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This paper presents a modeling method to study the stiffness of a hybrid serial-parallel robot IWR (Inter-
sector Welding Robot) for the assembly of ITER vacuum vessel. The stiffness matrix of the basic element
in the robot is evaluated using matrix structural analysis (MSA); the stiffness of the parallel mechanism
is investigated by taking account of the deformations of both hydraulic limbs and joints; the stiffness

ITER of the whole integrated robot is evaluated by employing the virtual joint method and the principle of
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virtual work. The obtained stiffness model of the hybrid robot is analytical and the deformation results
of the robot workspace under certain external load are presented.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The ITER vacuum vessel sectors are made of 60 mm-thick stain-
less steel which are joined together by the high efficiency structural
and leak tight welds. The stringent tolerances of assembly, 5 mm,
are expected, while high dynamic machining force and high accu-
racy are required for cutting, weld repair and weld preparation. To
satisfy the machining capacity of mobility and flexibility in a lim-
ited space inside the ITER vacuum vessel, a hybrid parallel robot
(IWR in Fig. 1) has been developed, which has ten degrees of free-
dom (DOF); six degrees of freedom are contributed by a Stewart
parallel mechanism and the rest by the serial mechanism [1].

Generally, in the high dynamic force application of assembly of
ITER, the deflection of robot will be getting big and the accuracy
will be getting poor. To compensate or to limit the deflection, the
stiffness of robot should be studied. This paper focuses on the stiff-
ness modeling of the robot. The developed model can be used for
compensating the deflection of robot to reach high accuracy, and
it can also be used for trajectory planning to find higher stiffness
poses of the motion.

In this paper, a stiffness modeling method is developed for the
proposed hybrid robot IWR. Based on this method, the matrix
structural analysis (MSA) [2] approach is employed to calculate
the stiffness of the basic element in the Stewart of robot, e.g., the
universal joint (U-joint) and the bearing house; the virtual joint
method (VJM) [3,4] combined with the principle of virtual work
is also applied to evaluate the stiffness of the combined structure,
e.g., the base of the Stewart; the stiffness of the Stewart is evalu-
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ated by taking account of the deformations of six base joints and
the hydraulic limb deformations; the stiffness of the whole inte-
grated robot is obtained by considering the Stewart and the serial
basement as connected in serial.

The remainder of this paper is organized as follows: Section 2
introduces a general methodology of the MSA; Section 3 describes
the modeling of the typical Stewart structure; Section 4 gives a
finial stiffness model by integrating the parallel mechanism and
the serial mechanism; Section 5 presents the numerical results of
stiffness; and Section 6 summarizes the main contributions of this
work.

2. Description of matrix structural analysis

The schematic representation of the kinematic chain of the IWR
is presented in Fig. 2.

The coordinate X5Y5Z5 is defined as the global frame, and all
local coordinates are related to the global frame: X{Y{Z{ moves
along the gear track and X5Y5Z5 along the ball screw; X5Y5ZE
rotates around the Z5 axis; X§Y§Z§ is the basement coordinate of
the Stewart and rotates around the X§ axis; XEYSZ¢ is fixed in the
centre of the end-effector as the tool frame.

The analytical stiffness model of the basic element evaluated in
this paper is based on MSA. In order to illustrate the application
of the MSA on the multi-beam structure, the stiffness modeling of
bearing house and U-joint in the base side of Stewart platform in
the robot is taken into account (Fig. 3).

For simplification, the bearing house, U-joint and the base are
described by the frame structure in Fig. 4.

For applying the MSA method we firstly define the elements of
structure and their nodes. Each element of structure is defined by a
number enclosed with a circle, and its two nodes by two numbers.
A local coordinate is given for each element.
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Fig. 2. Schematic diagram of hybrid robot.

(i) Bearing house (ii) U-joint (iii) Base of Stewart

Fig. 3. Base of Stewart: (i) bearing house, (ii) U-joint, and (iii) base of Stewart.

In Fig. 4(iii), OgA is the base frame of Stewart platform, OO} of U-joint is:
the frame of U-joint, and ABOY the frame of bearing house includ-

ing the U-joint shaft. Firstly, we decompose the bearing house and R KK, K. K, 0
the U-joint into separate beams in Fig. 4(i) and (ii), and then we F, Ky KKy 0 I
obtain the stiffness matrix for each beam by applying the MSA. F, K} 0 KS 4K 0
Finally all these stiffness matrices are assembled according to the nlT| o K, 0 Kj+K,S
node connectivity by the superposition principle and expressed Kl |_o____o0 ___K{___0__K
in the local coordinate system. Herein, the stiffness modeling e 0 0 0 Ky

zh zt

(i) Bearing house (ii) U-joint (iii) Base of Stewart

Fig. 4. Schematic diagram of frame structure: (i) bearing house, (ii) U-joint, and (iii) base of Stewart.
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