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Original scientific paper
To reduce the excessive joints movement, this paper proposed a new obstacle avoidance method for a redundant manipulator. In this method, we designed
the performance evaluation functional to realize the shortest joints motion path of manipulator, and deduced the gradient vector optimizing index by
variational method to make the joint movement minimum during obstacle avoiding. Meanwhile, in order to avoid the obstacle avoidance algorithm failure
or joints exceeding their limits, which arose from the great difference between least-norm solution and homogeneous solution of velocity inverse
kinematics of the manipulator, this paper used 2-norm continuous function to adjust homogeneous solution factor of gradient projection method
dynamically. To verify the validity of the proposed obstacle avoidance method in the paper, simulation experiments were conducted on a 7-DOF
redundant manipulator. The results show that, compared to the traditional gradient projection method for obstacle avoidance, the proposed algorithm in
this paper has decreased the displacement of joint 1 to joint 6 by 38,3 %, 83,3 %, 3,81 %, 7,85 %, 50,1 % and 45,6 % respectively, and the total
displacement of prismatic joints and revolute joints has reduced 62,2 % and 26,4 %. At the same time, the changes of joint 1 to joint 6’s velocity and
acceleration between initial time and final time during obstacle avoiding has been decreased 43,2 %, 97,3 %, 2,23 %, 36,6 %, 96,7 %, 72,7 % (velocity)
and 91,04 %, 98,28 %, 73,33 %, 98,40 %, 93,86 % and 91,94 % (acceleration) respectively. The test validated that the proposed obstacle avoidance
method based on variational method is feasible and practicable.
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Planiranje izbjegavanja prepreka kod redundantnog manipulatora na temelju varijacijske metode

[zvorni znanstveni ¢lanak
U svrhu smanjenja prekomjernog pomicanja zglobova, u radu se predlaze nova metoda za izbjegavanje prepreka kod redundantnog manipulatora. U toj
smo metodi dizajnirali funkcionalnu procjenu pokreta kako bismo dobili najkracu stazu kretanja zgloba manipulatora i dobili indeks optimizacije vektora
gradijenta primjenom varijacijske (variational) metode da bi za vrijeme izbjegavanja prepreke kretanje zgloba bilo minimalno. U meduvremenu, kako
bismo izbjegli neuspjeh algoritma za izbjegavanje prepreke ili prekoracenje krajnjih granica zglobova, do kojih je doslo zbog velike razlike izmedu
solucije najmanje norme i homogene solucije kinematike inverzne brzine manipulatora, u radu je primijenjena kontinuirana funkcija 2-norme da bi se
dinamicki podesio homogeni faktor rjesenja metode projekcije gradijenta. Da bi se provjerila ispravnosti u radu predlozene metode izbjegavanja prepreka,
provedeni su simulacijski eksperimenti na 7-DOF redundantnom manipulatoru. Rezultati pokazuju da u usporedbi s tradicionalnom metodom projekcije
gradijenta za izbjegavanje prepreka, u radu predlozenim algoritmom smanjio se pomak zgloba 1 do zgloba 6 za 38,3 %, 83,3 %, 3,81 %, 7,85 %, 50,1 % i
45,6 %, a cjelokupni pomak prizmatickih zglobova i okretnih (revolute) zglobova za 62,2 % i 26,4 %. U isto vrijeme, promjena brzine i ubrzanja zgloba 1
do zgloba 6 izmedu pocetnog i zavrSnog vremena tijekom izbjegavanja prepreke smanjila se 43,2 %, 97,3 %, 2,23 %, 36,6 %, 96,7 %, 72,7 % (brzina) i
91,04 %, 98,28 %, 73,33 %, 98,40 %, 93,86 % 1 91,94 % (ubrzanje). Ispitivanje je pokazalo da je predlozena metoda za izbjegavanje prepreka temeljena
na varijacijskoj metodi, izvediva i prakti¢na.

Kljucne rijeci: izbjegavanje prepreke; planiranje putanje; projekcija gradijenta; redundantni manipulator; varijacijska metoda

1 Introduction and calculated the pseudo-distance between the
manipulator and ellipsoid surface in obstacle avoiding and

Redundant manipulators have been widely applied in
highly sophisticated and Non-structured environment
owing to their obvious advantages on manipulability and
flexibility. However, there is great uncertainty in the joint
moving path of redundant manipulators during obstacle
avoiding, so an effective method is needed for solving this
problem.

At present, the domestic and foreign scholars have
presented many methods for the obstacle avoidance
problem of manipulators [1, 2, 3], such as C-space
method, artificial potential field method, Rapidly-
exploring random trees (RRT) and probabilistic roadmap
method (PRM), etc. The C-space method, proposed by
Lozano [2], accomplishes obstacle avoidance through
generating path in the C-free space, but it needs excessive
complex calculation for redundant manipulators. Yao et
al. [4] improved the real-time performance of obstacle
avoidance for eggplant harvesting robot by calculating the
edge points of obstacles to generate C-space path based
on improved C-space method. Zhou et al. [5] obtained
optimal path at the aim of path length and safety of
manipulators based on the improved RRT algorithm.
Liang et al. [6] used the ellipsoid to surround obstacles

obtained good effects. Dasgupta et al. [7] proposed a
method taking the path length and safety as the evaluation
function to improve the moving path of redundant
manipulator. Liegeois [8] proposed a gradient projection
method, which can effectively accomplish the real-time
obstacle avoidance task. There are many other methods
for obstacle avoiding in researching [9, 10, 11, 12, 13].

As we know, inverse kinematics is needed for
obstacle avoidance planning of manipulator. And the
redundant manipulator inverse kinematics is usually
obtained by gradient projection method, which includes
least-norm solution and homogeneous solution, and the
homogeneous solution can be used for optimizing the
movement of manipulator joints. Though the inverse
solution of redundant manipulators can be rapidly solved
by gradient projection method during obstacle avoiding,
this method always accumulates errors in the process of
iterative integral transformation for solving the joint
position and velocity. In addition, the gradient projection
method generally optimizes the joints movement of
manipulators based on the distance between the joints or
links and obstacles, and it may eventually lead to
excessive joint motion of manipulators. Meanwhile, the
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coefficient of homogeneous solution in gradient
projection method is usually set as fixed factor during
obstacle avoidance path planning. So if the value of this
fixed factor is too large or too small during the whole
process of obstacles avoidance, the method failure may
occur. And it will lead to the fact that the method cannot
achieve the desired effects, eventually it would make the
manipulator obstacle avoidance failure and the joints
exceeding the limits.

To optimize the joint path and avoid the joints to
exceed the limits, this paper used variational method to
obtain the shortest path index and 2-norm function
continuous factor to dynamically adjust the factor of
homogeneous solution. We obtained the velocity inverse
kinematics by the generalize inverse Jacobian matrix of
manipulators, and took the pseudo distance obstacle
avoidance index, the joints limit index and the shortest
path index which was based on the variational method as
the gradient vector of gradient projection method, and
eventually accomplished the desired movement with the
shortest joint path during obstacle avoidance planning for
a redundant manipulator. At the same time, the proposed
method avoided the gradient projection method failure
and joints exceeding the limits.

The remainder of this paper is organized as follows.
Section 2 develops the theory of gradient projection
method, dynamically adjusting homogeneous solution
factor and the gradient projection obstacle avoidance
algorithm based on pseudo distance method. In Section 3,
the shortest path index of joints based on variational
method is proposed and deduced. To verify the efficiency
of the proposed method, simulation experiment on a 7-
DOF redundant manipulator is conducted and result
analyses are provided in Section 4. Conclusions are
presented in Section 5.

2 Obstacle avoidance of redundant manipulators based
on gradient projection method
2.1 Velocity inverse kinematics of redundant manipulators

The Jacobian matrix of redundant manipulator is mxn
dimensional non-square matrix and n > m, so there are
infinite velocity solutions for arbitrary end-effect or
velocity of redundant manipulators. Known the
relationship between the end-effect or velocity and joint

velocity x = Jg, where x € R™ is the end-effector velocity
and ge R™ is the joint velocity [14, 15, 16, 20].
Therefore, we can obtain the velocity inverse kinematics

through the generalize inverse Jacobian matrix method as
follows:

§=q,+q4,=J X +k(I-J"J)p (1

where J* is the Moor-Penrose generalize inverse of the
Jacobian matrix of manipulator; ¢, is the least-norm
solution, indicates the desired movement of end-effector;
¢ is the joint space movement, indicates n-dimensional
space arbitrary velocity vector; ¢, is the projection of ¢

in the zero-space; k is the gradient factor of homogeneous
solution; 7 is n-dimensional identity matrix.

The gradient projection method constraints the joint
space movement ¢ by the gradient vector VH(q) of

optimizing index H(q). And if k > 0, the optimizing index
H(q) will get the maximum value, then if £ <0, H(qg)

will get the minimum value.

The gradient factor £ in velocity inverse kinematics is
generally fixed. Considering the fixed gradient projection
factor could cause a great difference between the least-
norm solution and homogeneous solution, which may lead
to obstacle avoidance failure, this paper uses a 2-norm
continuous function as the dynamic gradient projection
factor [14, 15, 16], and it can be represented as:

J x

) |
o [ s [a-rnva)

where k, is the adjustment coefficient. The continuous
factor &k applied in this paper is a 2-norm function
combined Jacobian matrix, velocity vector matrix of end-
effector in the Cartesian space and performance index
function. So this function factor can be adjusted
dynamically, which can ensure the continuity of the
algorithm. Meanwhile, it can effectively prevent
algorithm failure by compensating the difference between
least-norm solution and homogeneous solution.

2

2.2 Obstacle avoidance optimizing index of gradient
projection method
2.2.1 Joints exceeding limit index

To prevent the joint exceeding its limits, we
constraint the manipulator joints in the range of
Gimin < qi < Qimae -CODsidering the possibility of joint
positive and negative displacement, this paper takes the
mid-value of joint displacement as joint limit performance
index, namely:

N
H (@)=Y [(@: = m)/( Gy, — Gienin)]” 3)

i=1

where N is the number of manipulator joints; m; is the
mid-value of the /" joint, i.e. ; = (q;min + imax)/ 2> 1 =
1,2,...; g, is the i joint displacement.

2.2.2 Pseudo distance obstacle avoidance index

The obstacle avoidance of manipulators should keep
the end-effector and links untouch with any obstacles
during the manipulator moving. The shape of obstacles is
usually irregular, so it’s really hard to build accurate
obstacle model. To describe the obstacle by mathematics
model, this paper uses ellipsoid to surround the obstacles
[6] and calculate the pseudo distance between the surface
of the ellipsoid equation and the joint or links of
manipulators. Then maximize the minimum pseudo
distance to realize the manipulator obstacle avoidance.

Assuming the ellipsoid equation for surrounding
obstacles [6] is expressed as:
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where X is the space position vector of manipulator joints
and links. So Eq. (4) stands for the distance between
ellipsoid obstacle and manipulator, the manipulator will
not collide the ellipsoid obstacle when Eq. (4) is greater
than 0. And a, b, c is the length of ellipsoid half shaft; o,,
0y, 01s the origin of space coordinates of ellipsoid.
Therefore, the distance between arbitrary point on the
manipulator and the ellipsoid surface can be given by:

S(X)=X"O0X+BX +C (6)

So the necessary condition for obstacle avoidance is
all the joints and links meet: S(X;) > 0,i =1, 2,..., i.e. the
minimum distance Sp,;,(X;) > 0.

Therefore, we choose the optimizing index of
obstacle avoidance as follows:

H, (q) = min (S(X;), S(X3),.... S(Xy)) ()

3 The shortest path index based on variational method
3.1 The principle of variational method

Variational method is a method for solving extreme
value of functional, and has been widely applied in the
field of optimal control [17, 18, 19]. The extreme value in
variational method can be easily obtained, so it is
generally applied to address modern control system
problem, such as the minimum energy control, the
smallest error control, the shortest time control, the
maximum velocity control and the minimum fuel control,
etc. [14, 15]. In this paper, we solve the excessive joint
movement during the process of obstacle avoiding by
using the variational method. This method takes the total
displacements of all joints as objective functional, and
works out the gradient vector to make the objective
functional and joint path shortest in the obstacle
avoidance planning. The gradient vector is the shortest
path index for gradient projection method.

The extreme value problem in traditional variational
method generally can be described as follows. Assuming
there is a functional:

Fo=[ 0y ®)

where y = y(f), and t is between #, and #; transversal
condition is y(#)) = a and y(t) = b.

Therefore, the variation of this functional can be
represented as:

oF = [ {g@wi@/} dt ©9)
1 | Oy oy’

where dy is the variation of y(¢). So when the variation of

functional 6F = 0, i.e. Euler equation z§y+16y’= 0,
&
the extreme value can be got in the functional.

3.2 Performance functional and equality constraint
condition

To restrain the joints excessive movement away from
the obstacle in pseudo distance obstacle avoidance
method, this paper proposed the shortest path index to
ensure the joint displacement minimum in the premise of
completing the desired motion task and obstacle
avoidance planning.

3.2.1 Performance functional

The single joint displacement of redundant
manipulators can be considered as the sum position
change of joint within the moving time, and it can be
expressed as:

> g —a.l (10)

where ¢, is the joint position of the current sample timing;
qq 1s the joint position of the previous sample timing.
Divide the total joint displacement by the total motion
time, and then the average velocity of joint in the sample
time can be obtained.

Due to the total motion time of manipulator being
fixed, the total joint displacement of the manipulator can
be represented as the joints velocity vector functional, and
so the performance functional in variational method can
be obtained as:

F, =f(‘)f (¢'q)dt (11)

where ¢ =[q,,45,....qx 1" is the joint velocity vector.

3.2.2 Equality constraint condition

In this paper, the minimum extreme value of
performance functional Eq. (11) is selected as the shortest
path index. Assuming the shortest path index is
represented as VH ,, and then it meets:

g=J'%+I-JJ)\VH, (12)

Eq. (12) can be regarded as the equality constraint
condition of variational problem, then extreme value of
functional Eq. (11) can be solved by using the Lagrange
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multiplier method in the condition of equality constraint
Eq. (12), the steps are as follows:
Construct the auxiliary function:

F= L’Of i+ "o rsra—s e, —gllae q3)

where  A(t) =[4,(1), Ay (£),.... Ay ()] is  undetermined
vector multiplier. The extreme value problem of
functional Eq. (11) under equality constraint Eq. (12) can
be transformed to the extreme value problem of functional
Eq. (13) without constraint conditions.

Define Hamilton function as:

H,=¢"g+i" (1) [J*x+(1—J*J)VH_,] (14)

Then, the auxiliary function Eq. (13) can be changed
as:

F= j’f (H,, - 2" ()g) dt (15)
10

Thus, the Euler equation of auxiliary functional Eq.
(15) can be obtained by using variational method as
follows:

oH,,
oq

oH
m— Jr*x+(I-J J)VH, 16
Y] ( )VH , (16)

Mt)=—

q=
oH
m — 0
OVH

Assume ¢(#) = ¢o, and in the terminal time ¢,
9(t7) €[dmin>9max] as the boundary  conditions.

Therefore, combining the Euler Eq. (16), we can obtain:
o) oY
VH , = [(I—J*J)T MJ 44 —J*J)T[g] x (17)
' oq oq

From Eq. (17), we can obtain the shortest path index
by necessary condition of minimum value (Jacobian
matrix changes with time).

Therefore, combining Eq. (3), Eq. (7) and Eq. (17),
we can obtain the total gradient vector of gradient
projection method as follows:

VH =k VH, +k VH, +k VH, (18)

where k,, k; and k; are the scale coefficients of three
indexes.

4 Simulation and discussion
4.1 Simulation

To verify the wvalidity of the proposed obstacle
avoidance algorithm in the paper, we conducted

simulation experiments on a 7-DOF redundant
manipulator which has 2 prismatic joints and 5 revolute
joints, and the mechanism diagram is shown in Fig. 1.

&

()

&

0s o (s | h

AN

dz
di ﬂ/—_;
Figure 1 The mechanism diagram of the 7-DOF manipulator (Notes: d,
d, are displacements of the 1% joint and the ond joint, mm. 65, 64, 05, O

and @, are angular displacement of the 3" joint to the 7" joint, rad; /,, ,
I3, 14, Is, lsand L7are the link lengths of the manipulator, mm.)

In simulation experiments, we planned obstacle
avoidance path for the redundant manipulator by the
proposed obstacle avoidance method in this paper and the
traditional gradient projection method for obstacle
avoidance, and compared the experimental results from
the two obstacle avoidance methods. The procedure of the
proposed algorithm is shown in Fig. 2. We obtained the
joint velocity solutions by synthesizing all of the
performance optimizing indexes in the iterative
calculation of the gradient projection obstacle avoidance
method, which are taken as control values to realize the
desired end-effect or movement.

The simulation experiment system of the proposed
obstacle avoidance method in this paper is shown in Fig.
3. The two obstacle avoidance planning methods are
tested in MATLAB.

Fig. 1 shows that the 7" joint has no effect on the
position of end-effector in the Cartesian space, so set the
fixed value g; = 0, and initial positions of manipulator are
set as qo = [0,1; 0,1; w/6; —m/6; n/3; 0]. Choose the
manipulator base as the origin of coordinate, then the
initial position of end-effector is: [Pxys Pygs Pzgl = [0;

0,455; 0,93].

According to the manipulator spatial attitude, select
the surrounding ellipsoid parameters of obstacle as: [a, b,
¢, 0y, 0y, 0;] = [0,05; 0,03; 0,03; 0; 0,45; 0,55]. In the
obstacle avoiding experiments, the initial joint condition
of manipulator, obstacles, desired motion and the other
subsidiary conditions are the same in the two above
mentioned methods.

The desired velocity and position of end-effector are
x=[-0,03; 0,005; —0,05] and [p,,; p,,; P-, 1= [70,087;

0,305; 0,941], the total motion time of 7-DOF
manipulator is set as 3 s in this simulation.
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Start

[P

R

Obtain the current joint position and the end-effector velocity of
manipulator

v

Calculate the obstacle avoidance optimizing index VH,, by the pseudo
distance method and the joint limits optimizing index VH

v

Obtain the Jacobian matrix J and the Moor-Penrose generalize inverseJ "

v

Set the performance evaluation functional and calculate the shortest path

optimizing index VH} by the variational method

v

The total gradient vector for the proposed method:
VH =k VH + kVH + k/VFI/

v

Dynamically adjust thehomogeneousfactor k by 2-norm continuous
function
Obtain the joints inverse solutions with the desired velocity of end-
effector by gradient projection method

G=Jx+k(I-J'JWVH

v

End-effector reach the expection

‘ End ‘

Figure 2 The procedure of the proposed obstacle avoidance algorithm

4.2 Simulation results discussion

The obstacle avoidance paths of the redundant
manipulator from three different views are shown in Fig.
4 and Fig. 5. The joints displacement and the joint
velocity changes obtained by the two obstacle avoidance
methods are shown in Fig. 6 and Fig. 7. The final position
data of every joint of the manipulator by the two methods
during obstacle avoidance planning are shown in Tab. 1.

Table 1 Final displacements of joints during obstacle avoiding obtained
by the two obstacle avoidance methods

. Gradient projection Gradient projection
Joints method-variational method
method (m or rad)
(m or rad)
d, 0,1950 0.1586
d 0,1416 0,09307
05 —0,1154 01110
04 0,3755 03871
0 ~0,6731 0,598
06 0,9528 0.9956

Comparing Fig. 4 and Fig. 5, we can see that two
obstacle avoidance methods can both make the end-
effector reach the desired position with collision-free, but
the path length of the proposed obstacle avoidance
algorithm in the paper is significantly reduced.

According to Fig. 6, the displacement of every joint
in the proposed obstacle avoidance method is
significantly reduced, and the final displacements data of
joints during obstacle avoiding obtained by the two
obstacle avoidance methods are shown in Tab. 1
respectively.
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Figure 3 The simulation experiment system of the obstacle avoidance planning method (Notes: In the simulation experiments system, P_dl, P_d2, P_th3,
P_th4, P_th5 and P_th6 represent position displacement of joint 1 to joint 6, V_d1,V_d2, V th3, V_th4, V_thS and V_th6 represent the velocity of joint
1 tojoint 6,a dl, a d2,a th3, a th4, a th5 and a_th6 represent the acceleration of joint 1 to joint 6, and Displayl, Display2, Display3, Display4,
Display5Sand Display6 display the real-time joints position of joint 1 to joint 6 of the redundant manipulator during obstacle avoidance planning
respectively.)
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Figure 4 Spatial path planning of the 7-DOF manipulator using gradient projection method from three different views
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Figure 5 Spatial path planning of the 7-DOF manipulator using the proposed obstacle avoidance algorithm based on variational method from three
different views
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(2) Displacement of joint 4,5 and 6

Figure 6 Joints displacement of the 7-DOF manipulator obtained by two obstacle avoidance methods (Notes: In Fig (1) and (2), the solid lines represent
the joint displacement obtained by the proposed obstacle avoidance method based on variational method, dashed lines represent the joint displacement
obtained by traditional gradient projection obstacle avoidance method based on pseudo distance method.)
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Figure 7 Joints velocity of the 7-DOF manipulator obtained by two obstacle avoidance methods (Notes: In Fig. (1) and Fig. (2), the solid lines represent
the velocity curve obtained by the proposed obstacle avoidance method based on variational method; dashed lines represent the velocity curve obtained by
traditional gradient projection obstacle avoidance method based on pseudo distance method.)
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Figure 8 Joints acceleration of the 7-DOF manipulator obtained by two obstacle avoidance methods (Notes: In Fig. (1) and Fig. (2), the solid lines
represent the acceleration curve obtained by the proposed obstacle avoidance method based on variational method; dashed lines represent the acceleration
curve obtained by traditional gradient projection obstacle avoidance method based on pseudo distance method.)

Set m = 3,14, so initial values of manipulator joints
are ¢o = [0,1; 0,1; 0; 0,5233; —0,5233; 1,0467; 0].
Apparently, From Tab.1 we can see that joint d; and d,
perform incremental movement, joint 65, 6, Os and O
perform negative movement. And it is observed that the
joint displacement values obtained by the proposed
obstacle avoidance method reduce 0,0364 m, 0,03467 m,
0,0044 rad, 0,0116 rad, 0,0751 rad and 0,0428 rad
respectively than the traditional gradient projection
method for obstacle avoidance. Thus, taking the
displacement value by the traditional gradient projection
obstacle avoidance method as cardinal number, we can
work out that every joint movement reduces 38,3 %,
83,3 %, 3,81 %, 7,85 %, 50,1 % and 45,6 % respectively.
Synthesizing the motion path of all joints, it is shown that
the total displacement of prismatic joints and revolute
joints reduces 62,2 % and 26,4 % respectively.

According to Fig. 7, the proposed obstacle avoidance
method in this paper, which adjusts the gradient
projection factor dynamically, significantly reduced the
joint velocity of the manipulator. And the velocity change
of joint 1 to joint 6 between initial time and final time
during obstacle avoiding reduces 43,2 %, 97,3 %, 2,23 %,
36,6 %, 96,7 % and 72,7 % respectively. Meanwhile, the
initial velocity value of joint 1 to joint 6 decreases 68,8 %,
99,5 %, 0,3 %, 59,8 %, 78,6 % and 78 % respectively.

According to Fig. 8, compared to the ordinarily
gradient projection method, the proposed obstacle
avoidance method in this paper makes the joint
acceleration of manipulator vary gentler. And the
acceleration change of joint 1 to joint 6 between initial
time and final time during obstacle avoiding reduces
91,04 %, 98,28 %, 73,33 %, 98,40 %, 93,86 % and 91,94 %
respectively.

From Fig. 6, Fig. 7 and Fig. 8, it is also observed that
every joint velocity and acceleration varies more
smoothly and continuously within the joint limits during
obstacle avoidance planning. Therefore, the proposed
algorithm in this paper decreases the joints initial velocity
value and the average velocity of manipulator during
obstacle avoidance planning, and avoids the joint to
exceed its limits.

5 Conclusion

1) In this paper, a new obstacle avoidance method for
redundant manipulators has been proposed based on
variational method and gradient projection method. In this
new method, the variational method solved the shortest
path optimizing index, and this index was applied to
gradient projection algorithm for obstacle avoidance to
reduce the joints’ motion path of manipulator during
obstacle avoiding. Simulation experiment results show
that it has resolved the excessive joint movement and
greatly reduced the joints displacement of the redundant
manipulator during obstacle avoiding. Compared with
traditional gradient projection method for obstacle
avoidance, the maximum reduction of joint displacements
reached 83,3 %, and the total displacement of prismatic
joints and revolute joints reduced 62,2 % and 26,4 %
respectively for the proposed algorithm in this paper. So
the new proposed method can avoid unnecessary wastage
of energy and improve the efficiency of redundant
manipulator.

2) This paper has adjusted dynamically the factor of
homogeneous solution by 2-norm continuous function
during obstacle avoiding. The simulation experiment on a
7-DOF manipulator shows that the joint velocity and
acceleration changes between initial time and final time
during obstacle avoiding reduced by 43,2 %, 97,3 %,
2,23 %, 36,6 %, 96,7 %, 72,7 % (velocity) and 91,04 %,
98,28 %, 73,33 %, 98, 40 %, 93,86 % and 91,94 %
(acceleration) respectively. In addition, the velocity and
acceleration of the manipulator joints vary more smoothly.
Therefore the proposed method can effectively avoid
obstacle avoidance method failure arisen from the great
difference between the least-norm solution and
homogeneous solution in the inverse kinematics of
redundancy manipulators.

3) The proposed obstacle avoidance algorithm in this
paper, which combined the shortest path index deduced
by variational method and 2-norm continuous function
gradient projection factor, successfully accomplished the
obstacle avoidance in the work space, and avoided
algorithm failure and joint exceeding its limits. It is
proved that the proposed obstacle avoidance method in
this paper is effective and feasible.
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