); 1193-1198.

TR, #Fan, JEWE, S T 7 0 ) i U i
LB EI]. BT IEROAR, 2024, 47(7)
69-79.

DING Y, SHU L, ZHOU H, et al. Assembly algorithm
for circuit breaker shaft hole parts based on force
compliance control [ J |. Electronic Measurement Tech-

nology, 2024, 47(7) . 69-79.



40 (O I a5 %
[10] WHITNEY D E, ROURKE J M. Mechanical behavior 287-296.
and design equations for elastomer shear pad remote [19] CHAKAROV D. Study of the antagonistic stiffness of
center compliances [ J]. Journal of Dynamic Systems, parallel manipulators with actuation redundancy[J].
Measurement, and Control, 1986, 108(3) ; 223-232. Mechanism and Machine Theory, 2004, 39 (6): 583-
[11] CHENG H T, LIU T ZH, ZHANG W, et al. Robotic 601.
assembly for tight tolerant cascaded peg-in-hole process [20] LIF, ZENG Q, EHMANN K F. A calibration method for
with incomplete constraints [ J ]. Assembly Automation, over constrained spatial translational parallel manipula-
2020, 40(5) ; 769-778. tors[ J]. Robotics and Computer-Integrated Manufac-
[12] ZHANG K G, SHIM H, XU J, et al. Force control for a turing, 2019, 57; 241-254.
rigid dual peg-in-hole assembly[J]. Assembly Auto- [21] WUJ, WANGJS, LITM, et al. Performance analysis
mation, 2017, 37(2) : 200-207. and application of a redundantly actuated parallel
[13] FEH, MEF, SER, % £ FRE manipulator for milling[J]. Journal of Intelligent and
BroRum =4 pM &5k ()], AR 4], 2023, Robotic Systems, 2007, 50; 163-180.
44(1); 38-45. [22] R, B8, 26, & KRERAY IERSNITS
YU CH X, HE Y L, ZHU L Q, et al. Three-dimensional WEMR[J]. fEE& 5 ARG, 2016, 35(5):
end-force measurement method of optic fiber sensing 87-90.
minimally invasive surgical probe[ J]. Chinese Journal of HAN K, WANG ZH, LI ANG, et al. Design of big-scale
Scientific Instrument, 2023, 44(1) . 38-45. six-axis force sensor and study on calibration test[J].
[14] hodn. 75 [ i EVUE Lyt R ke[ D). 1S Transducer and Microsystem Technologies, 2016,
JRTE W JRIE TR, 2016. 35(5) : 87-90.
XIE X R. Research on impedance control of 6-DOF [23] LIU Y, HUANG X, LI SH G, et al. Adaptive
manipulator[ D]. Harbin: Harbin Engineering Univer- positioning method for ball head based on impedance
sity, 2016. control[ J]. Robotic Intelligence and Automation, 2024,
[15] Skarge, ®iFmek, BIER. FET N LR Tl 44(2) . 242-257.
BLES AR i 0 2852 R [ 1], B k3R, [24] ZHUY G, HUANG X, LI SH G. A novel six degrees-of-
2017, 43(3) : 439-447. freedom parallel manipulator for aircraft fuselage assemble
ZHANG L J, HU R Q, YI W M. Research on force and its trajectory planning[ J]. Journal of the Chinese
sensing for the end-load of industrial robot based on a 6- Institute of Engineers, 2015, 38(7) ; 928-937.
axis force/torque sensor [ J ] Acta Automatica Sinica, [25] CHU W M, HUANG X. Posture adjustment method for
2017, 43(3) ; 439-447. large components of aircraft based on hybrid force-
[16] Mive, TR, R, S5 BT s malssA position control [ J]. Industrial Robot, 2020, 47 (3):
PR AR [T, JERTlp e R 2= 244, 2020, 43(4) . 381-393.
1-6. [26] LISH G, CHU W M, HUANG X, et al. Trajectory
YU Y, WANG Y B, WEI SH M, et al. Robot assembly planning method for docking of large aircraft compon-
technology based on compliance control [ J]. Journal of ents[ J]. Robotic Intelligence and Automation, 2023,
Beijing University of Posts and Telecommunications, 43(3); 235-253.
2020, 43(4) ; 1-6. [27] YU H, DU F ZH. A heuristic cabin-type component
[17] ZHANG K G, SHIM H, XU J, et al. Force control for a alignment method based on multi-source data fusion[ J].
rigid dual peg-in-hole assembly[]J]. Assembly Automation, Chinese Journal of Aeronautics, 2020, 33 (8). 2242-
2017, 37(2) : 200-207. 2256.
[18] LIU H, ZHU W D, DONG HY, et al. An adaptive ball- [28] SBaRfk, ¥k, Mmubk. BT = AebriE (L% S W

head positioning visual servoing method for aircraft digital

assembly [ J]. Assembly Automation, 2019, 39 (2):

THURER AN S [ 1], LR 2R (TR
2010, 44(8) : 1508-1513,1552.



5511 40

WSO A LT 0 A 2 4 ) A e 1 2R T 3 f 0 ik vk 41

GUO ZH M, JANG J X, KE Y L. Posture alignment

internal force in three axis actuators based assembly

system for large aircraft parts [ J]. Journal of Zhejiang
University ( Engineering science) 2010, 44(8): 1508-
1513,1552.

[29] DENG ZH P, HUANG X, LI SH G, et al. On-line
calibration and uncertainties evaluation of spherical joint
positions on large aircraft component for zero-clearance
posture alignment[ J]. Robotics and Computer-Integrated
Manufacturing, 2019, 56 38-54.

[30] CHU W M, LI G, LI SH G, et al. A centroid
measurement method of large components for active
compliant asse-mbly[J]. Measurement, 2024, 234,
114888.

EE®E T

B GEAEIEH ) , 2022 4F T #E A
SRR FAAFE A7, BN g Rt Tl IR
MF AR E YR, F2ZRT5ET5 10 R LT

NS e Fr LI LB A

". E-mail: chuwenmin@ live. com

Chu Wenmin ( Corresponding author) received his Ph. D.

degree from Nanjing University of Aeronautics and Astronautics in
2022. He is currently a lecturer in the School of Aeronautical
Engineering at Nanjing Vocational University of Industry

Technology. His main research interests include aircraft digital

assembly, digital measurement, and robot control.

JA, 2018 A T [ 47 3k ok (B s
AT 2B, 2024 AT RS B TR K2
AP AL, B R A Tl L B R 2
PRI, S BT 7 1) S RALECT A A T AL
LBE IR
E-mail; 2024101500@ niit. edu. c¢n

Zhou Kuai received his B. Sc. degree from China University
of Petroleum in 2018, and received his Ph.D. degree from
Nanjing University of Aeronautics and Astronautics in 2024. He
is currently a lecturer in the School of Aeronautical Engineering at
Nanjing Vocational University of Industry Technology. His main
research interests include aircraft digital assembly, machine

vision, and deep learning.

BEFIEE 2024 AFFAU T A R 73R
@ P, BUEAE ST Tl A S AR 5T
‘oo f A FR A B AR, FEEEF 55 a4 NTE
DR YN A1 NN = o ol R RESR E
‘K . ahsm,
E-mail ; lichen. teng@ buaa. edu. cn
Teng Lichen received his Ph.D. degree from Beihang
University in 2024. He is currently an engineer at Beijing
Research Institute of Automation for Machinery Industry Co. Lid.

His main research interests include humanoid robots, industrial

robots, automated detection, and image processing.



