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Abstract: To address the challenge of ensuring assembly quality for complex products, this study
proposes an assembly cell modeling and quality control method that integrates digital twin forward
deduction, reverse traceability, and targeted optimization, achieving visual simulation, prediction,
and full-process optimization control of assembly quality. First, a three-in-one digital twin
assembly cell reference framework consisting of a physical layer, a twin layer, and an application
layer was constructed to reveal the dynamic formation mechanism and precise regulation mechanism of
assembly quality. A digital twin assembly cell modeling technology which integrates multiple
dimensions including manufacturing errors, assembly deformations, and positioning errors was

proposed, addressing the inaccuracy issues caused by traditional modeling methods that consider
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only single error sources. Based on this, an assembly accuracy prediction method using Jacobian
matrices and small displacement torsors was studied. A precise error traceability model for key
established.

optimization and control technologies for assembly quality deviations were developed, forming a

assembly deviation-related processes/process parameters was Multi-objective
technical system that integrates forward deduction, reverse traceability, and targeted optimization
throughout the entire assembly process. A prototype system for a digital twin assembly cell
integrating software and hardware was developed and validated in the assembly process of a solid
rocket engine nozzle, effectively improving the modeling accuracy and quality optimization control
efficiency of the solid rocket engine nozzle assembly process.

Keywords: digital twin assembly cell; accuracy prediction; error traceability; quality optimization
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Fig. 1 Nozzle assembly cell
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Fig. 4 Multi-dimensional error digital twin modeling
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e C N T i BB % 52 AL ke TE OC i 4R 6 Bn 9
A R IE RS 6 19 3% 5 0 A R e A A 2
NFE . T 20 AR 22 4 18 45 7 o 25 I AR AIE 190 2% 2




%5 31

B A BT A I S O TR I AL R AE BB 5 149

Herh L SR PR BE AL 5548 2R 33k X 2% I 45 1k 47 34 i 1
R ARG AT R BE 1 5 DA R 5 AR 5 R D [ vk
XFERBEBEATAEIE L B aC IR BR A AR Y A0, 25 T e JF B
RIS 5 SR o I B M 0 A 8 3R L DR 3 )
R T 0 S B T A A VR O AT BR L 4 B S
T Y 22 2 00 22 4 L S I O B BT o 4 A 2 o PR KK
ey

Xk PR 90 o o R 22 S BOAY Re TE J5 A R) RE
DA PR AR IST i 1L O B 2 L G 8 S5 4 A
B P PR RSE Fe 1 72 3 3 R O 24 R R K 2 T RS
A PP e R S T ) 2 S O 2 I Y B A A fl AR
B3l ik NSGA- 1312 %o 468 AL HE 47 5R gL 31 4%
TR R AR R SF B B 5 45 2 PR RO R R
AT B 2R A ) 26 & R A5 R 2R R i 2 ]
T TRAT B2 FK G AR O ST A U A Ak 25 2R
(14 3% BiE 7 56 .

16 C V5 2 3 3ok A T — 2 B 1) RUST 8 6 A
PRIK B E R BEBEOR M 5 1 . O HE BT AR AR R TIE N
B E AR IS AN A 52 A i 3 R 2 R
2% TE 7 0L 1R 22 B2 W) o 0 3 A6 T S o7 1% 22 4 L ER R
R S B T A AR L A R L IR Y 1B
V5 X G 5 R R R RO 16 TG R O B 5 B A A
(DAPE=Hi N5 2N 1 VA D0 Bri L N ] LW SR DAZS
2 2R ) 2 T JoT B ) R DA RE TE R 22 BRI AU R 0 18
PR N it A8 i, DUAF A8 Jo o ] A ) 5C i o
8 b B P PR RUSE R R 22 U5 KB L3R R SR 22 3l
T Tl 247 50 o B30, LR IRCORS - AR O DY ek B 1
FE S T E 1 1 2 T R I AR BB il i NSGA- 1
FEA BB PEATOR % AR FHE BC I B & .l ad
B TE TR A 0 L A AR R TR R T R
BEFFEENBETT RGN T ZES BB ITE.

3 DTAC JEEITITF &5 25 56 41F

3.1 RERZEARE

R 3 I A KR K B ML A A S F SR R 42
TE [ KCHT K S LB B RE R e L 3o 7 & BT 58
BIEGAE SRS K L RS 1 Gikis
HLEs N1 BBl A 1 B2 1 & =4 A4
ALK BE 0. 015 mm) (1 IR 2246 (1 & 2 000 J7
BERERAGAIPL 1 6 ZAAR I E A A TR RN G
EERARG. BAEBAIM BTN 6061 5564, H1 6 4>
TR 20 % IR AR FLAE S M5 X 10, bR A
BEATAE T 4 R BB BC 0T, o DTAC A F &
TF K FNEE LR FHBE 5E 1 BE Al

zkxb. xjtu. edu. cn

M 5 A 25 A T R 2 L T s A R /L 8 BT
TN H R L MIE R CTF DB 1;
SRIGHEBLR P BER Y ik B CT R 2) B A1 25 7
BERC A CLIY 3) B AL 3, 5 Ja MRk 78 4 A
3 FAEWD HC 4 (T O M LB MIR (TF 5)
W TIF 117 3 AR, TF 4. 1% 5 AR
e, TOF 2 WA B L 7 4

HCZ 1

Ferik
ek

(R TE -

kB

WA LR AR 5]
—— =

NS

WL R T2 AL T3 R LIF4 R LS
B8 i gk R MG T s B A

Fig. 8 Overall structure of nozzle and assembly process
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Fig. 9 Prototype system of digital twin assembly cell for nozzle
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