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ARTICLE INFO ABSTRACT

Keywords: An EAST Articulated Maintenance Arm (EAMA), upgraded based on an articulated inspection arm (AIA), which

EAMA was successfully operated in Tore Supra in 2008, was developed for the purpose of the inspection and main-

Geometric parameters tenance of damaged internal components during plasma discharges without breaking the East Advanced

Coverage ratio Superconducting Tokamak (EAST) ultra-high vacuum condition. However, the coupling structure and high re-

xzrﬁzp;ﬁo method dundancy of the EAMA, due to the requirement of coverage ratio and the limitation of the EAST environment,

Collision detection produces a limited accuracy in positioning control. Therefore, the optimal design of the geometric parameters
plays a vital role in the EAMA’s performance. In this paper, the main characteristics of the EAMA system are
investigated to formulate the optimization into a multi-objective problem. Furthermore, an approach based on
the Monte Carlo method, integrated with a dedicated collision detection algorithm in the EAST environment, is
elaborated on, which is utilized to calculate the collision-free workspace of the EAMA. With the knowledge of the
workspace, the coverage ratio is obtained by a progressive meshing technique. Finally, several groups of geo-
metric parameters are sampled to calculate the corresponding value of the objective functions, and the optimized
combination of the geometric parameters is obtained by comparing the results.

1. Introduction

Per the requirement of the higher operation parameters of EAST, the
inner components of the first wall will be facing increasing heat and
electromagnetic load [1]. Many different kinds of failures of the in-
ternal parts were found in practical experiments. Therefore, it is es-
sential for timely maintenance based on the condition of damaged in-
ternal components in the experimental period [2]. Inspired by the
articulated inspection arm (AIA), which was constructed in CEA-IRFM
for visual inspection inside the Tore Supra Tokamak [3], the EAST ar-
ticulated maintenance arm (EAMA) system was collaboratively devel-
oped by ASIPP and CEA-IRFM [1] for the purpose of the inspection and
maintenance of damaged internal components during plasma dis-
charges without breaking the EAST ultra-high vacuum condition.
However, due to the limitation of the EAST environment, as shown in
Fig. 1, the EAMA is designed as a snake robot with a highly redundant
articulated series mechanism and several modules in order to avoid
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obstacles and further satisfy the requirements of the coverage ratio,
which is the volume ratio between the workspace of the EAMA and the
EAST vacuum vessel. Due to the mechanical characteristic of the EAMA,
the structure flexibilities result in a bad performance of the positioning
control [4], which can be mitigated by modelling the deflection and
decreasing the length or number of EAMA modules. Therefore, there is
a trade-off between the coverage ratio and flexibility of the EAMA,
which can be conveniently conceived as a two-objective optimization
problem.

It is clear that the workspace determination of a robot manipulator,
which has been studied for more than three decades, is essential for
computing one of the two objective functions, namely, coverage ratios.
Many algorithms have been proposed for determining the workspace of
the robot manipulator, including graphical, analytical and numerical
methods. Zhongfei Wang, Shiming Ji et al. [5] presented a graphical
method called the maximal regular-shaped dexterous workspace
(MRsDW) method, which is based on the stratified workspace boundary
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Fig. 1. Cross-section of the EAMA in the EAST vacuum vessel.

search technique. Yunfeng Wang et al. [6] proposed using the diffusion-
based algorithm for workspace generation of hyper-redundant manip-
ulators. The authors of [7] presented an analytical method called the
collision-free force closure workspace (CFFCW) determination for re-
configurable planar cable-driven parallel robots (RPCDPRS). Central to
this method is the determination of the collision-free area based on the
RPCDPRS. However, these methods are dedicated and non-portable.
The Monte Carlo method is a numerical method for solving math-
ematical problems by means of random sampling [8]. In principle, the
Monte Carlo method can be used to solve any problem that has a
probabilistic interpretation. Unfortunately, the EAMA is a highly re-
dundant manipulator with a narrow circumstance; therefore, the
workspace of the EAMA is difficult to determine due to the large
sampling time, which is caused by the large number of joints, and most
of the sampled configurations of the EAMA are under collision with its
environment, which should be filtered out from the workspace. In this
paper, a geometry approach to detect the collision of each modular arm
integrated with Monte Carlo methods is proposed to quickly and effi-
ciently determine the workspace of the EAMA. The paper starts with an
introduction in section 1 and then the EAMA system, basic configura-
tion of the EAMA and optimization objectives are described in Section
2. Section 3 presents methods for dedicated collision detection in the
EAST environment and the collision-free workspace determination,
while Section 4 elaborates the results among several groups of geo-
metric parameters. Finally, the conclusions are given in Section 5.

2. Problem description

This section describes the main characteristic of the EAMA system
and the basic configuration to be used in the two-objective optimization
problem. Finally, the two objective functions are formulated.

2.1. Description of the EAMA system

The EAMA system is composed mainly of a highly redundant snake-
like robot named the EAMA and a storage cask (including several
condition maintaining systems), as depicted in Fig. 2. The storage cask
is used to generate a 10> Pa vacuum condition and push the EAMA
into a vacuum vessel via a stainless shuttle.

The EAMA robot of the system adopted a modular design, and each
module consists of a parallelogram mechanism, where four bars consist
of a horizontal rod, robot tube, and two clevises. The mechanism pro-
vides two orthogonal degrees of freedom (DOFs), as shown in Fig. 3.

Among a set of specialized end-effectors, a dexterous gripper with 3
DOFs is mounted at the end of the EAMA for the tasks of grasping and
inspection.

The basic configuration of the EAMA, as illustrated in Fig. 4, is
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composed of two kinds of modules. The module in blue is integrated
with a light yaw joint actuator to provide the rotation motion, and the
module in red is the same, as depicted in Fig. 3. The module in red can
provide two kinds of motion: rotation and elevation. The configuration
is adopted based on the requirements and characteristics of the me-
chanism listed below:

1 The modules in blue actuate the EAMA to rotate around the EAST
vacuum vessel, and the modules in red can carry the end-effector to
reach the horizontal planes at different altitudes.
As shown in Fig. 5 (a), a module that is longer than 1750 mm
(calculated based on the size of the EAST environment) cannot be
shuttled into the EAST vacuum vessel. Furthermore, considering the
size of the EAST vacuum vessel, as shown in Fig. 5 (b), and the limit
of the elevation motion ( + 45° in the vertical plane), the basic
configuration is constructed with two red modules.
3 The modules in red placed at the extremity of the EAMA help reduce
the size of the actuators used to elevate the robot.

Therefore, the geometric parameters to be optimized are as follows:
the numbers of modules, N, and the lengths of the two kinds of mod-
ules, L; and L.

2.2. Optimization objectives

The optimization of the geometric parameters is formulated as a
multi-objective problem. There are two objectives that need optimiza-
tion: (a) maximize the coverage ratio, and (b) minimize the flexibilities
of the EAMA. As mentioned in Section 1, the workspace is essential for
computing the coverage ratio, and the workspace boundary curve is
composed of a series of line segments by connecting the boundary
points [9]. Furthermore, as proposed in [10], the volume of the
workspace can be calculated based on the progressive meshing tech-
nique. Therefore, the coverage ratio is evaluated as:

VWorks ace
CR = _orspace

VVacuumVessel (1 )
where Viyorkspace is the volume of workspace, Wacuumvessel is the volume of
the EAST vacuum vessel, and CR is the coverage ratio. The approach for
determining the workspace will be presented in section-3.

The flexibilities of a long-reach manipulator were theoretically
analysed and modelled by J. Chalfoun in [4]. Due to its large dimension
and redundant mechanism, a long-reach manipulator, such as the
EAMA, contains many flexibilities. To model these flexibilities, J.
Chalfoun and co-authors analysed gravity forces repartition in the
parallelogram structure, as shown in Fig. 6, and created a flexible
model with eight springs.

The tensions created in the parallelogram structure can be evaluated
as [4]:

_ c
n ~ I*cosa
T, = P*o
h
- =_C L
L= kﬂ*DL T I*cosa + Pll (2)

where a represents the elevation angle, ky; denotes the spring with
stiffness that represents the flexibility of the tube, and DL denotes the
elastic deformation that is caused by tension Tj,

In this paper, we only consider the flexibilities that are related to the
geometric parameters. They are formulated under the aligned state of
the EAMA such that:
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Fig. 2. Overall schematic view of the EAMA system.

DL2; = Bfy, = C*P2*L, + B,
DL1; = B, = C/*P1*L; + By
P2;=P2i1 + G,

Pl; = Pljy; + G,

G, = g,*L,

G, =g*L,

Droa = ¥, DL2; + ¥, DLY = S5 0Neg sCHL2 4+ 3*Crg LY (3

where DL2 and DL1 are the deformation of the blue and red module as
shown in Fig. 4, respectively, P2; and P1; are the total weights that
follow a specific module-i, G; and G are the weights of the two kinds of
modules, g7, g2, C1, Co, B; and B, are constant coefficients that are
independent of the geometric parameters, and Do, used to represent
the flexibilities, is the summation of the EAMA’s deformation.

Hence, an overall multi-objective function F is defined as:

max F(L;,L2,N)= CR(Ly,L2,N)/ Drotar (L1,L2,N) ()]

where Lj, L, and N are the geometric parameters as depicted in Fig. 4
and F is subject to:

1250mm < Ly < 1700mm, 1115mm < L, < 1500mm, N = 2o0r3

3. Approach for determining the workspace

The focus here is to deduce an algorithm for rapid collision detec-
tion and filter out the unreasonable configurations during sampling of
the Monte Carlo method. Specifically, random sampling from the
shuttle to the last module (module N + 2) and checking the collision
state of every module to screen out the colliding configurations.
Eventually, the workspace of the EAMA is determined, which is a set of
end-points under all the collision-free states, and the coverage ratio is
calculated based on the progressive meshing technique. The main ad-
vantages of the method utilized in the workspace determination of the
EAMA are:

Xr
Rotation: On (£90°)
Clevis joint

Elevation: Oin (£45°) R
Rotation actuator

Elevation actuator

2 horizontal rods

e The predictability, i.e., since the Monte Carlo sampling configura-
tions are under collision conditions, the proposed method can pre-
detect the collision state of a module before the next sampling state.

o The dedicated collision detection algorithms for each module make
the workspace calculation more efficient and faster.

3.1. Collision detection algorithm

As described in Fig. 2, the collision states of the EAMA include three
situations:

o colliding with the storage cask;
o colliding with the EAST P-duct;
o colliding with the EAST vacuum vessel.

Due to the narrow space of the cask and P-duct, the EAMA can only
move in a line in the cask, and the elevation movement is prohibited in
the EAST P-duct. Therefore, the algorithm consists of two parts: finding
the legal ranges of the yaw joint variables of a module in a P-duct under
a given displacement of the shuttle and detecting the collision state of a
module in the EAST vacuum vessel.

3.1.1. Legal ranges of a module in EAST P-duct

As the elevation motion is prohibited, determining the legal ranges
of a module in the P-duct under a given displacement of the shuttle
becomes a planar problem. Fig. 7 (a) shows two critical collision states
of a module, where 6; and 6, denote the yaw joint variables of the two
states, respectively. As depicted in Fig. 7 (b) and (c), critical state-I
represents the state when the module contacts boundary wall-I of the
EAST P-duct, and critical state-II includes two states: contact with
boundary wall-II or the diagnostic device; thus, the legal ranges of a
module in P-duct are an interval [0,, 0;]. In practice, the module and
the diagnostic devices are treated as two rectangles, and the boundary
walls of the EAST P-duct are simplified into two lines; thus, 6; and 6,
can be solved easily through their corresponding equations.

Titanium robot tube
(160mm outer diameter)

Rotation axis of
next segment

Clevis joint’

Fig. 3. Modular design of the EAMA robot arms.
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Fig. 6. Gravity forces repartition in the parallelogram structure of a module.

3.1.2. Collision detection of a module in the EAST vacuum vessel

To simplify the collision detection process, the EAST vacuum vessel
is fitted by regular shadow objects, as shown in Fig. 8 (a). Additionally,
all the faces of the vacuum vessel are extended along its radial direc-
tion, and the offset is equal to the radius of the tube in a module; thus,
modules of the EAMA can be simplified into lines during collision de-
tection between the EAMA and the vacuum vessel. Fig. 8 (b) shows a
collision-free space in three dimensions that includes three kinds of
faces: faces in red, blue and white, which belong to a cylinder, cone and
an annulus, respectively. Therefore, the collision detection between a
module of the EAMA and the vessel can be divided into two parts:

(@)
O Collision detection between a three-dimensional (3D) line-
segment and the cylinder (the object in red);
O Collision detection between a 3D line-segment and an object
that is composed of a cone and an annulus.

3.1.2.1. Collision detection between a 3D line-segment and a cylinder. As
illustrated in Fig. 9, line AB is the common perpendicular between the

Parameters|l: L1
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Fig. 4. Basic configuration of the EAMA.
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3D line P;P, and axis of the cylinder in red. Based on the relationship
among these vectors, an equation can be obtained such that:

—_— —_ — I—
OA + AB + BP, = OP; 5)
—_—
4 * vecton, + b, * vector, + t; * vector; = OP; 6)
L3}
—
[vector; vector, vectors] x || = OP
b @

where vector; and vector, denote the directional vector of the axis of a
cylinder and the common perpendicular, respectively. Vectors
represents the vector from pointl to point2, and t;, ty and ts3
represent the magnitude of corresponding vectors. Writing Eq. (5)
into a matrix form will transform it into linear equations, as in Eq. (6),
and ty, t, and t3 can be calculated by solving the equations. The normal
distance between the 3D line and the axis of cylinder (magnitude of the
common perpendicular) is evaluated as:

—
|AB| = t, * lvector)|

(®

where | | represents the norm operator of vectors. Apparently, it is
necessary and sufficient to determine the relationship between the 3D
line and the cylinder based on the magnitude of vector AB and the
radius of the cylinder. However, there is a special state of a line-
segment as shown in Fig. 9, where the 3D line collides with the cylinder
when the normal distance is less than the radius of the cylinder.
However, there is no interference between the line-segment P;P, and
the cylinder (Fig. 10).
The main procedure is summarized in the flowchart below:

3.1.2.2. Collision detection between a 3D line segment and the cone-annulus
object. The free necessary and sufficient interference conditions
between the 3D line and the cone-annulus body are such that:
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Fig. 8. Fitting primitives of the EAST vacuum vessel: (a) Profile of the fitting
primitives, (b) Standard 3D view of the fitting primitives.

1 Two vertices of the 3D line segment are inside of the cone-annulus
body;

2 The variation of pitch joint variable a is within [-0, 6] as shown in
Fig. 11.

Equations of the cone body in blue, as shown in Fig. 8, can be
written as:

Cl*(\x2+y2)+C2*z+C3=O(C1<0) (9)
Dy % (Jx? + y*) + Dy % 72+ D3 = 0(D; < 0) (10)
where C,, C,, C3, D1, D, and D3 are constant coefficients.

Equations of the annulus body in white are as follows:
x2 +y? = Rlorx® + y* = R} (Izl < H) an

Diagnostic devices

~ Boundary wall Il of
EAST P duct

c‘
/
.‘

Point 2

Fig. 9. A 3D line-segment and a cylinder.

where H is half of the height of the annulus, and R; and R, are the
radiuses of the inner and outer circle, respectively, as described in
Fig. 11 (b).

Assuming the two vertices of a line segment are point_1 (%1, y1, z1)
and point_2 (xa, V2, Z2), and taking point_1 for an example, the collision-
free condition_1 should satisfy:

IFR< x{ +y! <R

Dy (X2 +¥2)+ Dy 21+ D3 >0 a2)
Cl*(w/x12+y12)+C2*z1+C3>0 (13)
ELSEIFR < (x{ +y <R,

Izl < H 14)

Fig. 11 (a) depicts the critical collision state of the line segment and
the connection interface of the cone and annulus, where Fig. 11 (b) is
the projection of Fig. 11 (a), and o and 0 denote the yaw joint and pitch
joint variables, respectively. Equations with respect to the pitch joint
variable 0 can be expressed as:

57 — 28,8, * cos(a) + SE— R} =0 (15)
tan(0) = 2
S, (16)
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Fig. 10. Flowchart of collision detection between a 3D line-segment and a cy-
linder.

Clearly, condition_2 can be met when the pitch joint variable is in
the range [-atan(S3/S,), atan(S3/S,)].

3.2. Workspace determination

After the collision detection algorithms are established, the ap-
proach for determining the workspace of the EAMA can be divided into
two algorithms, as presented below.

Before the computation, the values of the geometric parameters
(numbers of modules-N, length of the two modules L, and L,, as shown
in Fig. 4) must be optimized, and the maximum sampling times and the
reference coordinates of Denavit-Hartenberg (D-H) models, as shown in
Fig. 12, must be specified.

Algorithm A. Based on the Monte Carlo method, algorithm A consists
of uniform random sampling for all the joints of the current module and
checking the collisions for each sampled state. Specifically, the method
calculates all the possibilities of the coordinates of the point that
connect the current module and the following one and screens those out
that are under the collision state. The steps of algorithm A are described
below:

1 Input the coordinates of the connection point between a module and
its antecedent and further judge the state of the module, which is in

Original po
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one three states: cask, EAST P-duct or EAST vacuum vessel.

2 If the module is in cask, set the variable of the yaw joint to its initial
value.

3 If the module is inside of the EAST P-duct, use uniform random
sampling in the legal range of the current state for the yaw joint,
which is computed using the previous collision detection algorithm
in Section 3.1.1.

4 If the module has two DOFs and is in the EAST vacuum vessel, use
uniform random sampling in the intervals [-90deg, 90deg] and
[-45deg, 45deg] for the yaw and pitch joints, respectively (for a
module with only one DOF, only the yaw joint is sampled), and
further judge the collision state.

5 Calculate and store the coordinates of the connection point between
the module and its antecedent.

6 If the max cycle times are reached, then all the stored coordinates
are outputted.

Algorithm-A is schematically illustrated in the block diagram in
Fig. 13.

Algorithm B. Algorithm B determines the workspace of the EAMA by
applying algorithm A to shuttle through the last module. The details are
described below:

1 Use uniform random sampling to determine the displacement of the
shuttle in the interval [0, 8000 mm].

2 Input the displacement of the shuttle into algorithm A and calculate
all the possibilities of the coordinates of O,, as shown in Fig. 12.

3 Input one of the possibilities of O; into algorithm A to calculate all
the possibilities of O,.

4 Recursively calculate the coordinates of the following points until
the end point-Oy 3, as shown in Fig. 12, is obtained and stored as
an element in the workspace clouds.

5 Repeating step 3 for all the possibilities.

6 Output the workspace clouds consisting of all points to define the
workspace of the EAMA.

The main procedure of algorithm B is summarized in Fig. 14.

With the two algorithms, the workspace of the EAMA is determined;
thus, the overall function F can be calculated by substituting Egs. (1)
and (3) into Eq. (4).

4. Simulations and discussion

The geometric parameters are sampled in the range discussed in
Section 2 to obtain the most appropriate combination by comparing
their performances in the overall function F. The geometric parameters
L; and L, are sampled every 100 mm and 85 mm, respectively. N is
chosen between number two and three. Fig. 15 shows the results among
these parameter combinations.

Ny

S1

Project to
horizontal plane

b

Fig. 11. Critical collision state of an elevation module.
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Fig. 12. D-H coordinates of the basic configuration of the EAMA.
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Clearly, the optimized combination is that L; = 1250 mm,
L, = 1200 mm and N = 3. Fig. 16 (a) and (b) show workspace clouds of
the optimal solution in the front view and back view, respectively,
where the blue points refer to the points of the workspace.

From Figs. 15 and 16 some features can be observed:

1 The objective function F holds a larger value of N = 3 than N = 2,
which is caused by the fact that some areas are too narrow to ap-
proach with a smaller number of modules.

2 In principle, due to the narrow space of the EAST environment as

- Max: L1=1250,12=1200,N=3

~
S

Objective function

1400
1300 1300

1200 L1 mm

1200

L2 mm 1100

Fig. 15. Values of the objective function among the sampled groups of geo-
metric parameters.

discussed in Section 2, a small dimension of elevation modules (L,)
contribute to improving the dexterity of the EAMA in the range
[1200 mm, 1700 mm].

Additionally, some areas near the entrance are unreachable, as de-
picted in Fig. 17; therefore, it is impossible to achieve a one-hundred
percent coverage ratio. Fortunately, the 3-DOF gripper, which is
mounted at the end of the EAMA, can operate in these areas.

5. Conclusion

The optimization of geometric parameters plays a vital role in the
optimal design of an EAMA. This paper formulates the optimization
process as a multi-object optimization problem, where the object is to
maximize the object function F with the following parameters: length
Li, Ly and the number of modules N. A modified Monte Carlo geometry
method is proposed for calculating one of the objective-coverage ratios
among several groups of geometric parameters of the EAMA, and a
dedicated collision detection algorithm based on the geometrical
characteristics of the circumstance of the EAMA robot is derived to
expedite the calculation. The computation results show that the optimal
solution is as follows: L; = 1250 mm, L, = 1200 mm and N = 3.
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Fig. 16. Workspace clouds for the EAMA robot of the optimal solution; blue points represent the position where the EAMA can reach (Entrance of Port P is the only
entry point for the EAMA robot) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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