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An obstacle avoidance method of action support 7-DOF manipulators is proposed in this paper. The manipulators are controlled
with impedance control to follow user's motions. 7-DOF manipulators are able to avoid obstacles without changing the orbit of
the end-effector because they have kinematic redundancy. A joint rate vector is used to change angular velocity of an arbitrary
joint with kinematic redundancy. The priority of avoidance is introduced into the proposed method, so that avoidance motions
precede follow motions when obstacles are close to the manipulators. The usefulness of the proposed method is demonstrated

thorough obstacle avoidance simulations and experiments.

1. Introduction

The application of robot technology extends from the manu-
facturing industry to our homes. Especially, applied research
on robot technology is widely carried out in the field of
medical treatment and welfare, such as operation support
robots, meal support robots, and so on. The authors focus on
an action support manipulator. The manipulator supports the
user whose muscle remarkably lowers. One application of
this manipulator is a meal support manipulator. The manip-
ulator grasps a spoon, and a user attaches the hand to the
spoon. The spoon moves to the desired direction according
to the minute force applied by the user. Obstacle avoidance
is necessary to use the manipulator safely under the envi-
ronment that humans and other objects exist.

A 7-DOF manipulator is used as an action support one
in this paper. 7-DOF manipulators have kinematic redun-
dancy. 7-DOF manipulators are able to avoid obstacles
without changing the position and the attitude of the
end-effector by using their redundant degree of freedom.
Various methods on obstacle avoidance for redundant ma-
nipulators are proposed in [1-6]. A joint rate vector [1, 2] is
adopted to avoid obstacles in this paper.

Impedance control [7-10] is used to make the manipu-
lator follow the user's motion in this paper. Though the
methods of impedance control for redundant manipulators
are proposed in [7, 8], the obstacle avoidance is not handled.
The methods of impedance control for redundant manipula-
tors considering the obstacle avoidance are presented in [9,
10]. Though the manipulator avoid the obstacle while the
end-effector follows the fixed reference path in [9, 10], co-
operative works of manipulators and humans are not consid-
ered.

An obstacle avoidance method for redundant manipu-
lators using impedance control is proposed in this paper.
Priority of avoidance is introduced into the proposed method,
so that avoidance motions precede follow motions when an
obstacle is close to the manipulator. There are few papers on
obstacle avoidance by using the joint rate vector for redun-
dant manipulators which follows the human's actions with
impedance control. The validity of the proposed method is
demonstrated thorough obstacle avoidance simulations and
experiments.

2. Experimental Equipment

Figure 1 shows a manipulator used in this paper. This ma-
nipulator is the PA-10A-ARM made by Mitsubishi Heavy
Industries, Ltd. The manipulator has seven degrees of free-

dom and the transportable weight is 98 N. The joints are
driven by AC servo motors with brushless resolvers. The
manipulator moves to support a user (see Figure 2).

A force sensor is installed in the end-effector to meas-
ure forces and moments exerted to the end-effector. The
force sensor is the IFS-67M25A50-140 made by Nitta Corp.
The measurable maximum forces are 200 N on x and y-axis
and 400 N on z-axis, and the measurable maximum moment
is 13 Nm around x, y and z-axis.

The distance between obstacles and the manipulator
may be measured with a distance sensor such as a PSD sen-
sor, a laser sensor, an ultrasonic sensor, or a stereo camera.
The distance is calculated under the situation that obstacles'
sizes and positions are known in this paper. This ideal situa-
tion is considered in experiment to evaluate the proposed
method purely, because the experimental performance is too
sensitive to the accuracy of the distance sensor.

The seven joint angles of the manipulator and the out-
put of the force sensor are transmitted to a personal comput-
er. The command calculated in the computer is sent to the
manipulator. The sampling period is 10 ms.
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FIGURE 1: 7-DOF manipulator.



FIGURE 2: Image of action support manipulator.

3. Obstacle Avoidance Method

The manipulator is controlled with impedance control to
follow user's motions. Kinematic redundancy is used to
avoid obstacles. Priority of avoidance is introduced to com-
bine the follow motions and the avoidance motions.

3.1. Impedance Control. The motion equation of the manip-
ulator is expressed as

M(0)0+h(0,0)+g(0) =1 +JT(0)Fey, (1)

where 8=[0,, 6,, 05, 04, s, 6, 05]" is the joint angle vec-
tor; M(6) is the inertia matrix (hereafter denoted by M);
h(ﬂ,é) is the nonlinear term due to the centrifugal and
Coriolis force; g(0) is the gravitational term; 7 is the joint
torque vector; Fg is the external force exerted to the
end-effector; and J(@) is the Jacobian matrix (hereafter de-
noted by J).

The desired impedance of the end-effector is described
by

M€k+Bex+K€(x_xd)=Fexta (2)

where M., B,, K, are the desired inertia, viscosity and stiff-
ness matrices of the end-effector, respectively; x is the dis-
placement vector of the end-effector and x, is the desired
one. These are given as follows:

Me = diag(m€3m69mealmalm31m)a

BE = diag(be3be’be’bn;bn>b}1);

Ke :diag(keskeskeskn:kn’kn)a (3)

FCXI = [fxafyﬂfzaz-¢’z-t9ary/]T7

X = [x’y’z’¢’05‘//]T'
The position and the attitude of the end-effector are denoted
by (x, y, z) and (4, 6, ), respectively. The moments 7, 75
and 7, of Fy are set to zero to keep the initial attitude of the
end-effector in this method. The values of the impedance
parameters, m,=1.0 kg, 7,=1.0 kgmz, b.=20 Ns/m, b,=20
Nms/rad, k,=100 N/m and k,=100 Nm/rad are used in this
paper. These values should be optimized for users in the

future work.
Putting Fex in (2) as

Fey = Mejéd + Bexda (4)
the following equation is obtained:

M, (X—%;)+B.(x—x;)+K.(x—x4)=0. 5)

The torque vector 7 satisfying (5) is given as follows:

T=JT(IMIT) &g+ MG B, (% - X)
: : (©)
+ Ko (x4 = x)} =4 |- T Fox, + 1(6,0) + g(6)

The desired displacement of the end-effector x, and its de-
rivative x, is obtained from F,, by solving (4) with the
4-order Runge-Kutta method. The value of X, is calculat-
ed from x,; by using the backward difference approxima-
tion. The end-effector follows the user's hand by applying
the torque 7 in (6) to the manipulator. The desired dis-
placement x, is generated in real time from the external
force Fe. This point is greatly different from other studies
on impedance control for manipulators.

3.2. Obstacle Avoidance Using Kinematic Redundancy. The
inverse kinematics equation of redundant manipulators is
expressed as

0=J+x+PLJ)E, (7

where J* is the pseudoinverse of J, P*(J) is the projection
operator which projects arbitrary joint rates into the
null-space of the endeffector's Cartesian coordinates, and &
is an arbitrary joint rate vector. J~ and P*(J) are calculated
with the method in [11]. The displacement vector of the
end-effector x is regulated by the impedance control to fol-
lows the external force F.,,. When an obstacle approaches
the manipulator, the manipulator avoids the obstacle by us-
ing the joint rate vector &

In this paper, two virtual spheres are set in the 4th and
the 5th joints (see Figure 3). The center of the virtual sphere
is that of the joint. It is considered that these joints may col-
lide against obstacles easily. The virtual sphere is shown in
Figure 4. The inner sphere with the radius Ly, is an inelastic
body and covers the joint of the manipulator. The purpose of
the obstacle avoidance control is to avoid the collision be-
tween the inner sphere and obstacles. The outer sphere with
the radius L, is an elastic body with a stiffness k,. When
obstacles enter the outer sphere, a repulsive force is gener-
ated. The repulsive force is used to calculate the value of the
joint rate vector &

A preliminary experiment was carried out to detect
which element of & is effective for the obstacle avoidance.
When a value was given to the 1st or 3rd element, the atti-
tude of the manipulator greatly changed. The 1st and 3rd
elements, & and &, are therefore given values and the other
elements are set to zero for the simplification of the problem.
The values of & and & are calculated from

ka (Lmax _dmin )
——————— duin < Liax»

§1,3 = Linax — Lin m " (®)
0 : dmin > Limax »

where k, is a positive constant, L, is the radius of the ine-
lastic sphere, L. is the radius of the elastic sphere, and dy;,
is the distance between the nearest obstacle and the manipu-
lator. In this paper, Lyj,=0.15 m, L;,=0.25 m, and £,=0.3
rad/s. The value of & or & is shown in Figure 5. As the ob-
stacle approaches the manipulator, the value of & or & in-
creases and then the attitude of the manipulator changes to



avoid the obstacle.
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FIGURE 3: Virtual spheres with radius L, in 4th and 5th joints.
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FIGURE 5: 1st/3rd element of &, & 5.

3.3. Priority of Avoidance. Since the avoidance motions may
conflict with the follow motions, the priority of avoidance is
introduced. The priority of avoidance means the weight be-
tween the follow motions generated by (6) and the avoid-
ance motions caused by (7) and (8). The value of the priority
of avoidance is greater when an obstacle is close to the ma-
nipulator. The priority of avoidance « is defined as

dmin - Lmin
exp(—kb —j “dmin 2 Linin,

Lmax - Lmin

1 : dmin < Lmin P

a =

(€)]

where k; is a positive constant, k, = 5.0 in this paper. The
value of the priority « is shown in Figure 6. According to the
priority of avoidance ¢, F. in (4) is calculated as

Fext:(l_a)Fact> (10)

where F, is the actual applied force measured with the
force sensor. Feyy = 0 at @ = 1 (dpin <Ly ) means that only
the avoidance motions are carried out without the follow

motions, and F = Fu at @ = 0 (din = Linax ) means that
only the follow motions are carried out without the avoid-
ance motions. When the manipulator is close to the obstacle,
the avoidance motions should precede the follow motions
for the safety. Otherwise, the manipulator should follow the
user's motion as much as possible. Therefore, an exponential
function is used in (9), so that the value of « rapidly in-
creases as the value of dy,;,, approaches L.
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FIGURE 6: Priority of Avoidance, «.

4. Simulation Model of Manipulator
A simulation model of the manipulator is constructed. The
link parameters of the manipulator are shown in Figure 7,
and the values of the link parameters and the moment of
inertia of the links are shown in Tables 1 and 2, respectively.
These values are calculated by measuring the manipulator.
The manipulator with the initial joint angle vector 8(0)
= [0, /6, 0, /3, 0, 0, 0]" rad operated by giving some ade-
quate reference path of the end-effector. The results are
shown in Figures 8 and 9. These figures show the time his-
tory of the position of the end-effector, and the fine line and
the bold one denote the simulation result and the experi-
mental one, respectively. The simulation results coincide
with the experimental ones. This result is one example, and
other result was also similar to this. Therefore, this model is
used in simulation.

TABLE 1: Values of link parameters.

0.030
0.085
0.051

146 | ke[m
024 | ky[m
0.98 | ks[m

I,[m] | 0315 | my[ke] | 9.78 | ki[m] | 0.147
I [m] | 0450 | mylkg] | 841 | ky[m] | 0.063
I,Im] | 0500 | ms[ke] | 351 | ks[m] | 0.089
I,[m] | 0080 | mi[kg] | 431 | ks[m] | 0.046
I,[m] | 0.121 | ms[kg] | 345 | ks[m] | 0.165

1 ]

J J

] ]

TABLE 2: Values of moment of inertia.

Link | 7 [kgm’] 1, [kgm’] I [kgm’]
1 0.1528 0.1322 0.0646
2 0.0900 0.0266 0.0794
3 0.0462 0.0337 0.0183
4 0.0307 0.0081 0.0272
5 0.0392 0.0375 0.0081
6 0.0039 0.0008 0.0039
7 0.0001 0.0001 0.0002
8 0.0011 0.0013 0.0008
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FIGURE 7: Link parameters of 7-DOF manipulator
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5. Simulation Results of Obstacle Avoidance

The usefulness of the proposed method is demonstrated in
simulation. Figure 10 shows the initial state of the obstacle
avoidance simulation. The pink sphere denotes the inner
virtual sphere with the radius L.;,. The initial joint angle
vector 8(0) = [0, /4, 0, n/2, 0 -/4, 0]" rad and the actual

applied force F,, is shown in Figure 11. The obstacle is a
sphere of 0.05 m radius and its center is located at [0.4, 0.3,
0.78]" m.

5.1. Obstacle Avoidance Using Kinematic Redundancy. The
distance between the obstacle and the manipulator d;, is
shown in Figure 12, where only & is calculated by (8) in
Case 1 and both £ and & are done in Case 2. The priority of
avoidance « is not used in both cases, that is, Fe; = F,. The
minimum value of d;;, in Case 2 is greater than that in Case
1. This means that Case 2 using both & and & is better than
Case 1 using only & from the viewpoint of obstacle avoid-
ance. The manipulators in Cases 1 and 2 collide with the
obstacle, since the distance dp;, is less than L;,. The scenes
in Cases 1 and 2 are shown in Figures 13 and 14, respec-
tively. The collision that the obstacle enters the inner sphere
is confirmed from the last scene in Figures 13 and 14.

Obstacle

External force

FIGURE 10: Obstacle avoidance in simulation.
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FIGURE 13: Scenes in Case 1 of obstacle avoidance simulation.

FIGURE 14: Scenes in Case 2 of obstacle avoidance simulation.

FIGURE 15: Scenes in Case 3 of obstacle avoidance simulation.

5.2. Obstacle Avoidance Using Kinematic Redundancy and
Priority of Avoidance. The priority of obstacle « is used in
Case 3, where both & and & are calculated by (8), since the
result in Case 2 is better than that in Case 1. The distance
dyin In Case 3 is also shown in Figure 12. The value of dyy;,
is never less than L;,. This means that there is no collision
between the obstacle and the manipulator. The scenes in
Case 3 are shown in Figure 15. No collision between the
inner sphere and the obstacle is confirmed in Figure 15.

6. Experimental Results of Obstacle Avoidance
The validity of the proposed method is verified in experi-
ment. Figure 16 shows the initial state of obstacle avoidance
experiment. The initial joint angle vector 8(0) is the same as
that in simulation. The obstacle is a square pole with
0.1x0.1x0.35 m and its center is located at the same point in
simulation. An experimenter who is a healthy person applies
the force to the end-effector in Y-axis direction.

The applied force measured with the force sensor is
plotted in Figure 17. The experimenter applies the vibration-
al force to the positive direction of Y-axis, the right direction
in Figure 16. The vibration may be reduced by adjusting the
impedance parameters M., B, and K, in (3). The position of
the 4th joint of the manipulator on Y-axis and the distance
dyin are plotted in Figures 18 and 19, respectively. The 4th
joint moves to the positive direction of Y-axis according to

the applied force until about 4 s. That causes the value of
dpmin to be small. When the value of d,, is small or the 4th
joint is close to the obstacle, the avoidance motion predom-
inates. The 4th joint moves to the negative direction of
Y-axis from about 4 s to 6 s in Figure 18. This motion causes
increasing the value of dy,;, in Figure 19. There is no colli-
sion between the manipulator and the obstacle, since dp, >
Lyin during the experiment in Figure 19. The scenes of the
experiment are shown in Figure 20. The follow motion and
the avoidance motion are demonstrated.

7. Conclusions

In this paper, an obstacle avoidance method of action sup-
port 7-DOF manipulators has been realized by using imped-
ance control and kinematic redundancy of the manipulator. A
joint rate vector has been used to avoid obstacles in the way
of changing the posture of the manipulators. The joint rate
vector has been calculated from the distance between obsta-
cles and the manipulator. The priority of avoidance has been
introduced into the proposed method, so that avoidance mo-
tions precede follow motions when obstacles are close to the
manipulator. The usefulness of the proposed method has
been demonstrated through obstacle avoidance simulations
and experiments.
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