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Kinematics and traversal feasibility of a quadruped robot with prismatic—joint

redundancy for aircraft fuel tanks

LI Shuangbao", LU Zhigiang", PENG Wenling’, LIU Guoguang", KOU Liying"

(la. Research Institute of Science and Technology Innovaiion; 1b. College of Aeronautical Engineering; 1c. College of Transporiation
Science and Engineering; 1d. College of Science, CAUC, Tianjin 300300, China; 2. Shenzhen Airlines Co., Lid., Shenzhen 518128,

Guangdong, China)

Abstract: To address the problem that conventional quadruped robots for fuel tank inspection can hardly traverse an in-

spection opening, this paper firstly introduces a linear guide rail and combines it with hip flipping to reconfigure
the leg degree —of —-freedom layout. The swing leg can thus complete the traversal in stages within the limited
clearance without taking the inspection opening frame as a supporting point. Secondly, the overall structure and
the leg mechanism are designed, and a kinematic model is established. Under identical link dimensions and joint
limits, the reachability of footholds on the far side of the inspection opening and the configuration redundancy are
then analyzed before and after the prismatic joint is introduced. Finally, the traversal trajectory is planned under
a fixed stage sequence, and the candidate traversal sequence is audited frame by frame. The results show that, af-
ter the prismatic joint is introduced, the average reachability rate of discrete footholds of the four legs increases
from 50.0% to 92.9%. The area coverage of the far—side foothold region of the inspection opening increases from
about 26% to about 96%. Configuration switching can provide posture redundancy for the same foothold. For the
696 —frame candidate traversal sequence, the minimum clearance from the inspection opening frame is 26.989
mm, and the minimum static stability margin (SSM) is 9.034 mm. The self—collision distance remains positive, in-
dicating that the staged traversal path is numerically feasible under the digital model and nominal working condi-
tions adopted in this study. The results can provide a basis for the leg mechanism design and traversal planning of

aircraft fuel tank inspection robots that traverse inter—bay inspection openings with low contact risk.

Key words: aircraft fuel tanks; quadruped robot; prismatic —revolute —revolute —revolute (PRRR) mechanism; foothold

reachability
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Fig.1 Parametric definition of the inspection opening and the far—side

foothold region
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inspection opening
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without the prismatic joint and the configuration switching
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Tab.2 Ablation results of the sagittal reachable—region area

[U=R Syz/m? ns/%
RRR 0.257 ~26
RRR+4 B4 0.394 ~26
PRRR 0.347 ~96
PRRR+# 7] 4 0.498 ~96
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Fig.8 Local kinematic and dynamic responses of the left front leg in

himm

the ADAMS candidate motion sequence
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Fig.10 Audit results of the inspection opening frame, self—collision,
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stability and torque for the candidate sequence
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Tab.3 Main audit results of the candidate sequence

Ei=gan 4 FilrE
i )3 B AL 696 SRk
Fe/MGE T HETR] B /mm 26.989 Eiiibu)
1 Rl S /mm >8.426 biitu
A RIS R EEMR IR/ N Al BR/mm 0.801 Fefih b
#2/]N SSM/mm 9.034 EPu
gl ST WA RS 14/ (N~ m) 16.459 wHRGT
TR R B 1R 25 /mm 5.82x10°  BUEMI AR

AT 696 Mifi e 25 B Y 51 5 5 4.2 77 1Y ADAMS
U5 BRI LR AN S5 AR 5 Sh PERY B it
¥ K A T {H ADAMS SRRl A s, —F R
FETEZ IR K 2 o ADAMS 15 B T4 2 43 i B 5h
YE 132 2t 2Pk 5 Jey e I, 696 Wi 5 25 it 7 571 F
FIUA S MR S AR, &40 Ak R — 2y



-22 - S AES R N 2 1 2026 4E 10 A
ESYNEpTR AL LA PORE el S B b B ARG 8 10 Bl e

4.4 FFEFITHED T

X 696 M5 158 27 1 F 1) 37E 47 2% Mot 8 4 1T 4714
3T FERTHK 35.8 s I gRllad A, &5 B BT d5e/ )N
L[] EESE 2B 0/NT 0.170 0, HirP e RAEZ M 0.169 5.,
MR R i 5 T BE A 2 18] AT EE R R AR 0.200 0
BF, 696 WA A7 TR J2 ) 77 27 V- FIEE J82 40k 24 o i) 2
fik 71530 o Fh R PR B AR S T sk
B e Ui 1 RS BT W EE R R BT BRZ9M 0.170 0., T 248
WA RS SR IR TAR T BEAR R R A SN,
HAEAFAEIR I RS ATy 75 488 2o X 0 S o g 1 i o

TEA] FHIBEH 28w = 0.200 0 AR T, )36 2
JEE J5 A 24 BRI 2 fioh ) R AT A BB B g 2B OF
PR Sl Bl 1T R AL R T AR A . S5 R B )
R B 1) 7V A VU g R O A 0L ) R
9.379 N.13.777 N-m #1 2.058 N m, #f— 2% JEA[A] n]
AT 1 43, il 1) 3 A0 S AL R P 4 B R
12 12.180 N H1 2.967 N - m , 18 J8& {15 78 &5 iy 46 A 4%
SFEAR 16.948 Nomo FIRSERFI , F3h Rl Rk
R Y 2 PR Ak R 235 A 7= A 1R (0 0 4

VT 2 LIS 15 2 06 2 AT A M R S i, %oF
HLAS N SR AR 2 SO Al T | TR 22 2 o7
LAt 1 RSE 5 | AREHLIE 31, I 43 5 R R4 45 500
R GEFERIETH R  PIRSR S Al TR 25 R 2245
S 2 mm 5 mm , BB R ZE AR E 22 4351 B
1 mm A1 2 mm, FAXT LSRR AEZE L 0.5°, K fs
RAF IR ZEI 2 mm o K BT FARIE 7 51 1) d5e /M
18 A HE R BRFT SSM . 25 B3R W, W AY 12 25 2544 N 1Y
BBl it R 351 h 93.4%F01 82.4% , Hirh SSM. FAIT
1 A5 100.0%F1 95.4% , BB Y {7 BAEIR2Z 4
Bl ESTRE A — R, R DR R DR 2
Pesh ™ FERR G E . F e, TR AP TR
SR A FE R Al TR 22 0t — A 48 i LA e 42
45 RMEABRESER

AR SORE T RHLIAR ™ 24 5 55 AN A 18 H 3
HESZ 15 A TR EARAE 11 G v e DXORD = S04 7™ A%
FIFZRIA, M1 [ E 7 5 FE 25 % URDF Rl 46 p A% 7K
SEHLE FEE I S BRI R T 58 B R %
T, KB 1 SAE AT BL L 1A 48 R e 2 e M 4 1
AR AR ZE FAGE FF AR SCE e 1Y 44 LA il
B 5125, N BEAMEE N T S B 47T 17
Je SEATY 5 T R sh A 3 5 SCARRE LIS

BLAL Y5 5% iR T b 3t - ARG B AR AL 7Y

iy B A LA 5 5] AL IR 22 M 284
DR 225 HEH 23 BC 18] Bt s DT SRR HL_E 56 ik B3
1 ERBHE R R S ASR  A PH ERER B D52
ST RHIR RN T ST DR B TR T PR S 4
BRI . IR, AR SCEE AR T RUE A AT PESRIE,
AN R TR B0 i J By A ISR A

5 #HiE

X CHLIIAR R 0 gk ) 8, AR Sci i T R

A REAR HL B SREIF) PRRR U EALES AR AL Y,
ST 5 URDF A — S IF 300328 Bl 24 A5 R I3 i
B RIS UE T A AT AR 5 7 e S B A — b

AR TR B, 51 A SIS , VYRR 35 25 1
V&L S TR 50.0% 3 T2 92.9% , el 7% 2 X T
T T R 2 26%3R T+ B 20 96% ; #4 71 47] 5 3 41
HE[R]— 75 2 2 BB TUAR o X 696 Wi 3% 2 ik 7
G, e/ N AE 1 AE [B] B A 26.989 mm, fiz /)y SSM Ky
9.034 mm, [ R IE B IR 20 1E , RINZ T FRAEA SR
TR 24 TR B a4 o

AR SCEE SATIBR T 45 7 JUAnT RS TR il 43 24 o N e
B SRS IS SARREALRIE S 3R 3 P PR R
B SRR | S RN G 65 DX L S 4 5 TR PR RE

SE Lk

[1] Dhoot M H, Fan I S, Avdelidis N. Requirements for designing a robotic
system for aircraft wing fuel tank inspection[C]//Proceedings of the Eu—
ropean Conference of the PHM Society 2021, June 28 -July 2, 2021,
Virtual Event. PHM Society, 2021: 12.

[2] Heilemann F, Dadashi A, Wicke K. Eeloscope: towards a novel endo—
scopic system enabling digital aircraft fuel tank maintenance [J].
Aerospace, 2021, 8(5): 136.

3] CCAR-121-R8 KA RHLA A ZS iZHiikiz Nz 446§ S,

4] CCAR-145-R4 M2 254EAS AL A4 57 E BLELS).

AC 25.981-1D Fuel tank ignition source prevention guidelines[S].

N
[

(EU)No 1321/2014 Easy access rules for continuing airworthiness|S].

7 EPRH, AR, R EEL S RHLmAER A LS AR RS S
BNFRFFT]. WS 247, 2013, 34(7): 1748-1756.

[8] Niu Guochen, Wang Li, Gao Qingji, et al. Path—tracking algorithm for

I T R~
—

aircraft fuel tank inspection robots[J]. International Journal of Advanced
Robotic Systems, 2014, 11(5): 82.

[9] Cao Xiujie, Yu Jingjun, Tang Siqi, et al. Detection and removal of ex—
cess materials in aircraft wings using continuum robot end—effectors[J].
Frontiers of Mechanical Engineering, 2024, 19(5): 36.

[10] Dhoot M H, Fan I S. Design and development of a mobile robotic system

for aircraft wing fuel tank inspection[J]. SAE International Journal of



a4 S

N, SR, 530 A RHILIMAR RS SR TUAR DU AR AL & N2 8l 5 2 BT A3 P 2

—-23

Advances and Current Practices in Mobility, 2022, 4(4): 1126-1137.

[11] Olaru A, Gaina M K. Aircraft fuel tank inspection with hexapod mobile
robot[J]. International Journal of Mechatronics and Applied Mechanics,
2022, 1(11): 66-76.

[12] Marquette W, Schultz K, Jonnalagadda V, et al. Semi-autonomous tele—
operation using differential flatness of a crane robot for aircraft in-wing
inspection[]J]. IEEE Robotics and Automation Letters, 2025, 10(3):
2742-2749.

[13] Ricardez Ortigosa A, Bestmann M, Heilemann F, et al. Foundations for
teleoperation and motion planning towards robot—assisted aircraft fuel
tank inspection[]J]. Aerospace, 2025, 12(2): 156.

[14] Zhong Yuhai, Wang Runxiao, Feng Huashan, et al. Analysis and re—
search of quadruped robot’s legs: a comprehensive review[J]. Interna—
tional Journal of Advanced Robotic Systems, 2019, 16(3): 1729881~
419844148.

[15] Luo Jianwen, Ye Shusheng, Su Juntong, et al. Prismatic quasi—direct—
drives for dynamic quadruped locomotion with high payload capacity|[J].
International Journal of Mechanical Sciences, 2022, 235: 107698.

[16] Xu Yong, Liang Zheng, Liu Jiali. A new metamorphic parallel leg
mechanism with reconfigurable moving platform[J]. Mathematical Prob—
lems in Engineering, 2020, 2020: 1-11.

(17] 5KH, FEH, B, 2 KA 5 A E BB LA ARt s

(L% 1371)

torque limits[S].

CCAR-33: 1988 flii a5 & s HLIE AT b7 HE(S].

CCAR-33R2: 2011 fiizs & L& i E[S).

CCAR-33R1: 2002 fizs & L& i E[S].

Amendment 33-10: 1984 Aircraft engine regulatory review program;

55
56
57

[
[
[
[58

[ S |

aircraft engine and related powerplant installation amendments[S].

[59] Amendment 33—18: 1996 Airworthiness standards: aircraft engines new
one—engine—inoperative (OEI) ratings, definitions and type certification
standards[S].

[60] CAR amendment 13—-1: 1956 Aircraft engine airworthiness: miscella—
neous amendments resulting from the 1956 annual airworthiness review
[S].

[61] Amendment 33-3: 1967 Powerplant design requirements for aircraft

F53HT). TP EPU AR, 2021, 32(15): 1884-1889.

[18] sKREK, ZEURAT, 275, 45, GIS PN RERSIN A I J2 TBEHL#5 A1z 8h 2% 43
Brla). HEHURS ASfbn THAR, 2021(6): 6-10.

[19] &I, 55, S0, 45, L T RUURAR 2R A 2R SRS A AL
ar N2 SRLRIEE ], HUK 5IE, 2023, 51(15): 42-49.

[20] Kuffner J J, LaValle S M. RRT—connect: an efficient approach to sin—
gle—query path planning[C]//Proceedings of the 2000 IEEE Interna—
tional Conference on Robotics and Automation, April 24-28, 2000, San
Francisco, CA, USA. IEEE, 2000: 995-1001.

[21

—

Pan Jia, Chitta S, Manocha D. FCL: a general purpose library for colli—
sion and proximity queries[C]//2012 IEEE International Conference on
Robotics and Automation, May 14 —18, 2012, Saint Paul, MN, USA.
IEEE, 2012: 3859-3866.

[22

—

Carpentier J, Saurel G, Buondonno G, et al. The Pinocchio C++ library:
a fast and flexible implementation of rigid body dynamics algorithms
and their analytical derivatives[C]//2019 IEEE/SICE International Sym—
posium on System Integration (SII), January 14-16, 2019, Paris, France.
IEEE, 2019: 614-619.

[23] Li Huayang, Qi Chenkun, Gao Feng, et al. Mechanism design and
workspace analysis of a hexapod robot[J]. Mechanism and Machine

Theory, 2022, 174: 104917.
(%9 A)

i S S A e mte S e e e o

engines and propellers[S].

[62] Amendment 33-6: 1974 Aircraft and aircraft engines: Certification pro—
cedures and type certification standards|S].

[63] Amendment 33-12 : 1988 Airworthiness standards: aircraft engines[S].

[64] Amendment 33-25: 2008 Airworthiness standards: rotorcraft turbine
engines one—engine—inoperative (OEI) ratings, type certification[S].

[65] Amendment 33-32: 2012 Technical amendment; airworthiness stan—
dards: aircraft engines[S].

[66] AC-33-AA-2022-01 iz & SIHLA E[S].

[67] T, TOKIT, 228, 5. s Rl T —AUaE Aol o ) E e mg A
FORBRAR). o E TRERLE, 2022, 24(4): 230-239.

(TSR AEFT)



