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Abstract— We improved a nonlinear reference
shaping controller for manipulators sharing their
workspace with humans. The controller is based on
the slow and rapid adaptations, which we tried to en-
hance. After the progress, the slow adaptation can
generate movements with smooth endpoint velocity
profiles when target position is changed. The rapid
adaptation is upgraded as well with respect to not
only significantly large external forces but also slight
ones. They make the manipulators capable of be-
having compliantly to the external forces, and also
resuming the motion after the forces are removed,
even when the shifts are small. Force detectors are
unnecessary in this control system. The validity of
the proposed ideas was confirmed via simulations on
a planar 4-DOF manipulator.

1 Introduction

Nowadays, the number of robots sharing working
space with humans has been increasing, and it is time
for us to consider how to make humans feel comfort-
able when the robots are around. The situation is
based on the assumption that it can ease the unpleas-
antness if the robots are able to act like humans. For
example, they should not start moving all of a sud-
den, which may scare people around it. What we
work on is to realize smooth bell-shaped velocity pro-
files according to biological statistics results[1], and
enable the robot arms to be submissive to external
forces, which means the flexibility in the topic.

In conventional control researches, robots are usu-
ally controlled with explicit inclusions of time pa-
rameters, meaning the generated referential motion
trajectories are depedent on time. It makes the
robots unable to respond to unpredicted events, such
as external forces applied from the environment ac-
cidentally. Arimoto et al.[2] proposed the virtual
spring-damper (VSD) hypothesis that explains hu-
man’s reaching motion without time-dependent ref-
erential trajectories. It is an idea that a parallel pair
of mechanical damper and spring draws the endpoint
of the robot arm to the target position. A known

problem of VSD is that the initial acceleration is
maximized, causing an undesired abrupt start of the
movement. To fix this, Seto et al.[3] came up with
a method named reference shaping. It first gener-
ates an intermediate reference position with respect
to the current position, the initial position and the
target position. Then, by using VSD to connect the
endpoint of the robot arm to the reference position,
the velocity profile is smoothed into the bell-shape
as the initial acceleration is moderated. However, it
is based on the idea that the robot arm knows how
many percentage it has moved from the the initial
point to the target point — if the perturbation makes
the arm move out of the straight locus between the
start point and the goal point, the arm will fail to
estimate the degree of such motion.

To settle this problem, Seto et al.[4] thought out
another solution, known as the slow and rapid adap-
tations. The slow adaptation is for regenerating a
smooth trajectory after a new target position is as-
signed; meanwhile, the rapid adaptation can help the
robot resume the movement after external forces are
applied. Both of them introduce a concept of chang-
ing the initial position adaptively. The slow adapta-
tion lets the initial position keep following the current
endpoint position with a few seconds delay, while the
rapid adaptation resets the initial position as the cur-
rent position when external forces make the arm move
too far away from the initial position. Although the
slow and rapid adaptations can deal with the draw-
back of reference shaping, it again fails to generate
bell-shaped velocity profiles.

This report describes the related work in Section
2, including reference shaping and the slow and rapid
adaptations. How the previous problems are solved,
and the results of computer simulations are shown in
Section 3 and 4 respectively. Finally, the conclusions
are summarized in Section 5.

2 Related Work

The schematic block diagram of the proposed con-
troller is illustrated in Fig. 1.
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Figure 1: The schematic block diagram of the proposed controller

VSD is applied to a m-joint manipulator in [-
dimensional task space. The virtual force Fy € R!
and the input joint torque 7 € R™ is generated by

(1)
(2)

where K, € R™™! ¢ € R and C € R™*™ are the
stiffness coefficient matrix, the damping coefficient
matrix, and the joint damping coefficient matrix, re-
spectively. x, & € R! are the position and velocity
vectors of the endpoint of the manipulator, and 6,
6 € R™ are the joint angle and the angular velocity
vectors. J (@) € R™*™ denotes the Jacobian matrix
with respect to . x4 is the reference input shaped
as a function of the current position @, the initial po-
sition of the endpoint of the manipulator «,, and the
target position ¢, by using a parameter r as follows:
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T=-CO+J%O)F,

zg={res+(1—r)x}, 0<r<1

|zy — ||

r=1—(1-—¢) 0<ex,

[g — 0|’
where € is a constant much less than 1, giving a slight
shift from x, to 4. For the original VSD, r is set to
1.

When the target point is changed, the slow adapta-
tion helps update the initial position close to the cur-
rent positon, so that the robot can generate a new
trajectory from the new initial position to the new
destination. An implementation of the slow adapta-
tion is to apply a first-order lag filter to the current
position as

(5)

where L].] is the Laplace transform denotation, and
T is the time constant of the filter meaning how many
seconds delay for x, after .

If external forces move the endpoint far from the
supposed working field, the rapid adaptation will
handle this situation. To enable the manipulator
to restart the movement after the shifts happen, the
rapid adaptation operates by
&g — |
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i.e., once the manipulator is moved further than x,,
the rapid adaptation resets x, for x.

x, =x if

3 Methods

When actually applying the slow and rapid adap-
tations, we found some problems. There are some
awkward peaks in the velocity profiles, which mean
the movements start abruptly. The reasons are the
inconsistency of x, when x, changes to another po-
sition, and the slight external forces. Therefore, we
came up with the following ideas to solve this.

3.1 Fixing Slow Adaptation

When a new target is given, r suddenly changes
due to the discontinuity of x,, causing a peak in the
acceleration profile.

In order to solve this, we reserve the new assigned
target and set x, as the current = for a tentative
target until x, catches up with . After that, we
update x4 by the given position. This can ensure that
the velocity converges to zero before the new reaching
movement starts, so the peaks in the velocity profiles
disappear.



Table 1: The parameter list of 4-DOF manipulator

Link 1 | Link 2 | Link 3 | Link 4
Link Length [ [m] 0.10 0.25 0.25 0.15
Position of CoM [, [m] 0.05 0.10 0.10 0.05
Link Mass m [kg] 0.5 1.0 1.0 0.5
Moment of Inertia I [kgm?] | 0.005 0.01 0.007 | 0.003
3.2 Fixing Rapid Adaptation ] 04
4

The condition in Eq.(6) of the original rapid adap-
tation control can only deal with situations that ex-
ternal forces make the endpoint move significantly. If
the endpoint is shifted inside the circle centered in x,
with the radius ||xy — @,||, the rapid adaptation does
not work.

We revise the condition of the rapid adaptation as
[z — ®conll > O, where con means control group in
which external forces never exist, and ¢ is the thresh-
old. The data of the control group are overwritten
with the ones of the real robot after external forces
are removed, which enables the controller in order to
detect the existence of external forces in the future.

4 Results

In this section, results of the simulations with and
without the proposed method are both shown. The
simulations are based on a planar 4-DOF manipulator
illustrated in Fig. 2. The physical parameters of the
manipulator model are in Table 1.

0, = [0.1,0.3,0.6,1.0]T [rad] is used as the initial
joint angle vector, while @ is the accumulated angle
vector.

The sampling time is 1 [ms], and T of the delay
filter in Eq.(5) is set to 0.33 [s]. We choose K, =
diag{500, 500}, C' = diag{0.1,0.1,0.1,0.1}, and & =
diag{50,50} for Eq.(1) and Eq.(2). In Eq.(4), € =
0.001 is used.

4.1 Results of Fixing Slow Adaptation

For checking the slow adaptation, the goal posi-
tions are set for ¢, = [0.5,0.3]T, xze = [0.3,0.3]T,
x g3 = [0.5,0.1]" and xy4 = [0.3,0.1]" [m].

Fig. 3 and Fig. 4 are the velocity profiles before
and after fixing the slow adaptation, respectively. We
can easily tell that it takes longer time to achieve all
the goals in the latter profile. The reason is that we
wait for «, catching up with .

The original slow adaptation changes x4 to x4, _,
immediately after x,, is reached, causing a sudden
start when the manipulator begins to move toward

o

Figure 2: The simulation setup

x4, at 1.8 [s] in Fig. 3. On the other hand, Fig. 4
demonstrates that the manipulator successfully real-
ized smooth movements in the bell-shapes.

4.2 Results of Fixing Rapid
Adaptation

When checking the rapid adaptation, the external
force [—2,2]T [N] is applied from 1 [s] to 1.2 [s]. The
tolerance § set to fix the rapid adaptation is 1 [mm)].

According to Fig. 5, with the original slow adap-
tation, the manipulator fails to detect the external
force which makes a peak at 1.2 [s], and keeps going
to the target point. After fixing the rapid adapta-
tion, in Fig. 6, we can see that once the perturbation
exists, the controller tries to create a virtual force,
intending to balance the external force. When the
external force is removed, the manipulator first gen-
erates a zero velocity, and then, resumes a smooth
movement toward the target position.
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Figure 3: The velocity profile before fixing the slow
adaptation (Sequential targets)
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Figure 4: The velocity profile after fixing the slow
adaptation (Sequential targets)

4.3 Discussion

With the proposed ideas, the result in Fig. 7 shows
that discontinuity of x, only happens when external
forces occur.

Due to the existence of €, in Fig. 8, there is al-
ways a peak of acceleration for initial actuation at
the moment the new reaching movement starts, while
the velocity profiles are almost beautiful bell-shaped
as Fig. 4 describes. We think we can neglect the
peaks because there seems no abrupt restart during
the movements.

These simulation results verify the effectiveness of
the proposed ideas. After the improvements, the
slow adaptation becomes able to generate smooth
endpoint velocity profiles when handling sequential
targets, while the rapid adaptation is capable of re-
suming the movement interrupted by external forces
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Figure 5: The velocity profile before fixing the rapid
adaptation (The external force occurs from 1 [s] to
1.2 [s])
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Figure 6: The velocity profile after fixing the rapid
adaptation (The external force occurs from 1 [s] to
1.2 [s])

applied from the environment even when the forces
are weak.

5 Conclusion

The slow and rapid adaptations described in this
report are based on the nonlinear reference shaping
controller and the virtual spring-damper hypothesis.
With these previous studies, explicit time inclusions
and force detectors are not required for the proposed
method. The manipulator can generate smooth and
flexible movements with only the data of x, z, and
x,. The slow adaptation is used for updating the ini-
tial position of the manipulator, and the rapid adap-
tation is only motivated when external forces occur.
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Figure 7: The position data after fixing the rapid
adaptation (The external force occurs from 1

1.2 [s])
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Figure 8: The acceleration profile after fixing the slow
adaptation (Sequential targets)

In this research, we eliminated the drawbacks of the
slow and rapid adaptations. The improved slow adap-
tation helps the robot deal with the restarts when
reaching to sequential targets, as the rapid adapta-
tion is enhanced to be able to sense the slight shifts
which could not be detected before.
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