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ABSTRACT The paper deals with a minimum potential energy algorithm considering the maximum
deflection angle of joint (MPE-MDA algorithm) for three key factors including the maximum deflection
angle of the joint, the total length of the path, and the minimum distance from obstacles. The algorithm is
applied for space obstacle avoidance of hyper-redundant manipulators. On the path-following planning of
the hyper-redundant manipulator, the MPE-MDA algorithm equates one link to multiple virtual small links
and then derives the relationship between the length of the small links and the deflection angle of the small
links. The planned path based on this relationship meets that the deflection angle of the link does not exceed
the limited angle. The MPE-MDA algorithm resolves the problem that the traditional algorithm cannot limit
the maximum deflection angle of the joint. Besides, the paper checks different paths by changing the step
length, the direction of path planning, and other factors, and then selects the optimal path according to the
evaluation function. Furthermore, by comparing the simulation results of path-following planning employing
the MPE-MDA algorithm and the artificial potential field (APF) method, respectively. It is found that when
the manipulator moves along the optimal path planned by the MPE-MDA algorithm, it can not only keep the
specified distance from the obstacle but also can satisfy the condition that the deflection angle of the joint

never exceeds the limited range, which verifies the reliability and effectiveness of the algorithm.

INDEX TERMS Deflection angle, hyper-redundant manipulators, path-following, obstacle avoidance,

minimum potential energy.

I. INTRODUCTION

Hyper-redundant manipulators are widely used in various
fields owing to the characteristics of multiple degrees of free-
dom and motion modes, which can perform tasks in a small,
complex, or unstructured environment and are provided with
excellent environmental adaptability and superior capabilities
of obstacle avoidance. Path planning is of great significance
in the process of research and practical application of hyper-
redundant manipulators. According to whether the environ-
mental parameters of the manipulator are known, the path can
be generated in two ways: offline pre-generation and online
real-time generation. In the process of offline pre-generation
of a path based on the known environmental parameters,
a feasible path curve to avoid obstacles can be obtained by
artificially setting the path curve or utilizing some automatic
path planning algorithms such as A* algorithm [1], Dijkstra
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algorithm [2], ant colony optimization [3]-[6], genetic algo-
rithm [7], [8], particle swarm optimization algorithm [9], etc.
On the contrary, online real-time generation of a path refers to
the method of acquiring environmental characteristics in real-
time and adjusting the route based on various sensors in the
real-time control of the robot [10]. The algorithm proposed
in this paper can be applied to both offline and online path
planning.

Different types of algorithms have been put forward in
the research of path planning, including rapidly exploring
random tree (RRT) algorithm, artificial potential field (APF)
method, etc. Steven [11] first proposed the RRT algorithm
in 1998, which possesses fast searching speed and can effec-
tively solve the planning problems in complex environments,
so the algorithm has a good application prospect in obstacle
avoidance of manipulators. For the traditional RRT algo-
rithm, the single tree RRT was first used to plan a path. Owing
to the complexity of the environment and the requirements
for higher searching efficiency, the traditional RRT algorithm
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has been improved to a certain extent. Burget [12] proposed
a bidirectional extended random tree (bi_RRT) search algo-
rithm. Chen et al. [13] proposed a novel approach of RRT*
in collaboration with a double-tree structure to separate the
extension and optimization procedure. Li et al. [14] pro-
poses a PQ-RRT* algorithm, which combines the strength
of P-RRT* (potential functions based RRT*) and Quick-
RRT*, but the kinematic constraints of the robot are not
considered. The path planned by these RRT algorithms is
not smooth enough. The main idea of the artificial potential
field (APF) method is to treat the manipulator as a point
under the influence of an artificial potential field, which
moves when the field changes. Furthermore, the relationship
between the manipulator and the target is mutually attractive,
and the relationship between the manipulator and obstacles
is mutually exclusive in the APF method. The APF method
has been widely used in obstacle avoidance because of its
simple structure, but the disadvantage of this method is that
it is prone to lockup and fall into a local minimum. In actual
application, local traps can be eliminated by some improved
APF methods, but the range of the deflection angle and
other factors are still not considered. Wu et al. [15] proposed
the backtracking-filling method to solve the local minimum
problem in the APF. Batista et al. [16] using particle swarm
optimization, genetic algorithm, and differential evolution
by optimizing the APF parameters in collision avoidance.
Fan et al. [17] added a distance correction factor to the repul-
sive potential field function to solve the goal unreachable with
obstacle nearby problem, and the regular hexagon-guided
method is proposed to improve the local minima problem.
Wang et al. [18] and Wu et al. [19] combine APF with RRT
for path planning for solving the problem of narrow channels,
these algorithms flexibly adjust the sampling space, greatly
reduce the invalid spatial sampling, and improve the conver-
gence rate. But, all these improved RRT algorithms and APF
methods provide effective solutions for manipulators moving
in narrow spaces and can meet the planning of obstacle
avoidance for the low-degrees-of-freedom manipulator to a
certain extent, but the planning efficiency for the 17-degrees-
of-freedom hyper-redundant manipulator is still very low,
and the limitation of the deflection angle of the joint not
considered.

The above shows relative researches of two commonly
used algorithms in path planning. For hyper-redundant
manipulators, different methods for path-following planning
and analysis of obstacle avoidance are proposed [20]. The
object is discretely into the large number of small rigid links
connected by joints and the motion of all other links is com-
puted by using the equations of a tractrix [21]. A solution to
the minimum acceleration norm is proposed to realize obsta-
cle avoidance [22] by adopting a combination of dynamically
updated inequality standards and physical constraints of a
joint (eg, limitation of the angle, speed, and acceleration of
the joint). However, there are few studies that can both avoid
obstacles and ensure that the deflection angle of the link does
not exceed the limitation of the angle.
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In summary, the efficiency of path-following planning
applied for obstacle avoidance of a hyper-redundant manip-
ulator with multiple degrees of freedom is still very low in
existing methods and there is no limitation of the maximum
deflection angle. Therefore, a novel algorithm is proposed
that can plan a path away from obstacles and ensure that
the deflection angle of the joint does not exceed the limiting
range. Compared with the existing path planning algorithm,
there are some advantages for the MPE-MDA algorithm:

(1) The existing algorithm is mainly single-objective opti-
mization (e.g., the shortest path). MPE-MDA algorithm can
optimize the total length of the path, the maximum deflection
angle of the joint, and the closest distance between the path
and obstacle at the same time.

(2) In order to solve the problem that the path obtained by
the existing algorithm does not necessarily meet the limitation
of the maximum deflection angle of the joint, the relationship
between the step length and the deflection angle of the path
is theoretically derived in this paper. Take into account this
relationship, the optimal path that satisfies the limitation can
be obtained.

(3) In this paper, the MPE-MDA algorithm is divided into
six types according to three factors, which are whether the
step size is equal, the direction of path-following, and whether
the selection direction of the first discrete point is limited.
Besides, six optimal paths can be obtained by applying these
six sub-algorithms, which improves the environmental adapt-
ability of the algorithm.

The remainder of this paper is organized as follows.
In Section II, models of the hyper-redundant manipulator
and obstacle are established and the conversion relationship
between potential energy and distance of spatial point is
obtained with the evaluated function of the path set up.
In Section III, on the premise of specifying the maximum
deflection angle of the joint, the relationship between the
maximum deflection angle of the small link and the length
of the small link in equal step length or variable step length
is derived, to obtain the selection range of the next dis-
crete point. Section IV shows the simulation results under
four APF methods and six MPE-MDA algorithms. The final
section presents the summary and conclusions.

Il. THEORETICAL MODEL

A. MODEL OF HYPER-REDUNDANT MANIPULATOR

As shown in Fig. 1, the hyper-redundant manipulator stud-
ied in this paper consists of the manipulator, the driven
mechanism, and the propulsion platform. The manipulator
is composed of eight rigid links connected in series, and
the adjacent links are connected by a universal joint. The
driven mechanism is composed of servo motors, couplings,
ball screws, and sliders. When the servo motor drives the
ball screw to rotate to control the slider to move back and
forth, the drive cables are pulled to produce displacement.
By controlling the displacement and tension produced by the
drive cables, two degrees of freedom at each joint can be
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changed. The i" link has two degrees of freedom that are the
yaw angle «; and the pitch angle 6; relative to the (i — 1)®
link. Thus, the posture of the manipulator can be adjusted by
the relative rotation of two adjacent links to change the link
to the specified direction in space.

A fixed world coordinate system {Oxyz} relative to the
ground is established whose origin is just the start point,
as shown in Fig. 1. When the axes of the eight links are in
the same horizontal direction, the axis direction of the eight
links is the X-axis direction, the opposite direction of gravity
is the Z-axis direction, and the Y-axis direction is determined
according to the right-hand rule. Coordinate systems of the
base {Op} and eight links {O;} — {Og} all can be obtained
based on the above method of setting a coordinate, and the
mutual transformation between {Oxyz } and {Og} is received
by the transfer matrix 00xsz = Trans(dxo, dyo, dzp). Besides,
coordinate systems of adjacent links also can be converted
to each other by means of Eq. (1). After the conversion rela-
tions are set up, the mutual relationship of three parameters
including the length of cables, the angle of the joints, and
the position of end point of the manipulator will be derived.
Furthermore, the kinematic model of the hyper-redundant
manipulator is established.

i_liT = Trans(L,0,0) - Rot(Z,«;) - Rot(Y,6;)
cosw; - cosh;  —sina;  cosw; - sind; L
| sina; - cosf; cosw; sing; - sing; 0 )
—sinb; 0 cosd; 0
0 0 0 1

In this paper, the parameters such as distance and length
are defined by using the per-unit system, and the length from
the center of mass of the single link to the end of the link is
regarded as the basic value of distance. For example, L=2 in
the formula represents the total length of a link.

T'he world coordinate system { Oxyz}

v

K |
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sysem: (O (O} {0} {03 {0} {03 {04 (O} {0

Driven Mechanism

Manipulator

The deflection angle The deflection angle is

Magnified view of the fourth jiont 16 42.5° arcater than 42.5°

FIGURE 1. Scheme of the hyper-redundant manipulator.
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The first picture at the bottom of Fig. 1 is a partially
magnified view of the fourth joint and the second picture is
the schematic of the maximum deflection angle of the fourth
link relative to the third link that is 42.5°. The variable ;
is the angle between the axis of the i link and the axis
of the (i — 1) link. When v; is greater than 42.5°, due to
the influence of the mechanical structure, adjacent links will
become in interference, just as the third picture is shown
at the bottom of Fig. 1. Therefore, in the process of path-
following planning, the deflection angle v; of each link must
not exceed the limitation of 42.5° that is determined by the
corresponding structure.

B. MODEL OF OBSTACLES

There are various obstacle shapes in actual application,
including regular-shaped obstacles, and irregular-shaped
obstacles with uneven surfaces. Generally, in order to accu-
rately calculate the distance from a spatial point to the surface
of a complex obstacle, the irregular-shaped obstacle can be
converted into a conventional obstacle. In this paper, the way
to make the 8-link manipulator move from the start point to
the target point in the environment where is provided with
five different obstacles and four walls is analyzed under the
premise that the 8-link manipulator is as far away from the
obstacle as possible and the maximum deflection angle of
the joint does not exceed the limitation.

FIGURE 2. Diagram of obstacle model.

As shown in Fig. 2, there are five obstacles including
sphere, cuboid, cylinder, cone, incomplete cylinder, and four
wallsof y = —4,y = 6,z = —3, z = 4 in space. The
center of rotation of the sphere and the cuboid are the center of
mass, the center of rotation of the cylinder and the incomplete
cylinder is placed on the center of the bottom, and the center
of rotation of the cone is the vertex. Besides, the start point
locates in (0, 0, 0) and the target point locates in (20, 0, 0).

Taking the rotating center of the i™ obstacle as the origin,
a fixed body coordinate system {O,ps} relative to the jth
obstacle is established. The world coordinate system {Oxyz }
and the body coordinate system {O,; } of the obstacle can be
transformed through the conversion matrix. Initially, the rota-
tion center of the obstacle coincides with the origin. After
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rotating around the three axes and translating along the three
axes, the final obstacle is formed whose position data is
©xis Pyis Pzi» dxis dyi, dz, just as shown in Table 1. Thus,
the conversion matrix can be represented by means of Eq. (2)
with the help of the above position data.

Oxyz
obsi

T = Trans(dy;, dyi, dz;) - Rot(Zy, @) - Rot(Yo, ¢y;)
‘Rot(Xo, ¢xi)  (2)

Furthermore, the shape of obstacles can be represented
by relative parameters. The sphere can be represented by
radius r; and the cuboid can be represented by length ay,
width b, and height c;. The cylinder can be represented
by radius r3 and height A3 and the cone can be represented
by radius r4 and height h4. And the shape of an incomplete
cylinder can be represented by the distance as between the
tangent plane and the rotation axis, the radius rs, and the
height h5. All the above parameters are shown in Table 1.

TABLE 1. Position and dimension of obstacle.

Obsi Obstacle Osi 0y ¢z dg dy d;  Dimension
Obsl Sphere 0 0 0 10 -2 -1 rn=1.5
Obs2  Cuboid w4 w4 0 18 3 o PR
=2
Obs3 Cylinder 0 /4 w4 13 2 -2 =1, h3=5
Obs4 cone 0 6 w6 15 -1 -2 r=1.5,h=4
Incomplete as=1, rs=2,

Obs5 -1/6 0 w3 10 2 0

cylinder hs=3

Obs6  Four walls y=-4, y=6, z=-3, z=4

C. DISTANCE BETWEEN SPACE POINT AND OBSTACLE
The distance between the point (x, y, z) in the space and the
target point is dgipy, = (x — 20)2 + y2 + z2. The minimum
value of the distance d,ps; between the point (x, y, z) and
each obstacle is taken as the practical distance d,ps between
the point and the obstacle, that is, d,ps = min(dyps). Thus,
we need to figure out d,py; first. If the obstacle is simplified
as a ball to calculate d,z;, the amount of calculation is small,
but some passable spaces are also regarded as obstacles,
which restricts the movement path of the manipulator and
makes the obtained path longer. Then, a method to accurately
calculate the distance d,ps between the space point (x, y, 2)
and the obstacle is proposed. Although the calculated amount
increases, a shorter path of motion is obtained where the
maximum deflection angle is always within the limitation and
the obstacle will not be touched.

First, the coordinates (x,y, z) of the point in the world
coordinate system {Oxyz} are converted to the coordinates
(Xobsis Yobsis Zobsi) in the body coordinate system { Opps; } of the
obstacle through the conversion matrix which is the inverse
matrix of Eq. (2). Then, the distance between (Xopsi, Yobsis
Zobsi) and obstacles can be listed by taking cone (obs4) and
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FIGURE 3. Schematic diagram of zoning. (a) Areas based on the center of
a cone. (b) Areas based on the center of an incomplete cylinder.
incomplete cylinder (0obs5) as examples.
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As shown in Fig. 3(a), space is divided into five areas
centered on the cone (area 4-5), and the formula of calculating
the distance between (Xopsa, Yobsd, Zobsa) and the cone is
derived corresponding to each area, as shown in Eq. (3). In the
actual calculation, the area that the point (Xopsa, Yobsd» Zobsd)
locates in is analyzed firstly and then the value of ds4 can be
acquired through the calculated formula of the corresponding
area.

d%s = kxyS(\/ (Xobss +kasas)? +kysVopss +kpsy/ 12 — a2)?

— kr575)? + kz5(Zobss — knshs)* 4
1, Zobss > hs

0, 0< <h
sz _ = Zobs5 = 5 (5)
I, Zopss <0

1, h
ks = Zobs5 > N5 (6)
0, zobss < hs

Eq. (4) is the calculated formula for the distance d,pg5
between the space point (Xyps5, Yobss, Zobss) and the incom-
plete cylinder. Firstly, ks and k5 are determined by the value
of zZops5, (as shown in Eq. (5) and Eq. (6)), and then the
space is divided into five areas according to x,pss and ypss
as shown in Fig. 3(b). All above parameter in different areas
can be obtained from Table 2. In short, through the value of
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(Xobs5, Yobss» Zobss), the size of each unknown parameter in
Eq. (4) can be acquired and then d,ps5 can be calculated.

TABLE 2. Values of parameters in different areas.

Area ks Kas kys kps ks
5-1
5-2
5-3
5-4
5-5

S = = = =
—_ =

The above are two methods for calculating d,ps; and dps.
Next, the distance is converted into potential energy through
the specified conversion relationship.

D. POTENTIAL ENERGT OF SPATIAL POINT

The calculated values of d,ps and d;,, can be converted into
the repulsive potential energy E,ps related to the obstacle and
the attractive potential energy E,;,, associated with the target
point, respectively, which can calculate the overall potential
energy E (E = Egjn — Eops) of the point.

-120

d

aim/dabs

FIGURE 4. Conversion relationship between potential energy and
distance.

The E,ps and E,;y, of each point (x, y, z) in the space are
related to d,ps and d;,, respectively. The conversion func-
tion between distance and potential energy can be adjusted
according to the shortest distance between the set path and
the obstacle. The shortest distance between the path set in
this paper and the obstacle is 0.6 with consider the error and
other factors. And the set transformation function is shown
in Fig. 4 and Eq. (7). Among them, the conversion function
between potential energy E,in/Eops and distance dgipm/dops
is divided into four sections. It can be seen from Fig. 4 and
Eq. (7) that when dgj;,/dops < 0.1, Egim/Eops 1S the smallest
and a constant value; when dg;y,/d,ps changes from 0.1 to
0.8, the changing speed of E;,/Eops is faster with an average
slope of 130 probably; when d;,/dyps changes from 0.8 to
2.5, the changing speed of Egj;,/Eyps gradually slows down;
when dgip/dops > 2.5, the changing rate of E,p/Eops 1S
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Taking the plane of zp = 0 as an example, the above
method is used to calculate the distance between the point
and the obstacle by area, and distributions of d,;; and E of
each point (xg, y9,0) in the plane can be obtained, as shown
in Fig. 5 and Fig. 6.

FIGURE 5. The distribution of d,p in the plane of zy, = 0.

150—,

100—

Contour

map L.
P — A 2
0 ) = %

FIGURE 6. The distribution of E in the plane of zy = 0.

It can be seen from the above two figures that the point
farthest from the obstacle, that is, the point with the largest
dyps 1s near the starting point and the point closer to the
obstacle or four walls possesses the smaller d,ps. The point
close to the obstacle or the wall has a large value of E and the
value of E near the target point is small. Besides, the change
of E in other places is small, and the range of change is about
0 to 20. When x changes from 0 to 20, E gradually decreases
regardless of the impact of five obstacles.

E. EVALUATION FUNCTION OF THE PATH
In this paper, three parameters are mainly considered includ-
ing the total length Pjong of path, the maximum deflection
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angle max(t;) of the joint and the shortest distance min(dyps)
from the obstacle. According to these parameters, the quality
of the planned path can be measured. And the evaluation func-
tion and the conditions to be satisfied are shown in Eq. (8).
[42.5 — max(y;)][min(dyps) — 0.6)13
(P long — 20)3

s.t.  max(y;) < 42.5° 8

min(dyps) > 0.6

20 < Piong < 23

max J =

Ill. PRINCIPLE OF THE MPE-MDA ALGORITHM
The total length of the path and the distance from obstacles
cannot be well balanced simultaneously and it is also difficult
to control the deflection angle of the link by adopting the
APF algorithm. Besides, if the APF algorithm is used to
plan the path, it is easy to fall into a local minimum point
and the deflection angle of the link cannot be restricted.
In response to the above problems, a minimum potential
energy algorithm considering the maximum deflection angle
of joint (MPE-MDA algorithm) is proposed. By using the
MPE-MDA algorithm, a minimum potential point within the
range of the maximum deflection angle of the link can be
selected and a series of discrete points also can be drawn
by analogy. When the distance between the discrete point
and the target point is less than or equal to the step length,
the search for the discrete points is terminated, and then the
discrete points are connected by straight lines to form a path
away from the obstacle and approaching the target. Finally,
when the manipulator moves along the path planned by these
algorithms, the deflection angle of each link does not exceed
the limiting angle and the function of avoiding obstacles can
be realized without falling into a local minimum point.
Furthermore, the MPE-MDA algorithm can be divided into
MPE-MDA-ES (equal step size) algorithm and MPE-MDA-
VS (variable step size) algorithm according to whether the
step length between discrete points is constant.

A. THE PRINCIPLE OF MPE-MDA-ES ALGORITHM

Three discrete points in series on the path with equal distance
of L can form two straight lines by every two adjacent discrete
points. And if the maximum angle between the two straight
lines is ¥y, then, the maximum deflection angle of the joint
of the manipulator when moving along the path is max(y;),
there is a relationship between these two parameters. For
example, Eq. (9) should be satisfied when n = 1. In order
to make sure that the value of max(v;) is less than and equal
to 42.5°, the value of 4y is chose as 40°.

max (¥;) = 2 [Vmax — arcsin(0.5 * sin(Ymax)]  (9)

As shown in Fig. 7, one link is equivalent to » virtual small
links with the same length /,,. The maximum deflection angle
between one link and its equivalent small link is $,, and the
maximum deflection angle between two adjacent small links
is y,. It can be seen from the Fig. 7 that the boundary position
and range of motion of the (w + D™ small link relative to
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FIGURE 7. Schematic diagram of one link that is equivalent to n virtual
small links (n = 3).

the w' small link are related to y,,. Therefore, it is necessary
to analyze the relationship between these parameters.

2B+ (n—1)(180°—y,) =180°(n—1) (10)
28, +Vn = Yimax (11)
(=2 ]
ln1 2 ~Vmax)| =L,
+2 3 005(Yimax)

i=1

(n is odd number)

(12)

n/2 7]
I, 22 cos( lﬁmax) =L, (niseven number)

i (13)

i 2
n =Lw, (n is any natural
Sin(Yimax /2)
number greater than or equal to 1) (14)

When the deflection angle of small link is the largest,
the coordinates of the end point of the link is (I,[cos(y,,+B,)+
. Fcos(nyn+Bu)l, 0, Lsin(yn+ Ba) +. . . +sin(ny, + Bn)]).
The link and n equivalent small links form an (n+ 1) polygon,
and the sum of the internal angle can be obtained, as shown in
Eq. (10). By transformation, we can obtain 8, = (n— 1)y;,,/2.
And from Eq. (11), ¥, = ¥max/n can be obtained. When the
length of the small link is projected onto the link, the relation-
ship between /,, and L can be acquired, as shown in Eq. (12)
and Eq. (13). If the above two equations are simplified and
sorted, Eq. (14) will be obtained, where n can be any natural
number greater than or equal to 1. And when n takes different
values, the values of §,, y, and [,, are shown in Table 3.
When analyze the selection range of the first discrete point,
there is no need to consider the deflection of the small link in
the front, so y;, = 2¥4/(n+ 1). When analyze the selection
range of the (w + D™ discrete point (w > 1), the values of
v, and [, are shown in Table 3. Thus, the selection ranges
of discrete points are shown in Fig. 8 when n takes different
values. It can be seen from the figure that the selection range
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TABLE 3. Values of 8, yn and I, based on different Value of n.

n=1 n=2 n=3 n
B 0 Vinax/4 Vimax/3 Vmax(n-1)/(2n)
n Wmax Yimax/2 Wimax/3 e Vmax/n
Lsin(y,,  /4) Lsin(y,, /6) Lsin(y,, . /2n)
1, - —

sin(y,, /2) sin(y,.. /2) sin(y,,. /2)

\
\ :Selection surface range of the I
——(-+— discrete point when n=3, 2.8,
2.6...1.2, 1, respectively

(@)

\
\ :Selection surface range of the (w+l)‘h
—[~+— discrete point when n=3,2.8,2.6 ...
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FIGURE 8. Selection range of discrete points in MPE-MDA-ES algorithm.

(a) Selection surface range of the 1th discrete point. (b) Selection surface
range of the (w + 1)1 (w > 1) discrete point.

of the first discrete point is larger than the selection range of
the following discrete points and the selection surface range
of the discrete point decreases with n increases.

The MPE-MDA-ES algorithm can be divided into three
types according to the direction of path-following planning
and the condition that whether there is a limit to the selection
direction of the first discrete point. The direction of path-
following planning in the MPE-MDA-ES1 algorithm is from
start point to target point. In the MPE-MDA-ES?2 algorithm,
the direction of path-following planning is from target point
to start point, and the selection direction of the first discrete
point is set to (0,0,1). However, in the MPE-MDA-ES3 algo-
rithm, the direction of path-following planning is from target
point to start point, and the direction of the first discrete point
is unlimited.

B. THE PRINCIPLE OF MPE-MDA-VS ALGORITHM

Due to the distance of adjacent discrete points obtained by
MPE-MDA-ES is constant of /,,, a minimum potential energy
method with variable step size (MPE-MDA-VS) is proposed,
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where the step size is uncertain (the length of the w small
link is ,,, and the length of the (w + 1) link is Z,,,, ). Based
on the above condition, the next minimum potential energy
point is obtained and then the final path is got.

By analogy to the principle of MPE-MDA-ES algorithm,
Eq. (15) and Eq. (16) can be obtained. By combining Eq. (15)
and Eq. (16), Eq. (17) can be obtained.

ﬂnw + y”erl + ﬂnw+1 = wmax (15)
Ny4+1 — 1
anw-H = WTV"W+1 (16)
ny, — 1 Nyl + 1
Y Yyt Vi = Ymax  (17)

2 2

where n,, and n,,41 is the amount of the equivalent small link,
Vw1 18 the maximum deflection angle of the (w + 1)th small
link relative to the wi small link, Bnw and Byy41 1S maximum
deflection angle of the w™ and (w+ 1) small link relative to
the actual link.

After getting the w' discrete point, Y, can be calculated
by bringing in different values of n,1, and the selection
space range of the (w4 1) discrete point can be determined.
Then, the minimum potential energy point is selected from
the obtained range as the (w + 1) discrete point.

According to the above derivation, the selection space
range of discrete points can be obtained, as shown
in Fig. 9. Although the selection range of discrete points in
MPE-MDA-VS is a three-dimensional space, the distance

:Selection space range of the "
* discrete point when n=1-3.

(@

:Selection space range of the (w+1)"
discrete point when n=1-3.

The w™ small link

The (w-1)" discrete point The ™ disc | H

In,

When length of w™ equivalent small link is by, ,
length of (W+1)‘ equivalent small link is 7, .
and f3; Wua/3, the selection range of the (erl)[h
discrete point.

(b)
FIGURE 9. Selection range of discrete points in MPE-MDA-VS algorithm.
(a) Selection space range of the 1th discrete point. (b) Selection space
range of the (w + 1)t discrete point (w > 1).
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FIGURE 10. Planned paths and performance parameters based on different algorithms.

between two discrete points is uncertain and only one path
can be planned by using MPE-MDA-VS algorithm.

IV. SIMULATION ANALYSIS

After analysis, it is found that if the eight-link manipulator
deflects before the point (7,0,0) in the world coordinate sys-
tem {Oxyz}, it is difficult to reach the target point. However,
if the manipulator deflects after the point (7,0,0), it is hard
to avoid obstacles. Therefore, the manipulator is made to
move along the X axis before the point (7,0,0), and the path-
following planning is performed after this point. Besides,
the total length of the corresponding path must be between
20 and 23 to meet the condition that the end point of the
manipulator reaches the target point.

Four different APF methods and six different MPE-MDA
algorithms is adopted for path-following planning. The spe-
cific values of the parameters that can characterize the path is
obtained, such as the total length Pjong of the path, the max-
imum deflection angle max(t;) of the joint, and the shortest
distance min(d,ps) to the obstacle. Finally, the path and the
value of each parameter obtained using different algorithms
are shown in Fig. 10.
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It can be seen from the figure that many parameters of
the paths planned by the four APF algorithms are not within
the expected range, and the path planed by APF1 has lock
point. If the manipulator moves along the path planned by
the MPE-MDA algorithm, there is no lock point and only
two paths do not satisfy that max(y;) is less than 42.5°
because the end point of the path is not within the selection
range of discrete points. Although the values of min(d,ps)
of the path planned by the MPE-MDA-ES1 algorithm and
MPE-MDA-VS1 algorithm are large, the Pjoyg is larger. And
most paths planned by the MPE-MDA-ES2 and MPE-MDA-
VS2 algorithms meet the condition that Pjong is less than 23,
but the value of min(d,s) is small. The values of Pjgyg of the
path planned by the MPE-MDA-ES3 and MPE-MDA-VS3
algorithms are shorter (both less than 22), and the planned
path always keep a certain distance from the obstacle.

The evaluation function is used to select six optimal
paths corresponding to six MPE-MDA algorithms respec-
tively, as shown in Fig. 11. The performance parameters
corresponding to the six paths and the four paths obtained
using the APF algorithms are all shown in Table 4. As can
be seen from table, the path under the APF1 algorithm falls

VOLUME 9, 2021
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FIGURE 12. The relationship between d,ps and x,,4 in ten different algorithms.

into the local minimum point that is 0.17 away from the
obstacle, and does not reach the target point, so the length
of the path is small. The paths under the APF2 algorithm
and APF3 algorithm meet the condition of no collision, but
the length of the paths is longer. Although the path under
the TAPF4 algorithm has a short path, the shortest distance
between the path and the obstacle is 0.27, and collisions
are bound to happen. If the manipulator moves along the
path under these four algorithms, the maximum deflection
angle of the link will exceed the limitation of 42.5°. Besides,
many performance indicators in the path planned by the APF
algorithm are beyond the expected range. However, the six
different paths planned by the MPE-MDA algorithm all reach
the target point with keeping a certain distance from the
obstacle. The maximum deflection angles of the joints of the
six optimal paths are all less than 42.5°, and the values of
min(d,ps) are all greater than 0.6. The total length of each
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path is between 20 and 23, and these performance indicators
are all within the expected range.

When the end point (Xend, Yends Zend) Of the manipu-
lator moves along the planned path, the closest distance
dyps = min(d,ps;) between the point and the obstacle will also
change. The curves of explaining the relationship between
dops and Xepng under the six MPE-MDA algorithms and the
four APF methods are obtained. It can be seen from the
Fig. 12 that the distance between the path and the obstacle
is relatively close when xepg = 10 and xepg = 16. The values
of min(d,ps) corresponding to the four APF methods are
unstable, but the values of min((d,ps) corresponding to the
MPE-MDA algorithms are between 0.7 and 1.03.

Because the value of JMpE—MDA—ES3(n=1.5) is equal to
74.84, which means that the evaluating value of the planned
path is the best by adopting the way of starting from the target
point closer to the obstacle and the unrestricted selection
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FIGURE 13. States of the manipulator in different locations.

TABLE 4. Performance parameters of planned paths in 10 different
algorithms.

Algorithm Piong  max(y)/°  min(dop) J
APF1 16.71 57.35 0.17 -
APF2 23.62 69.93 0.60 -
APF3 25.06 50.11 1.16 -
APF4 20.82 50.88 0.27 -
MPE-MDA-ESI(n=1.9) 225 35 103 371
MPE-MDA-VS| 217 3578 0.9 0.98
MPE-MDA-ES2(n=2.9) 22.88 37.88 0.78 0.11
MPE-MDA-VS2 291 399; 0.7 0.01
MPE-MDA-ES3(n=1.5) 20.73 35.71 0.95 74.84
MPE-MDA-VS3 2074 304 084 4230

direction of the first discrete point, is finally the path planned
by the MPE-MDA-ES3(n = 1.5) algorithm of the MPE-
MDA algorithm is used as the final motion path of the
manipulator, as shown in Fig. 13. It can be seen from the
figure that the manipulator always keeps a certain distance
from the obstacle during the movement along the specified
path, and the relative deflection angle of the adjacent links
does not exceed 42.5°.

Besides, because 35.71° is lower than 42.5° and the value
of min(d,ps) = 0.95 is higher than 0.6, the path connecting
discrete points with smooth curves (such as cubic polynomial,
B-spline curve, rounded corners) can also meet the basic
requirements of motion of the manipulator.

V. CONCLUSION

This paper proposes the MPE-MDA algorithm to solve the
shortcomings of the traditional path planning algorithm, that
is, the total length of the path and the shortest distance to
the obstacle cannot be optimized at the same time during the
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space obstacle avoidance, and the joint deflection angle can-
not be limited. First, the paper establishes the models of the
hyper-redundant manipulator and obstacles and determines
the conversion relationship between the potential energy of
spatial point and distance. And then, establishes the evalu-
ation function of a path. Under the premise of specifying
the maximum deflection angle of the joint, the relationship
between the maximum deflection angle and the length of
the small link is derived based on the equal step length and
variable step length, which can ensure the selection range
of the next discrete point. Furthermore, Simulation analysis
of the influence of step size, direction, and other factors on
the path planning of the MPE-MDA algorithm shows that
the maximum joint deflection angle of the six optimal paths
(These paths are chosen by changing n) is less than 42.5 °,
the nearest distance between the six optimal paths and obsta-
cles is greater than 0.6, which can achieve the goal of obstacle
avoidance, and the total path length is between 20 and 23.
In these aspects, MPE-MDA algorithms results are all better
than the APF algorithms results. In addition, by comparing
the results of six MPE-MDA algorithms, it is found that the
MPE-MDA-ES3 algorithm possesses the highest evaluation
value of path, and the overall results of path-following plan-
ning of this algorithm are better than the other algorithms.
In summary, the MPE-MDA algorithm achieves repeated
path planning for space obstacle avoidance of the hyper-
redundant manipulator under the condition of limited joint
deflection angle. Similarly, this algorithm can also be used for
path planning of other objects, such as fixed manipulators.
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