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Abstract

This study addresses the structural strength, compact storage, and stability challenges of robotic
arms for aircraft pipeline refueling vehicles by proposing a design framework based on catenary-
based load modeling. A 3D model of the robotic arm was constructed in SolidWorks, and the dy-
namic loads induced by fuel hoses were calculated using catenary theory. Static mechanics and slid-
ing simulations were performed in Workbench to identify structural weak points and validate the
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anti-overturning performance of the base. Simultaneously, the Denavit-Hartenberg (D-H) coordi-
nate system was implemented in MATLAB to generate a point cloud diagram of the robotic arm’s
reachable workspace, visualizing the operational range to guide subsequent installation and devel-
opment. The results demonstrate that the optimized robotic arm achieves a maximum extension
distance of 12.28 meters, limits sliding displacement to within 0.1 mm, and reduces joint blind
zones in the folded configuration to below 4.5%. This research provides theoretical and technical
foundations for the intelligent upgrading of aviation refueling equipment.
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Table 1. Parameters of each boom section

F1. RERSY

BB K J% (m) 5 i (kg) H 7 E (m)
1 3 146.7 1.43
2 4.2 206.3 2.72
3 4.18 205.0 2.66
4 0.9 44.1 0.61

BEPEFRGE: IR ME FE Y 610 mm,  THHOEC B~ [ 1 e % e e (00 22 JEC S8 SR T T ELFE B 310 mm), A&
A 5 G R )3 3 [ A S 7 S B 360° 7K Tie e o

BB b S Bl I A B SO R, R L SEOVE R S UG . IR T A AR BenT sE R
180° 478, WELLmIik 2.8:1, RERATRIEEN. PMESEHWE 1 s,

BE3 BE4

Figure 1. Structural schematic diagram of the robotic arm
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Figure 2. Gripper operational schematic diagram
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2.2. BHESRB S

B HELR (Catenary) & — PR VALY 5 B 13 T EHAR N B IBCFRAY,  HACORFIE 1 i
Wl 52 AXSZ H S H AR N T RS2 -2k [4]. AU Sh BT SRR IO 00 T RSl AL B XL
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de T, dx
AR B R ) AT AR AT
sinh™ y =HE L C )
XIS CNE, -
y'= smh[’u];og-x] (5)
xty' fly, 193
y= L -cosh('u'g-xj+C (6)
H“-g T,
AR r =00, y=0, {EIC= e RAREAITR:
y= L (cosh('u g x]—lj‘ @)
H-g [ T,
BEHE RKE RN L, Pk E SR N 2a, FEEETSTER)NAL .
TEx=akt, THESEN:
h= g{cosh(’u'i'aj—l} (8)
B K
L=[" 1+(d j dy =L sinh(”'g'“J ©9)
a dx u-g T,
WAL L5 h 5, Wka, BRKCTKD T, RBERFEN:
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WON AR ZREE TR N, A8 10725 I RS AR B, 7T 7 LB AN it
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3.1. HiToHh

EAGTEH, R HIS-63A AU yhnitiiesk, HETHAF& 1SO 45:1980 #rifk, 4% 63 mm,
EHT WWIERTE MM RS, $ERTREELEBAA 3.6 kg, BLE AL E I EERH
ELAFLEX UTS 32 %%, H¥&iH754 1S08913:2006 EN #rife. K =ZEE AW E ¥it. WEMEHE R
B TR OIHUPE), 54 FDA frdE, &R TR T, A5 8082 R AHREMN RS R, &5
MR LR P BT R RE ; ANEPPRER ] =0 L AS IR (EPDM),  FAR R I % i v 00 i L KU, . LR AR 2 5 P
218 1.32 kg/m. BURKERAKFH A TERA=2.0m, HAN10)HHEHSRKTFIK I KNLN:

5 2
T _Mg L 1 :1.32X9.81><15 y 1 —179.978N (12)
8h 412 8x2 4x2°
1+72 1+72
3 3x15

FEHURE 05K it S S0 5, ShAIZ SRR IR BT RS FE RSB . BRI TOL N Y
HAE BRI A1, PUBE I R S 7 A BN P 2 51 R Bk 77, MR 5K 71 BB
B 5 RE9] 0 AE(12) 2R AL L 51 BOR K

T

dynamic

1.
=T, 1+4 =179.978><(1+—0J=198.324N (13)
g 9.81

BeAh, BOE o AR AR B RE T, S SIR AR A T E AR A R, L SR
FIRIIRTE AR B R IEAH R R R . Ak, BT 21N XAFH[10].
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FERUZS 0o 2 4% 400, B I e B AR T 4 KA TREZUER, Y 1 LS 75 ilid 2 51 )
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TERC “ BB YHE + KTFEE” MM TR, Z TN, YUEAZE S e ER, 12k
EFENUE TAE AL KF5K Ty 0 Sk R 3 88 00 IS () S ), S B0 45 44 5 B 5 I B
MR . BRI, RITHUME S50 st i H .

AR Ansys Workbench 2020 R1AE A & NN —. B WHIRAIN): FHS
TR T4 k& (Sweep Mesh), TGRS ¥E N 50 mm, VEBEJE 7 [ARAE 3 ZR0Ms, 525 fth 152 786 B 1
REWRAR B s DT 5 A DX 3 b 7R B BBz L) A A8 Y DY T 4 X % (Tetrahedrons), Ja I il 28 [ & R b 25
(Curvature Based Refinement), #5087 /78 A AL (1) AR B AL EEHEE 22 S UERE FLAL R A AR AR & R 445
PR, B LRz i o0 AT ST PR A R T

AT 130,031 N5 AL 68,379 MHTGIA PRITHAL, M H% 5T & 48 bR (Equisize Skew < 0.8, Ja-
cobian Ratio > 0.6)i# /& LFE o HTEK .

LRGN 1 SE bR 2 BRAS 78RS L 22 e THT B N 4= H PH FE [ 72 20 5K (Fixed Support), PR
Bl =13 5 a), I AR A B ORI SRR L X IS WP R, 8 G R NI A S

HUBE 4546 £ AR 7075-T6 #E6 4, MEUEIRIRSE o, = 505Mpa , Hihi#fE o, =570Mpa , 1
Fatbo=033 . fiEEERWE 3 frs.

BT« KRFE Wi (von-Mises) S5 &N T HENIIT R EFAS LN 0 HT[11], S5 RRM: HUE 3k X
S RO 7 A5 AT B /K P (120~200 MPa), Sz i TR AR R, 38 B LR il 17 A7 5 25 ot 8 1 4
HAER R T 28R TERY B o 501 3% 40 X 305 A A it S 32 4 S T 2 L 38 PR S D B FE AR AL, 04
BTFE 250~320 MPa, R PR XIS )1 AR BUBIAL . FARTI S, 8 OGBS RHE TE
JRI N A X I (U AE 320 MPa), %I G IAE T 2 AR 2210 B0 B 2 Bfar L —— 1 A [R] B 7R 52 51T
IXEN FIHE G| IS S T A ARAT AL A 32k (4 ) s 7 g B HE Ak LRI BT IR 77, =480 RS BUE S5
A RSTE 22| I i BN NAA P S IR B R £ VT8 VA B T e T AT E | S 7Ea G o8 o7 b k2 IR E 5
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Unit: MPa
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Figure 3. von Mises stress contour
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Figure 4. Bolt slip distance contour
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Pirg R ER, H 4 RIBES AT, BB RN 0.025043 mm (7T F ARG HLZER), KT
0.1 mm ¥ TFE VR BIE . BEMh R T BRI Sy (n = 0.15) 5K AP FIfER, HEERPEE 242 R/
n, =182, 2 GB/T 11365-2005 24 R4 > 1.5 FIER, 3R UM% 20 v] A 2] e B AE 5 7%

XF IR Sy 2 VERETT R0 M AT 435 10.9 2 M30 MR AR Ji IR 5 5 690 MPa, 47 FLERHUA ] N /) A1 420 MPa
(TR ) 5008 DA B &), AL R Hn, =1.64, HTRIEREAL T 3MEAL TEH B
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AL SR HEEE S K4 -
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Table 2. Denavit-Hartenberg parameters table
% 2.D-HE2H&K

Pl KT 0 EFmEE d HEFKE a HEFHA o
1 01 0 0 90
2 02 0 3.0 0
3 03 0 42 0
4 04 0 4.18 0
5 05 0 0.9 -90
6 06 0.4 0 0

-
‘z
\5\\;\ e
5 \‘\0\\ === ==

Figure 5. Denavit-Hartenberg coordinate system
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5T D-H ZHL NN, KA SRS 71245 50,000 25615 A1, B30 6 B =48 T1F
Tl EaE BHARRR Xo Y. Z BRSO AR u AT 2 A R S R oI
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Figure 6. Monte Carlo point cloud plot
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Figure 7. Base plane blind spot diagram
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