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Abstract: Sediments tend to accumulate in mud tanks after prolonged operation, and traditional manual
cleaning faces problems such as narrow space, high labor intensity and high safety risks. Flexible manipulators
with good environmental adaptability are considered as an important solution for automated operation in confined

spaces. However, existing flexible manipulators can hardly perform stable torsional motion in a bent configuration,
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making the equipment difficultly maintain a stable end—effector posture at target positions. This paper presents a
structure of flexible robot with in—situ torsion for mud tank operations, which delivers stable in—situ torsion of the
flexible manipulator in the bending state without significantly changing the overall configuration. The robot adopts
a modular design, composed of a tendon—driven bending module, an independent torsion module, and a 3 500-
mm-~—long serpentine module, enabling effective decoupling of bending and torsion motions. Based on the constant
curvature assumption, a kinematic model of the flexible manipulator was established to analyze the mapping rela-
tionships between the driving parameters and the end—effector posture and to understand the motion characteristics
under three modes (bending, torsion, and bending + torsion). Through numerical simulation and laboratory tests,
the in—situ torsion performance of the prototype at bending angles of 15°—120° was quantitatively analyzed. The
results show that the proposed driving parameter planning method can realize stable in—situ torsion under different
bending configurations. In the straight and maximum bending configurations, the maximum torsional deformations
of the flexible manipulator are 11. 4 mm and 90. 8 mm, respectively, and the average position error, rotation error
and orientation error of the system are 153 mm, 208. 88" and 2. 70°, respectively. As revealed in variance analy-
sis, although the errors increase with the bending angle , the overall system operates stably without obvious instabil-
ity, and the errors meet the requirements of confined space operation in mud tanks. The research findings provide
engineering reference for the structural design and motion control of flexible equipment in complex confined spaces.
Keywords: mud tank cleaning; in—situ torsion; flexible manipulator; tendon—driven structure; motion char-

acteristics
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Fig. 1 In-situ torsion flexible manipulator
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Fig. 3 Definition of the kinematic coordinate system

for the in—situ torsion flexible manipulator
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Fig. 8 Errors of in—situ torsional motion under different

bending and torsional angles
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