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Abstract: This paper is concerned with real-time trajectory tracking and obstacle avoidance control using the avoidance
manipulability of redundant manipulators. We had proposed a new index to evaluate the shape-changing ability in the
conﬁguration space while the manipulator’s hand tracks a desired trajectory. Using this index we construct a new realtime conﬁguration control system with the preview evaluation by introducing an imaginary manipulator at future time.
The proposed system has been evaluated by several simulations and real experiments on the view points of real-time
conﬁguration optimization and feasibilities of the whole control system.
Keywords: Redundant manipulators, avoidance manipulability, preview control, 1-step GA, PA10.

1. INTRODUCTION
&DPHUD

Kinematically redundant manipulators have more Degrees of Freedom (DoF) than necessary for accomplishing a given task. Nowadays, redundant manipulators are
used for various kinds of tasks, for example, welding,
sealing, grinding and contact tasks. These kinds of tasks
require the manipulator to plan its hand onto the desired
trajectory and avoid its intermediate links from obstacles
existing near the target object and also the target object
itself. Based on this purpose, in this paper we construct a
system shown in Fig.1 which is able to operate any working object of whatever shape without any preparation.
There are many researches on motion and obstacle
avoidance of redundant manipulators discussing how to
use the redundancy. The proposed solutions to these
problems can be basically categorized as Global Methods
and Local Methods. In Global Methods, a method using potential function was presented [1]. Factor-Guided
algorithm that ﬁnds plans of motion from one arm conﬁguration to a goal arm conﬁguration in 2D space was
presented [2]. In [3], Ahuactzin and Gupta proposed a
global method (Kinematic Roadmap) to ﬁnd a series of
reachable conﬁgurations (a feasible path) from a given
initial conﬁguration to goal position based on a concept called “reachability”. Moreover, Global Methods
are computationally very expensive, and the computational cost increases rapidly as a function of the number of manipulator joints. Therefore, considering these
limitations, Global Methods are implemented only as an
off-line path/motion planning tool in the high level of
the manipulator control hierarchy. On the other hand,
to achieve the ability to adapt for dynamic environment,
the system must make every effort to be adaptable even
in an environment with limited information. This adaptability requires that the system be ﬂexible for the changing environment and could be realized with a real-time
measurement ability. Such methodologies are called Local Methods. Various approaches of the real-time obstacle avoidance for redundant manipulators were presented

0RYHPHQW
8QNQRZQ2EMHFW

0RYHPHQW

0HDVXUHPHQW

2Q
2QOLQH7UDMHFWRU\3ODQQLQJ
OLQH7UDMHFWRU\3ODQQLQJ
&RQILJXUDWLRQ&RQWURO

Fig. 1 Processing System for Unknown Object
[4],[5]. Real-time singular conﬁgurations avoidance was
presented [6]. In general, Local Methods are mainly used
to deal with moving obstacles in an unstructured dynamic
environment.
Up to now, the manipulability ellipsoid[7] was presented to evaluate the static performance of a robot manipulator as an index of the relationship between the angular velocities at each joint and the linear velocity at the
end-effector of the manipulator. Also, the manipulability
measure was addressed for cooperative arms [8]. Especially, the manipulability measure was used in real-time
control [9]. However, the manipulability ellipsoid is just
based on kinematics; the manipulator dynamics are completely ignored. The manipulating force ellipsoid [10]
was presented to evaluate the static torque-force transmission from the joints to the end-effector, while the dynamic manipulability ellipsoid [11] was presented as an
index of the dynamic performance of a robot manipulator
beased on the maximum acceleration of the end-effector.
Combining the manipulating force ellipsoid with the dynamic manipulability, the inertia matching ellipsoid [12]
was proposed to characterize the dynamic torque-force
transmission efﬁciency.
Our research just pursues the adaptable system categorized in Local Method. Fig.1 shows an on-line shape
detection/processing system. In Fig.1, the camera and the
manipulator’s hand are supposed to move synchronously
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to achieve an on-line adaptive operation depending on the
real-time information of limited known environment (the
changing shape and position of target object) obtained
by this moving camera. The unknown environment outside the range of the camera changes as the process progresses. The range area of the camera is limited and the
size of the target object is not limited, so it is reasonable
to assume that the camera range is smaller than the object size. Then, once there appears an obstacle suddenly
in the scene of camera, the manipulator must change its
shape as quickly as possible so that it can avoid this obstacle. In addition, Local Methods have such merits as less
computation and real-time adaptability. This requires the
manipulator possess the ability to avoid this moving obstacle suddenly appearing in the limited camera range by
changing its shape quickly. Therefore, it is very necessary and meaningful to keep the optimal shape-changing
ability of the redundant manipulator in the whole on-line
working process (trajectory tracking and obstacle avoidance).
The manipulability ellipsoid had been proposed to
evaluate the easiness of the end-effector of the manipulator arbitrarily changing its position and orientation.
The avoidance manipulability concept [13] was derived
inspired from the manipulability ellipsoid and was ﬁrstly
presented in our previous research, which just was used to
evaluate the shape-changing ability of each intermediate
link except the end-effector. However, in [13], the avoidance manipulability ellipsoid just evaluated the shapechanging ability of each intermediate link but did not
evaluate the avoidance manipulability of the whole manipulator.
Therefore, ﬁrstly, we introduce an index to evaluate
the avoidance manipulability of the whole manipulator
by deﬁning the sum of volume of each avoidance manipulability ellipsoid corresponding to each intermediate
link, which is called “AMSI”(Avoidance Manipulability
Shape Index) [14]. Then, considering the potential spaces
along the target object’s shape along with the AMSI, we
propose another new index called “AMSIP”(Avoidance
Manipulability Shape Index with Potential). Finally, using “AMSIP”combining with 1-Step Genetic Algorithm
(GA) [15] to solve the on-line optimization problem of
multi-peak and time-varying AMSIP distribution, we realize a new processing system with optimized adaptability for avoidance ability while its hand tracks the desired
trajectory on the object with limited information with the
target’s shape.

2. AVOIDANCE MANIPULABILITY
Representing the vector of position and orientation of
each link by r i ∈ Rm (i = 1, 2, · · · , n) where m denotes
the dimension of working space, n denotes the number
of links of manipulator. Representing the vector of joint
angles by q = [q1 , q2 , · · · , qn ]T . r i is given by (1) as a
function of q.
r i = f i (q), (i = 1, 2, · · · , n)

(1)

By differentiating (1) by time t, we can obtain (2).
ṙ i = J i (q)q̇

(2)

In (2), J i (q) ∈ Rm×n is Jacobian matrix differentiated
r i by q. Here we discuss the case that desired trajectory
r nd and desired velocity of the manipulator’s hand ṙ nd
are given as primary task. Then, according to (2) we can
obtain q̇ realized by ṙ nd .
+
1
q̇ = J +
n ṙ nd + (I n − J n J n ) l

(3)

where J n is Jacobian matrix differentiated r n by q, J +
n
is pseudo-inverse of J n , I n is n×n unit matrix, and 1 l is
an arbitrary vector satisfying 1 l ∈ Rn . The left superscript “1”of 1 l means the ﬁrst sub-task executed by using
redundant degrees of freedom. If the rest redundant degrees of freedom can execute another sub-task besides the
ﬁrst sub-task, we deﬁne it by 2 l, which indicate the avoidance action in higher dimension [13]. The following deﬁnitions about left superscript “1”are also. In the right side
of (3), the ﬁrst term is the solution to make �q̇� minimize
in the space of q̇ while realizing ṙ nd . The second term is
joint angle velocity component that can change the manipulator’s conﬁguration regardless with the inﬂuence of
ṙ nd . When the ﬁrst avoidance sub-task is given to the ith link, in other words, the ﬁrst demanded velocity 1 ṙ di
is determined by an avoidance control system of higher
level depending on geometric relation of a manipulator
with an obstacle. The relation of 1 ṙ di and ṙ nd is shown
in (4) by substituting (3) into (2).
1

+
1
ṙ di = J i J +
n ṙ nd + J i (I n − J n J n ) l

(4)

Here we deﬁne two variables shown in (5) and (6).
�

∆1 ṙ di = 1 ṙ di − J i J +
n ṙ nd
1

�

M i = J i (I n − J +
n J n)

(5)

(6)

According to (5) and (6), ∆1 ṙ di can be rewritten by (7).
∆1 ṙ di = 1 M i 1 l

(7)

In (7), ∆1 ṙ di is represented by the ﬁrst avoidance velocity and 1 M i is a Rm×n matrix represented by the ﬁrst
avoidance matrix.
Next, we will represent the avoidance munipulability
measure and the avoidance munipulability ellipsoid. Providing that 1 l is restricted as �1 l� ≤ 1, then the extent
where ∆1 ṙ di can move is denoted by (8).
T 1
1
∆1 ṙ Tdi (1 M +
M+
i ∆ ṙ di ≤ 1
i )

(8)

If rank(1 M i ) = m, the ellipsoid represented by (8) is
named as the ﬁrst complete avoidance manipulability ellipsoid. If rank(1 M i ) = p < m, the ellipsoid is named
as the ﬁrst partial avoidance manipulability ellipsoid.
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Fig. 2 Preview Control System
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3. PREVIEW CONTROL SYSTEM

i=1 j=1

At last, according to (11), the control block outputs
the desired joint angular velocity q̇ d (t) that is required to
make the current shape of actual manipulator q(t) close
the future optimal shape of imaginary manipulator q̃ d (t∗ )
with the optimal shape-changing ability based on noncollision when the desired velocity of the manipulator’s
hand ṙ d (t) is given.

>P@

Preview control system is a conﬁguration control
method, which is is shown in Fig.2. t denotes the current
time, t∗ denotes the future time and t∗ is forwarder than
t by t̃ (t̃ = t∗ − t). Here, t̃ is called “preview time”. Preview control system consists of a real-time measurement
block, a planning block, a redundancy control block and
a redundant manipulator. Firstly, the measurement block
can detect the desired hand position r d (t∗ ) on the surface
of working object (target object) at future time t∗ . Next,
the planning block outputs the future joint angles q̃ d (t∗ )
satisfying non-collision corresponding to the future desired hand position r d (t∗ ) (at future time t∗ ) referring to
potential spaces. This is called “imaginary manipulator”.
Here, we need to introduce the potential spaces,
which are detected by camera and are created around
the working object’s shape automatically at the planning
block. As shown in Fig.3, the potential spaces uk (k =
0, 1, 2, · · · , nk ) are set along the working object’s shape
with the interval of ∆h, here nk denotes the number
of potential spaces. And the potential values vk (k =
0, 1, 2, 3, · · · , nk ) denote the dangerous extent, which are
deﬁned by v0 < v1 < v2 < · · · < vnk < 0. That is
to say, if the distance with the working object becomes
nearer, the potential value will become smaller. In addition, the speciﬁed points are placed on each link of the
manipulator, and the coordinates of the speciﬁed points
are represented by sij (xij , yij )[i = 1, 2, 3, · · · , n; j =
1, 2, · · · , ni ] where n denotes the number of manipulator’s links and ni denotes the sum number of the speciﬁed
points in i-th link. Evaluation value a(sij ) of speciﬁed
point sij is deﬁned by (9).
�
a(sij ) = vk
sij ∈uk
(9)
a(sij ) = 0 otherwise
Total potential value U of the imaginary manipulator’s
shape at future time t∗ is deﬁned by (10).
ni
n �
�
a(sij )
(10)
U=
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Fig. 3 Potential Spaces and Desired Hand Trajectory
where, v(t) is an important arbitrary vector satisfying
v(t) ∈ Rn through which trajectory tracking and obstacle avoidance can be executed simultaneously using reduandancy. In this paper, v(t) is determined to make the
current shape of actual manipulator q(t) close the future
optimal shape of imaginary manipulator q̃ d (t∗ ), so it is
deﬁned by (12).
v(t) = K v [q̃ d (t∗ ) − q(t)]

(12)

where, K v is a positive deﬁnite diagonal matrix representing gains, that is, K v = diag[kv1 , kv2 , · · · , kvn ].
Here, please notice that the future optimal shape of imaginary manipulator q̃ d (t∗ ) used to control the current
shape of actual manipulator is the really optimal shape,
which possesses the better avoidance manipulability of
the whole manipulator based on non-collision. The evaluation of avoidance manipulability of the whole manipulator will be introduced in next section.

4. AVOIDANCE MANIPULABILITY
SHAPE INDEX (AMSI)
Here, we will present the avoidance manipulability
shape index (AMSI) expressed by sum shape-changing
ability of all intermediate links. The shape-changing ability of intermediate link can be evaluated by avoidance
manipulability ellipsoid. The volume of avoidance manipulability ellipsoid will determine the extent of shapechanging ability. When the volume of avoidance manipulability ellipsoid of i-th link is the largest, the shapechanging ability of i-th link is the best. The volume of
avoidance manipulability ellipsoid (1 Pi ) of i-th link is deﬁned by (13).

+
q̇ d (t) = J +
n (q)ṙ d (t) + [I n − J n (q)J n (q)]v(t) (11)
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1

Vi = cm · 1 wi

(13)

where, m denotes the dimension number, cm and 1 wi are
deﬁned by (14)and (15) respectively.

 2(2π)(m−1)/2 (m : odd)
(14)
cm = 1·3···(m−2)m
m/2
 (2π)
(m : even)

:RUNLQJ2EMHFW
&

2·4···(m−2)m

1

wi = 1 σi1 1 σi2 · · · 1 σim

(15)

In (15), 1 σi1 , · · · , 1 σim are the singular values of 1 M i .
The largest 1 Vi corresponds to the best avoidance manipulability of i-th link. However, each 1 Vi just denotes
the extent of avoidance manipulability of each intermediate link. For evaluating the avoidance manipulability of
the whole manipulator, AMSI (Avoidance Manipulability
Shape Index) 1 E is deﬁned by (16).
1

E=

n−1
�

1

(16)

Vi ai

i=1

where, ai is deﬁned by (17).
a1 = an−1 = 1[m−1 ], a2,3,···,(n−2) = 1[m−2 ] (17)
V1 and 1 Vn−1 denote the length, 1 V2,3,···,(n−2) denote
square measure. By (17), 1 E denotes an index without
unit. In addition, if manipulator’s hand can not reach the
desired position, we deﬁne 1 E by (18).
1

1

E=0

(18)

5. AVOIDANCE MANIPULABILITY
SHAPE INDEX WITH POTENTIAL
(AMSIP)
Although avoidance manipulability of the whole manipulator can be evaluated by using AMSI, the collision
possibility is on the increase because it does not consider
the distance between the manipulator and the target object. In addition, in section 3, we introduced the evaluation index using potential spaces created around the target object’s shape to roughly judge the distance between
the manipualtor and the target object. Therefore, we deﬁne the optimal evaluation index considering avoidance
manipulability and potential, which is called “Avoidance
Manipulability Shape Index with Potential”(AMSIP).
1

S = 1E + U

(19)
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(b) Manipulator’s optimal conﬁguration based on AMSI
Fig. 4 3-D AMSI distribution and manipulator’s optimal conﬁguration based on AMSI when the hand is ﬁxed at C
(a) 3-D AMSI distribution
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(b) Manipulator’s optimal conﬁguration based on AMSIP
Fig. 5 3-D AMSIP distribution and manipulator’s optimal conﬁguration based on AMSIP when the hand is ﬁxed at C
(a) 3-D AMSIP distribution

Next, we will verify that AMSIP is more effective
than AMSI by comparison. When the manipulator’s hand
moves to position C in Fig.4(b), the distribution of AMSI
about q1 and q2 is shown in Fig.4(a), and the distribution
of AMSIP is shown in Fig.5(a), where q1 and q2 are joint
angles of link1 and link2 respectively and they constitute redundancy space of joint angles, q3 and q4 are determined depending on the hand position once q1 and q2
are conﬁrmed. Comparing Fig.4(a) with Fig.5(a), the obvious difference can be found that the shapes of P eak ∗
of 1 S are smaller and thiner than the shapes of P eak
of 1 E, moreover there are lots of area corresponding
to 1 S < 0 in AMSIP distribution. This fact just indicates that AMSIP depending on the area of 1 S < 0 can
avoid the collision successfully. According to Fig.4(b)
and Fig.5(b), which denote the manipulator’s optimal
conﬁgurations corresponding to P eak1 and P eak1∗ respectively, we can ﬁnd that AMSIP can avoid collision
with higher avoidance manipulability. Therefore, we verify that AMSIP is more effective than AMSI.

6. TRAJECTORY TRACKING CONTROL
BASED ON AMSIP
6.1 Real-time Optimization Using 1-step GA
The desired hand trajectory is shown in Fig.3, where,
the surface of target object is structured by a concave
from A to F. How to search on-line the changing optimal
shape q̃ d (t∗ ) is a key problem. Among the many solutions, 1-step GA is used to realize real-time optimization
(searching q̃ d (t∗ )) instead of traditional Conjugate Gradient method. In next subsection, we introduce 1-step
GA.
6.2 1-step GA
Providing the structure of the manipulator is 4-link,
n = 4, and the dimension of the space m = 2 as shown
in Fig.3, the redundant degree is n − m = 2. Giving
this redundant degree to q1 and q2 , the rest joint valuables q3 and q4 are determined depending on the hand
task trajectory r d (t). The AMSIP value F at future time
t∗ can be expressed as F (q(t∗ )) through joint valuables
of q(t∗ ) = [q1 , q2 , q3 , q4 ]T .
The highest peek q max (t∗ )
�
�
�
(20)
q max (t∗ ) = q(t) � max F (q(t∗ )) ,
q ∈L
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(22)

(t ) can
where the above convergence to target pose q
be thought generally to be guaranteed with appropriate
parameter setting of GA.
To recognize q max (t∗ ) in a dynamic distribution
changing by video rate, 33 [fps], the recognition system
(t∗ ) must conmust have real-time nature, that is, q max
j
max ∗
(t ). To give the GA process the realverge to the q
time nature, the evolving process

:RUNLQJ2EMHFW

$

(23)

(t)| < �,
|q max (t∗ ) − q max
j

�

a
a

(25)

where � represents tolerable extent as a observing error.
We have conﬁrmed that the above time-variant optimization problem to solve q max (t∗ ) maximizing F (q(t∗ ))
could be solved by 1-step GA through several experiments. Here, please notice that q max (t∗ ) is given to the
future optimal shape of imaginary manipulator q̃ d (t∗ ) in
(12).
6.3 Analysis of Shape Optimization Control
For the desired hand trajectory from A to F shown
in Fig.3, the each part length of trajectory: LA−B =
LB−C = LC−D = LD−E = LE−F = 75[cm], the
coordinate of A is ﬁxed at position (10[cm], 140[cm]),
the length of each link of manipulator: l1 = l2 = l3 =
l4 = 100[cm]. The velocity of trajectory tracking of manipulator’s hand is set by 7.5[cm/s] (ṙ d = 7.5[cm/s]).
Preview time: t̃ = 10[s]. Firstly, when the manipulator’s
hand is ﬁxed in B, the distribution of AMSIP based on
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(a) Shape Changing Trajectory (b) Manipulator’s Shape Changing
on 1 S Distribution
Fig. 7 Manipulator’s Shape Changing Trajectory with B to C
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(24)

(t∗ ) exists in a vicinity of q max (t∗ ) rethen the q max
j
gardless of the time of t∗ since GA’s tracking speed of
(t∗ ) to q max (t∗ ) is faster than the moving speed of
q max
i
max ∗
q
(t ). Therefore above condition allows us the following on-line measurement condition of 1-step GA optimization can be satisﬁed,
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(a) Shape Changing Trajectory (b) Manipulator’s Shape Changing
on 1 S Distribution
Fig. 6 Manipulator’s Shape Changing Trajectory with A to B

∗

is executed only one time within the time interval of ∆t.
We named it as “1-step GA ”. Should the converging
speed of the model to the target in the dynamic images
be faster than the moving speed dq max (t∗ )/dt of the
q max (t∗ ) in the dynamic distribution of F (q(t∗ )) as time
t∗ passing, that is,
∗
max ∗
q max
(t )
dq max (t∗ )
j+1 (t + ∆t) − q j
>
,
∆t
dt





evolve

q i,j (t∗ ) −→ q i,j+1 (t∗ + ∆t)

%
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evolve

(t∗ ) −→ q max (t∗ ), (j → ∞),
q max
j
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Assuming the time “ t∗ ” be ﬁxed to one future time
the problem to ﬁnd q max (t∗ ) in the AMSIP distribution
through GA process can be described as

a

a
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indicates the most effective conﬁguration evaluated by
AMSIP at time t∗ , where L means redundant space of
q1 and q2 .
F (q(t∗ )) is used as a ﬁtness function in Genetic Algorithm (GA) to ﬁnd q max through i-th gene (i =
1, 2, · · · , p) of j-th generation, q i,j (t∗ ),
�
�
�
q max
(t∗ ) = q i,j (t∗ ) � max F (q i,j (t∗ )) .
(21)
j
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(a) Shape Changing Trajectory (b) Manipulator’s Shape Changing
on 1 S Distribution
Fig. 8 Manipulator’s Shape Changing Trajectory with C to D

global exploration is shown in Fig.6(a). The initial shape
at A can almost close the optimal shape at B. The actual
manipulator’s shape changing (AMSIP changing) from
A to B is shown in Fig.6(b). Similarly, when we consider
the trajectory parts of B-C, C-D, D-E and E-F, the changing process of actual manipulator’s shape are shown from
Fig.7 to Fig.10, respectively. According to above discussion and analysis, the effectiveness of shape optimization
control of trajectory tracking based on preview control
and 1-step GA is veriﬁed.
6.4 Simulations
The simulation results are shown in Fig.11. Fig.11(a)
shows the really desired AMSIP of imaginary manipulator obtained by global exploration (scanning all redundant spaces), whose whole changing process along varying trajectory is described by the curve called “maximum value”. Also, Fig.11(a) shows the optimal AMSIP of imaginary manipulator obtained by 1-step GA,
whose whole changing process along varying trajectory
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(a) Evaluation of Imaginary Manipulator

(a) Shape Changing Trajectory (b) Manipulator’s Shape Changing
on 1 S Distribution
Fig. 9 Manipulator’s Shape Changing Trajectory with D to E
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(b) Evaluation of Actual Manipulator

)

Fig. 11 Results of Real-Time Conﬁguration Optimization
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(a) Shape Changing Trajectory (b) Manipulator’s Shape Changing
on 1 S Distribution
Fig. 10 Manipulator’s Shape Changing Trajectory with E to F

is described by the curve called “1-step GA value”. By
comparing “1-step GA value”with “maximum value”in
Fig.11(a), we can ﬁnd that “1-step GA value”is almost
coincide with “maximum value”in the whole process, we
can verify feasibility of 1-step GA for real-time optimization. Fig.11(b) shows the changing process of AMSI
(1 E) and AMSIP (1 S) of actual manipulator all the time,
from which we can ﬁnd the actual manipulator can keep
good avoidance manipulability without collision in the
whole tracking process.

7. EXPERIMENT USING PA10
The real machine called “PA10”(Mitsubishi Heavy
Industry) has 7 DoF with 7-link and can work in 3dimension space, whose conﬁguration is shown in Fig.12.
In this section, we will use this real machine to realize real-time trajectory tracking and obstacle avoidance
with higher shape-changing ability. The scenery of experient and the overview of working object is shown in
Fig.scenery and Fig.overview. In this experiment, the
preview time is set by 2[s] (t̃ = 2[s]), the desired hand
velocity is set by 5[cm/s] (ṙ d = 5[cm/s]), the desired
trajectory is deﬁned by (26).

 rdx = −0.7 [m]
(26)
rd = rdy = −0.5 + 0.05t [m]

rdz = 0.7 [m]
The whole experiment (trajectory tracking and obstacle
avoidance using PA10) will be ﬁnished in 20[s]. In addition, we constuct three potential spaces with ∆h =
10[cm], whose potential values are v1 = −10, v2 = −2
and v3 = −1 respectively. The potential value inside

the working object is set by −10000 (v0 = −10000,
please notice v0 is used to judge whether the manipulator’s links avoid the working object or not). The experiment results are shown in Fig.15. From Fig.15, we can
ﬁnd there exits no negative value of AMSIP in the whole
working process, whichever imaginary manipulator and
actual manipulator, which indicates that the hand of PA10
accomplishes the whole trajectory tracking without collision. From this experiment results shown in Fig.15 using
PA10, we verify the presented method can be used in the
real machine successfully.

8. CONCLUSION
In this paper, a new deﬁnition “Avoidance Manipulability Shape Index”(AMSI) as an index being able to evaluate the avoidance manipulability of the whole manipulator is presented. Moreover, “Avoidance Manipulability
Shape Index with Potential”(AMSIP) is presented as the
optimal evaluation considering avoidance manipulability
(AMSI) and potential (judging the distance between the
manipulator and the target object). According to AMSIP,
we can ﬁnd the manipulator’s optimal shape with good
avoidance manipulability and non-collision. Finally, the
effectiveness of real-time optimization of manipualtor’s
shape based on AMSIP is veriﬁed by simulations and experiment using PA10.
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