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This paper proposes a hybrid motion reproduction structure using a master-slave structure manipulator based on a
motion-copying system. Data-driven control will be an important technique in the near future. Learning from Demon-
stration (LfD) using a robot manipulator is already used in manufacturing. Unlike other motion observation methods
based on visual or trajectory responses, a motion-copying system can obtain not only trajectory response but also force
response during contact motion, which is necessary to realize contact tasks. A motion-copying system has two phases,
the motion saving phase and motion reproduction phase. In the motion reproduction phase, the motion stored in the
motion saving phase obtained from the bilateral control can be used to reproduce specific motion. Existing control
methods for a motion-copying system have only one system in the reproduction phase, a slave system. It is necessary
to consider the case where there are two systems in the phase to widen the application of a motion-copying system.
The additional system can provide flexibility to the reproduced motion. In this case, data, human, and a robot are
involved in reproducing the motion. In this paper, the control structure is proposed when there are two systems in the
motion reproduction phase. Because there are two systems, it is necessary to design the controllers for each system.
The proposed method uses a coordinate transformation technique to design two motions in each system separately.
The paper also introduces a novel index called the reproduction ratio. It determines the motion to be reproduced in the
motion reproduction phase. The ratio is used as an element of a coordinate transformation matrix. The experimental

results show the validity of the proposed method.
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1. Introductions

In recent years, motion transfer technique to robot manip-
ulators is attracting attention. By realizing the technique, it
can be expanded to many applications. To name a few, it can
be used in manufacturing factories, education sites, etc. If
robots can mimic the motion of human workers in factories,
the number of workers can be reduced. Or, if a robot remem-
bers the movement of a skilled person, the robot becomes a
teacher that can teach the motion to trainees.

There can be two ways to transfer motion to robots; the first
ways is to transmit and use it in realtime, while the other way
is to use the motion afterward. Bilateral control is a useful
technique to transmit haptic sensation between two places,
consequently transferring motion to remote robots. Research
of bilateral control has been done since the 1940s. Goertz et
al. proposed the first bilateral mechanism . Since the birth
of bilateral control, numbers of control structures were in-
troduced to transmit haptic sensation clearly ®. To name a
few, there are force reflecting structure ®, impedance reflect-
ing structure “, two-channel structure ®, three-channel struc-
ture @, etc. Transparency is one of the famous indices to ex-
amine haptic sensation transmission performance ©. It views
the system as a two-port circuit, and the relationship between
control variables represented by transfer functions are used
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to show how precisely the sensation can be sent. Those are
more specific indices to express how light the system is and
how well the impedance of a contact object is reproduced in
a remote system by dividing the transfer function in contact
motion into two. Among many structures, acceleration-based
four channel bilateral control has the best transparency or op-
erationality and reproducibility ®.

The other way of using the motion is to utilize after mak-
ing robots learn the motion. There are several ways to ob-
tain a demonstration motion. Motion storing using visual
information is one way to observe human motion®; how-
ever, it is very difficult to analyze contact motions because
it is very difficult to extract contact force during the motion.
There are other ways to obtain human motion information,
such as using IMU sensors; however, the problem still ex-
ists. A motion-copying system is a powerful tool to store
motion with haptic sensation "?. It solves the problem by us-
ing a bilateral control system to obtain not only trajectory
information but also information of contact force. A motion-
copying system consists of two phases. The first phase is a
motion storing phase, and the other is a motion reproduction
phase. The motion is stored by obtaining the response of the
master system in bilateral control. Then, the responses are
loaded to a system to reproduce the stored movement. Its ap-
plication area is very wide. Nowadays, there are many robot
manipulators such as Baxter " that can be used for motion
training once the motion is obtained. It can be used to ser-
vice robots for them to realize more human-like motion .
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Control of data-driven systems "” has become to attract at-
tention, meaning that there will be an increasing opportunity
for the motion-copying system to be an essential technique
for these systems. The motion obtained can also be used to
analyze human motion **.

One of the challenging problems in a motion-copying sys-
tem is to improve the flexibility of the stored motion. Ex-
amples of flexibility mean adapting to a loading environment
when it is different from the one in the saving phase, or ex-
panding the situation to use the stored motion itself. Discus-
sion about the adaptiveness has been done in many papers.
The adaptability to loading environments can be improved
by changing control stiffness during the motion reproduction
phase ¥. Mode-based reproduction was also considered " to
make the problem similar to that in bilateral control. Position
control and force control based motion-copying systems were
proposed ! so that the control stiffness can be designed from
zero to infinite. The report® defines control stiffness when
reproducing motion, indicating that the value can be designed
from zero to infinite by changing the control structure in the
motion reproduction phase.

Even though there are researches to improve the reproduc-
tion performance in a motion-copying system, there are very
few reports that discuss to use a master/slave type manipu-
lator in the motion reproduction phase. By using the mas-
ter/slave type manipulator, it can obtain both forces indepen-
dently based on the fact from bilateral control. The mas-
ter/slave structure gives the flexibility to a standard motion-
copying system. For example, an operator in the master sys-
tem can provide the adaptability to the saved motion because
a human has higher adaptability than robots. It can also be
implemented to a training system when storing the skilled
motion and learning the movement using the master system.
Data/human hybrid motion reproduction is required to be
considered. However, since the number of actuator increases,
the connectivity of each system becomes complicated. In this
case, two problems are required to be solved: what kind of
constraint should be given to the master system, and what
motion to reproduce in the slave system.

In this paper, the hierarchal coordinate transformation
technique is used to design two problems separately. Trans-
forming saved and reproducing master responses to another
coordinate realizes to consider the average motion and the
motion difference between the two. The difference between
the saved motion and the motion being performed at the mas-
ter system in the motion reproduction phase is considered to
give a constraint to the master system. The average motion is
used to reproduce the motion in the slave system. To define
the average motion, the index called the reproduction ratio is
newly defined. The reproduction ratio is defined as the in-
fluence of external force in motion saving and reproduction
phase on the trajectory response to the slave system. The de-
sign of the reproduction ratio realizes hybrid motion repro-
duction.

The paper is organized as follows. In section 2, bilateral
control and a standard motion-copying system are shown. In
section 3, the proposed structure is derived. Section 4 ex-
plains the experimental results to show the validity of the
proposed method, and the paper is concluded in the last.

2. Motion-Copying System

As it is mentioned in the Introduction, a motion-copying
system consists of two phases: the motion saving phase and
motion reproduction phase. This section explains both phases
in turn. The paper uses a disturbance observer (DOB) " for
acceleration dimension control and a reaction force observer
(RFOB) “” for sensor-less external force estimation. The pa-
per also assumes that the cut-off frequencies of the DOB and
RFOB are high enough.

2.1 Motion Saving Phase = Human motion is going to
be obtained by using bilateral control. Control goals of bilat-
eral control are defined as

OB L fPB 0, e (1)
DB _ (DB _

where f and x stand for force and position responses, re-
spectively. The subscripts m and s stand for the variables
for the master and slave systems. The superscript DB indi-
cates the variable in the motion saving phase. To realize each
control goal independently, the values are mapped from the
workspace to a modal space by using a coordinate transfor-
mation matrix, which is called a quarry matrix. The quarry
matrix is

It 1
in[l _1]_ ................................. 3)

The relationship between variables in the workspace and
those in the modal space is expressed as

fPB = QfPB,
xDB = QxDB,
T T
DB DB DB DB DB (DB
fPB = [£PB fPB], £PB = [£2P PR
T T
xVDB [X?B deB] , xPB = [ng x]S)B] ,

where the subscripts v indicates the vector of the modal
space. The subscripts ¢, and d, which are called as the vari-
ables of the common mode and differential mode, stand for
the variable in the modal space, respectively. Acceleration
references for both modes are calculated as

DB ref _ & o fcmd fDB), ....................... 4)
XDB ref C(xcmd de), ....................... (5)

where Cr and C, stand for the force and position controllers,
respectively. Cy is the P controller, while C, is the PD
controller. The superscript cmd and ref stand for the com-
mand value and reference value. The command values are
fccmd =0, xflmd = 0. Acceleration references for each sys-
tem are calculated by retransforming (4) and (5), which are
the values in the modal space, into the workspace by using
the inverse quarry matrix. Acceleration reference ¥°B ™' i
finally derived as

DB ref _ CfQ SfoDB pQ—ISprDB, ...... (6)
where P2 *f §; and S, are
DB ref _ [ DB ref 3B ref] ...................... (7
Se=diag[1 0], -« vverrrerermeeeneaaen (8)
Sp=diag0 1], -vvvvereme 9)

Figure 1 shows the block diagram of the motion saving phase.
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Fig. 1. Block diagram of motion saving phase
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Fig.2. Block diagram of motion reproduction phase us-
ing master and slave systems

2.2 Motion Reproduction Phase—Slave System—

Once the motions are stored into a database, the data can
be used to reproduce the motion. The control structure of
the reproduction phase is similar to that of the motion saving
phase. In this phase, the vectors are defined as

f= [ DB fS]T, x [xDB xS]T.

m
The acceleration reference for the slave system is calculated
in the same manner as

= —CfQ_ISfo - CpQ_ISpr~

2.3 Motion Reproduction Phase—Master and Slave
Systems— There can be a lot of structures considered
when there are master and slave systems in the motion repro-
duction phase. One of the structures is to use both responses
of stored master and slave systems in this phase. The struc-
ture used in this paper as a conventional method is shown in
Fig. 2. The concept of this system is simple; stored motion of
the master system is loaded at the slave system, while stored
motion of the slave system used in the master system.

The workspace variables used in the modal space are de-
fined as

x,ref

fi = [fIEB fS]T, x| = [XEB xS]T, ............... (12)
b= [fm fSDB]T , Xy = [xm XEB]T, .............. (13)

and the modal space variables are given as
fvi = Qfl’
xyi = 0x;,
fo = fal" s xi = Ixa xal” (=1, 2).

969

The acceleration references for this system is calculated as

= —CrQ7'8:0f; - C,07'8,0x; (i =1, 2).

[l
[o J'c'fff] where o is the variable not used in the control. The

important point is that there is no connection between the
master and slave systems in this structure.

sref
R%)

Acceleration reference matrices are J'c'r]ef

3. Proposed Control Structure

In this section, the proposed method is introduced.

3.1 Proposed Quarry Matrix  As explained in the In-
troduction, the paper uses hierarchal coordinate transforma-
tion. Firstly, the block diagram is shown in Fig. 3. The matrix
T is newly introduced to realize hybrid motion reproduction.
To achieve hybrid motion reproduction, two problems have
to be solved. They are, what kind of constraint should be
given to the master system, and what motion to reproduce in
the slave system. Introducing the coordinate transformation
technique based on the quarry matrix gives the answer to both
of them.

As for the first problem, it can see the difference between
the saved master motion and the master motion in the repro-
ducing phase by subtracting position and force responses of
both motions. It can be used to directly give constraint to the
motion of the master system in the reproduction phase.

As for the second problem, what motion is reproduced in
the slave system can be determined by what response to trans-
forming to the modal space with the response of the slave sys-
tem. The common mode can be viewed as the summation of
both motions. The reproduction ratio is newly introduced to
design how to sum the motions. Reproduction ratio is defined
as the influence of external force in motion saving and repro-
duction phase on the trajectory response to the slave system.
It is used as a scaling gain. Since the paper treats two master
systems, two ratios are used that are defined as @ and 8. «
and 8 become the ratio of mixing the master system’s motion
in the saving and reproduction phase. The derived coordinate
transformation matrix T is given as follows:

1a,8
1 -1|°

T=—
a+p

a defines the reproduction ratio regarding the saved motion,

and B defines the ratio of the motion of the master system

in the reproduction phase. The ratio is defined to take the

following values:

The relationship of setting o and 8, and how the motion is
reproduced is explained in Table 1. Some examples are given
in the following:

(a, B) = (1, 0) : only the saved motion is reproduced.

(a, B) = (0, 1) : only the master motion of the
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Table 1. Reproduction ratio

| Condition | Reproduction Ratio @ and 8 |

fully reproduced 1
reproduced O<a<l1,0<p<l1
not reproduced 0

Table 2. Parameters for analysis

‘ Parameter ‘ Description ‘ Value ‘
K, P gain in position control | 10000.0
K4 D gain in position control | 200.0
Cr P gain in force control 1.0

reproduction phase is reproduced.

The acceleration reference of each system is obtained as

wref _ a DB 1 a’fn?B +:8fm
o = ot ‘xm>CvP‘§(W+ﬂ Cr
Mot B N @
AT S A
1(afPB +Bfn 1 axPB + Bxp,
wref _ m _ _ __m 77
T T 2[ a+p +fs)cf Z(XS a+p JCp,
........................ (22)

where Cp, is the PD controller. Cp, is used to constrain the
trajectory of the master system in the motion reproduction
phase.

3.2 Connectivity Analysis The relationship between
the variables in the loading phase is analyzed in the follow-
ing. The paper assumes three cases to analyze the connectiv-

ity:

Casel: (a,p)=(1,0), Cp#0,
Case2: (a,p)=(,1), Cyp=0,
Case3: (a, B)=1(0, 1), Cpp =0.

The connectivity matrix is defined as

Xm| T
[%]—ka? L ol
_ 1
"~ @AQ2s% + Cp) + 23Bs?

970

Block diagram of the proposed method

T
oCo aCr(aA+BB)
a+p
BCi(aA+BB)
,BCfB T AR (24)
(a+B)C:B Ci(aA+BB)
@ (CoA+(Cpp - Cp28%)  aCpA

A=5"+Cpp, B=5"+Cp.

The reason for the structure of H is because to analyze
how the trajectories of the systems in the motion reproduc-
tion phase were affected by other variables.

The connectivity matrices of each case are calculated as

C:B cAY
1 0 0
H] = IV LR 5
AQ2s% + Cp) CiB CA
CoA + (Cpp — Cp)282  CpA
.................... (25)
T
Ci(s2 + B)
B ———
1 Ci(s* + B)
H, = A
2= @2+ C,y) + 2B} | OB 5
2C;B  Ci(s® + B)
Cps2 Cps2
.................... (26)
Cifo 1 1 0
H3_ﬁ[0 L1 ol 27)

where the subscript shows the number of the case.

3.3 Structural Analysis and Controller Design of Cy,
in Case 1 The second row of H| becomes 0, which means
the force applied to the master system in the motion repro-
duction phase will not affect the trajectory of both systems.
This is because the ratio 8 is 0 in this case.

How to set the gain of Cp, will be explained in the fol-
lowing. The bode diagram of Hj4 and H,4 when changing
Kpp from 0.0 to 10000.0 (Cpp = Kpp + 2\/K_pps) is shown
in Fig.4. When K, is 0, although the amplitude at low fre-
quency is 0 dB, the phase becomes —180 degree. It indicates
that the trajectory response of the saved master system has
effect to the opposite direction between the master and slave
systems in the motion reproduction phase. Moreover, when
K,p is smaller than K, the phase exceeds —180 degree at a
specific frequency. However, when the gains are the same,
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Fig.4. Bode plot of Hy4 in Case 1

the phase does not cross —180 degree. It indicates that K,
should be set as same as K,. When setting Cpp, = Cp, (25)
becomes

1

T 282 +Cp

Cy
Ct

0 Ct
0 Ct

H,

Cp
G|’

The elements become the same as the motion-copying system
with only a slave system.

3.4 Structural Analysis of Case 2 In Case 2, all the
elements have frequency characteristics. H,; and Hy, (Hj;
and Hj,) have the same element, meaning that the amount of
the effect to the slave reproduced motion (constraint to the
master system) between the saved force and the force applied
at the master system in the motion reproduction phase is the
same. It can be said that the proposed structure covers from
bilateral control to motion-copying system by designing «
and 3.

Comprehensive analysis is conducted in the following. By
modifying (26) with remaining @ and 8 as a variable and com-
bining two equations into one, the following equation can be
obtained:

2AB(aA + BB)C;

Xy = (JepT + J5)
CleA(22 4G+ 2882 222+ ) T
Cp
e 29
252+ C, T (29)
where
e = ang + Bxm _ afn?B + Bfm
cpT — o +ﬁ > JepT — o +,8 .

Xm 18 also included in the right-hand side of (29) to see the
response of all the variables. It indicates that the trajectory of
the slave system in the motion reproduction phase will track
that of the mixed master systems, and the law of action and
reaction between the slave force and the combined master
forces can be achieved.

3.5 Structural Analysis of Case 3 First and fourth
rows of H; becomes 0, indicating that the saved motion will
appear in neither systems. Since the situation is the same
as bilateral control, whose connectivity matrix becomes the
same as the hybrid matrix, which is used in bilateral control.

971

Table 3. Experimental parameters
‘ Parameter ‘ Description ‘ Value |
Ky P gain in position control 1200.0
Ky D gain in position control 420.0
Cy P gain in force control 500.0
gd CoF of DOB for a motor | 90.0rad/s
gr CoF of RFOB for a motor | 90.0 rad/s

Fig.5. Experimental setup Fig.6. Contact environment

Trainer (Master)

z axis [cm]

40

X axis [em] 557

Fig.7. The trajectory of saved motion

4. Experiments

Experiments are conducted in this section to examine the
validity of the proposed method.

4.1 Setup Controllers are placed in the joint space,
and the gains for each controller are set to be all the same.
The parameters commonly used in this section are shown in
Table 3. The manipulator used in this experiment is shown
in Fig. 5. Each system has three motors which allow operat-
ing the end effector in the cartesian coordinate. The motion
stored in the database is the response of the master system
given in Fig.7. Motion started from the top left side and
ended at the top right side in Fig. 7. At each vertex, the end
effector was pushed to an aluminum block. The environmen-
tal setup is shown in Fig. 6. The cases presented in the exper-
iments are the same as the one shown in Section 3. Cp;, is set
as the same as C,, in Case 1.

4.2 Experimental Results The results of the pro-
posed methods are shown in Figs. 8, 9, and 10. Because of
the limitation of the paper length, every figure shows the re-
sult of joint 1. Both responses are listed in the same figure to
display the relationship between the responses between the
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Fig. 10. Experimental results of Case 3 (joint 1)

saved phase and the reproduction phase.

The result of Case 1 is given in Fig. 8. Since f is zero in
this case, the motion of the master system in the reproduc-
tion phase will not affect the reproduced motion at all. The
position responses of both master and slave systems become
the same as those of the motion saving phase even though the
different force is applied in the master system. All motion of
every system follows the same trajectory. As for the force re-
sponse, the response of the motion reproduction phase does
not realize the law of action and reaction. This is because
the force applied to the master system is not controlled. The

972
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Fig.12. The trajectory comparison between Case 1 and 2

force response in the reproduction phase well matches the re-
sult of the slave system in the saving phase.

The result of Case 2 is given in Fig. 9. This is the mixture
between two motions, and it seems both control goals are not
realized from the figure. However, since the relationship be-
tween the combined master system and the slave system is
shown in (29), by plotting the response of the combined mas-
ter system that is shown in Fig. 11, it can be seen that force
and position errors are quite small. The mixed motion results
in Case 2 can be obtained as

DB
2_m+fm2

DB
Xm T Xm
fcpT - ’ xcpT -

2 2

Both trajectory tracking and realization of the law of action
and reaction was realized.

The result of Case 3 is given in Fig. 10. In this case, the sys-
tem becomes the same as bilateral control because the motion
from the database is completely disconnected. In this exper-
iment, the motion at the reproduction phase finished earlier
than that of the saving phase. Even though the responses of
the saved motion and that of the reproduced motion are dif-
ferent, it can be said that the desired control was realized.

To show the difference of the trajectory between that of
Case 1 and Case 2, the trajectories in the workspace are listed
in Fig. 12. In Case 1, since the force at the master system in
the reproduction phase is not used as a control input, the tra-
jectory tracks that of the saved motion. On the contrary, in
Case 2, since the mixture of the saved motion and the motion
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Fig.15. Result of Case 2-3

of the master system at the reproduction phase will be trans-
formed by the matrix T, the master motion does not track the
response of the saving phase.

4.3 Comparison within Case2  To further show how
different the trajectories are when changing the reproduction
ratio, the paper conducted additional experiments. a and 8
are set as

Case2-1: (o, B)=(1, 1),
Case2-2: (a, B)=(05,1),
Case2-3: (a, B)=(, 0.5).

The joint space responses are shown in Figs. 13, 14, and
15. According to (29), the slave system tracks the responses
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in workspace

of xepr and fepr, respectively. In these cases, the combined
master system trajectory and force become

DB DB DB
pot Fm FXm 5, X +2Xm 5 o 2Xp +Xm
xcpT - 2 ’ xcpT - 3 4 xcpT - 3 4
DB DB DB
2_1_fm +fm 2_2_fm +2fm 2_3_2fm +fm
fcpT 2 ’ cpT — 3 > JepT — 3 .

The red lines in the figures are the responses of these vari-
ables. All of the results show that the error between the re-
sponse of the slave system and that of the mixed master sys-
tem is almost zero in all time. The results clearly show that
the slave system tracks the motion of that of the mixed master
system.

The trajectory results in the xy plane are shown from
Figs. 16 to 21. The results of Figs. 17, 19, and 21 show the
trajectory well matches between the two. Case 2-1 is the
same as Case 2, and Case 2-2 is the situation where the repro-
duction ratio of the master motion in the reproduction phase
is weak compared with the saved motion, and Case 2-3 is vice
versa. During the experiments, a random force was intention-
ally applied to the master system to see how the applied force
in the reproduction phase affects the reproduced motion.

As they can be seen from the results, the motion repro-
duced in the slave system depends on the values @ and .
When « is set smaller than 8, which is Case 2-2, the trajec-
tory of the slave system becomes close to that of the saved
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motion. On the other hand, the slave system tries to track the
motion of the master motion in the reproducing phase more
when « is set larger than .

5. Conclusions

In this paper, the hybrid motion reproduction method using
a master/slave type motion-copying system was proposed.
The setup used master-slave manipulators to obtain both ap-
plied force from the person in the motion reproduction phase
and the force from the contact environment. It is essential to
consider the mixture between the motion of data and human
at the reproduction phase; therefore, the additional coordi-
nate transformation matrix was proposed in this paper. Re-
produced motion in the slave system was designed using the
index reproduction ratio. By setting the ratio as 0, motion
from the person will not be reproduced in the slave system.
The experimental results showed that the proposed method
works under variable reproduction ratios.

One of the possible application of the proposed method is
to use the system to motion training. Whether the quality
of motion training improves or not will be examined in the
future.
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