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Abstract—In micro-manipulations such as cell manipulation,
it is desirable for the operator to feel the haptic sensation
of the object. Bilateral control can remotely transmit position
and force information between leader and follower systems.
In this control, the use of a linear motor as a leader and a
stacked piezoelectric actuator as a follower has been proposed
to achieve micro-scale operation. There is a lot that needs to
be clarified about bilateral control when the structure differs
between leader and follower systems. In conventional scaled 4-
channel (4ch) bilateral control, a theory of oblique coordinate
control has been proposed that considers differences in the inertia
of leader and follower systems. However, when a piezoelectric
actuator is used, the control scheme differs from using two linear
motors with different inertias because the structures of the leader
and follower systems are entirely different. Another method is
scaled admittance bilateral control. However, the control design
when structures and inertias of the two systems are different
has not yet been clarified. In this paper, a scaled admittance
bilateral control using a piezoelectric actuator and a linear motor
is constructed. Experiments confirm that the realized scaled
admittance bilateral control has the equivalent position and force
tracking performances as the conventional scaled 4ch bilateral
control using a piezoelectric actuator. Furthermore, the designed
scaled admittance bilateral control is more robust to fluctuations
in the nominal inertia of the piezoelectric actuator than the
conventional scaled 4ch bilateral control.

Index Terms—Scaled bilateral control, micro-manipulation,
piezoelectric actuator

I. INTRODUCTION

Cell manipulations, such as transplantation and removal of
nuclei, are required in vitro fertilization and Coulomb tech-
nology. Currently, those operations are performed manually
by skilled operators, and it is inefficient and difficult to treat
tiny cells on the micro-scale.

Microfluidic devices [1], optical tweezers [2], magnetic
tweezers [3], and acoustic tweezers [4] have been studied for
micro-manipulation. Such non-contact manipulations can only

Fig. 1: Scaled bilateral control.

trap cells’ positions, and manipulations in the nucleus and
cytoplasm are difficult. Precision manipulators have also been
proposed for cell manipulations. [5], [6]. However, these have
high impedance due to position-controlled manipulation and
may destroy soft cells.

To solve these problems, scaled bilateral control has been
proposed, in which the position and the force information is
remotely transmitted between a human-operated leader system
and a micro-manipulated follower system by scaling up or
down [7]. The operator can feel the environmental contact
force of the follower system. In scaled bilateral control, the
use of a linear motor as a leader for human manipulation and
a stacked piezoelectric actuator as a follower for precise ma-
nipulation has been proposed [8], [9]. A stacked piezoelectric
actuator has advantages in micro-scale operations because it is
frictionless and fast-responding. On the other hand, they have
nonlinearities such as hysteresis and creep phenomena. These
had made modeling piezoelectric actuators difficult. However,
a disturbance observer (DOB) design has made it possible
to construct a control system that can compensate for the
nonlinearities [10].

In previous studies, scaled 4-channel (4ch) bilateral control
was constructed using a piezoelectric actuator [8], [9]. In
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Fig. 2: Acceleration control of linear motor.

Fig. 3: Acceleration control of piezoelectric actuator.

4ch bilateral control, a theory of oblique coordinate control
has been proposed that considers differences in the inertia of
the leader and follower systems [11]. However, it is difficult
to accurately identify the inertia of a piezoelectric actuator.
Because stiffness is extremely large and the inertial behavior
of a piezoelectric actuator is different from the inertia obtained
by a weighing machine [12]. Piezoelectric actuators are not
actuated by overall movement but by distortion when voltage
is applied. Furthermore, when a piezoelectric actuator and
a linear motor are used, the control scheme differs from
oblique coordinate control using two linear motors because the
structures of leader and follower systems are entirely different.

As another design of bilateral control, admittance bilateral
control has been proposed [13]. However, the design of the
scaled admittance bilateral control scheme, especially when
the structures and inertias of the two systems are different, has
not been examined. This paper constructs a scaled admittance
bilateral control using a linear motor and a piezoelectric actu-
ator. The control scheme can be designed without considering
the difference in structure and inertia of the two systems in
position and force transmissions.

The performances and robustness of the conventional scaled
4ch bilateral control and the designed scaled admittance bilat-
eral control are compared through experiments.

The remainder of this paper is as follows. Section Ⅱ
describes the control design of the scaled 4ch bilateral control
and the scaled admittance bilateral control using a piezo-

TABLE I: Parameters of linear motor.

Iref Current reference
Icmp Current compensation
gm Cutoff frequency of observer
Kt Torque constant
Ktn Nominal torque constant
Mm Inertia
Mmn Nominal inertia
xres
m Position response

F ext
m Reaction force

TABLE II: Parameters of piezoelectric actuator.

V ref Voltage reference
V cmp Voltage compensation
gp Cutoff frequency of observer
dn Nominal constant between voltage and generated force
Mp Inertia
Mpn Nominal inertia
Kp Stiffness
Dp Viscosity
xres
p Position response

F ext
p Environmental contact force

electric actuator and a linear motor. Section Ⅲ shows the
experimental results, and sectionⅣ concludes this paper.

II. CONTROL SYSTEM

A. Scaled bilateral control

Fig. 1 shows the schematic diagram of the scaled bilateral
control. When the operator moves the leader position xl, the
displacement xf is generated on the follower. Furthermore,
when the follower contacts the environment and a reaction
force ff is generated, the force fl is transmitted to the operator.
α and β are the position and force scaling factors, and the
operator can correctly sense the environmental impedance
when these values are set equal. The control target of scaled
bilateral control is

xl − αxf = 0, (1)
fl + βff = 0. (2)

For example, the size of a human cell is 5 to 130 µm. The
human hand is approximately 20 cm, and this paper considers
scaling factors of 100 to 1000 appropriate for the desired cell
manipulation.

B. Motion control of linear motor and piezoelectric actuator

In bilateral control, acceleration references are given to each
system. The acceleration control shown in Fig. 2 and Fig. 3 are
constructed for a linear motor and a piezoelectric actuator. The
definitions of parameters are shown in Table I and Table II.
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Fig. 4: Scaled 4ch bilateral control.

Fig. 5: Scaled 4ch bilateral control considering difference in inertia.

It is difficult to build bilateral control because the structures
of the two systems are different. For example, a linear motor
is current-driven, while a piezoelectric actuator is voltage-
driven. Furthermore, inertia is dominant in a linear motor,
while stiffness is dominant in a piezoelectric actuator.

DOB is designed for both systems to suppress the distur-
bance force, such as viscosity and stiffness. The reaction force
observer (RFOB) is designed for the linear motor to estimate
the operator’s reaction force F̂ ext

m [10].

C. Scaled 4ch bilateral control

Scaled 4ch bilateral control is one of the control schemes
able to satisfy (1) and (2).

When the inertias of the two systems are equal, the block
diagram is shown in Fig. 4, where Cp and Cf are the position
controller and the force controller, ẍref

l and ẍref
f are the

acceleration references given to leader and follower systems,
respectively [7].

When the inertias of the two systems are different, the block
diagram is shown in Fig. 5, considering the difference between
inertia Mln on the leader and inertia Mfn on the follower [11].

However, the block diagram of the conventional scaled 4ch
bilateral control using a piezoelectric actuator and a linear
motor is shown in Fig. 6, different from Fig. 5 [9]. Where Cpm

and Cpp are position controllers and Cfm and Cfp are force
controllers respectively. It is necessary to separately design two

Fig. 6: Scaled 4ch bilateral control using linear motor and piezoelec-
tric actuator.

position and force controllers with different orders because
the structures of the two systems are completely different.
Furthermore, the controllers are designed for the difference
in position and the sum of forces between the two systems
with vastly different bandwidths.

The acceleration reference given to the linear motor s2xref
m

and piezoelectric actuator s2xref
p are

[
s2xref

m

s2xref
p

]

=


1

αMmn + βMpn

{βMpnCpm(αxres
p − xres

m ) − αCfm(F̂ ext
m + βF ext

p )}
1

αMmn + βMpn

{MmnCpp(x
res
m − αxres

p ) − Cfp(F̂
ext
m + βF ext

p )}

 .

(3)

D. Scaled admittance bilateral control

Scaled admittance bilateral control is also a control schemes
that satisfies (1) and (2). The force controller is designed for
the sum of forces, the same as the scaled 4ch bilateral control.
On the other hand, the position controllers are separately
designed for the leader and the follower systems.

The scaled admittance bilateral control constructed in this
paper is shown in Fig. 7. The structure in Fig. 7 is equivalent
to the scaled admittance bilateral control in which the inertias
of the two systems are equal.

The virtual admittance Y is as

Y =
1

Mds+Dd
, (4)

where Md and Dd are the virtual inertia and the virtual
viscosity, s is the Laplace operator, respectively. Here, Md in
the admittance bilateral control is equivalent to the inverse of
the force controller Cf in the 4ch bilateral control. Admittance
controllers are prone to hunting because they have position
controllers in the internal loop. Thus, a viscosity term Dd is
added to suppress it.
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Fig. 7: Scaled admittance bilateral control using linear motor and
piezoelectric actuator.

Fig. 8: Position controller of linear motor.

Fig. 9: Position controller of piezoelectric actuator.

The velocity command sxcmd is generated as

sxcmd = Y (F̂ ext
m + βF ext

p ). (5)

The velocity command becomes a virtual admittance motion
with the sum of the reaction force of the linear motor F̂ ext

m

and the environmental force of the piezoelectric actuator F ext
p .

The position commands given to the linear motor and the
piezoelectric actuator are xcmd

m and xcmd
p , considering the

position scaling factor α.
Position and velocity feedback control and acceleration

feed-forward control are separately constructed for each sys-
tem’s command. Thus, individually designed position con-
trollers for a linear motor Cpm and a piezoelectric actuator
Cpp shown in Fig. 8 and Fig. 9 can be used as controllers for
the admittance bilateral control. It is evident because Fig. 7
contains the same structures as Fig. 8 and Fig. 9.

From the above, the acceleration references given to the
linear motor s2xref

m and the piezoelectric actuator s2xref
p are[

s2xref
m

s2xref
p

]
=

[
Cpm(x

cmd − xres
m ) + s2xcmd

Cpp(
1

α
xcmd − xres

p ) +
1

α
s2xcmd

]
. (6)

Fig. 10: Experimental devices.

TABLE III: Linear motor and piezoelectric actuator parameters.

Mmn 0.55 kg

Mpn 0.01 kg

Ktn 6.0 Nm/A

dn 4.9 N/V

gm 500 rad/s

gp 500 rad/s

III. EXPERIMENTS

A. Experimental conditions

The experimental devices are shown in Fig. 10. A rubber
block was fixed to the desk as an environment on the piezo-
electric actuator side. A strain gauge and a load cell measured
the position and force of the piezoelectric actuator.

In the experiment, the linear motor was operated from a free
state just before the piezoelectric actuator made contact with
the rubber block. Contact between the piezoelectric actuator
and the environment was repeated by position tracking.

The linear motor and piezoelectric actuator parameters are
shown in Table III. For the piezoelectric actuator, the previous
study using the same actuator was referenced [8].

The controllers shown in Fig. 6 and Fig. 7 were designed
when both scaling factors α and β were 100, as shown in
Table IV and Table V. The position controllers include PD
gains, and the force controllers include P gains. Each gain was
set as high as possible without destabilizing, and the virtual
inertia and virtual viscosity were set as low as possible.

B. Performances of two controllers

The position and force responses of the scaled 4ch bilateral
control and scaled admittance bilateral control, when both
scaling factors α and β were 100, are shown in Fig. 11 and
Fig. 12. The piezoelectric actuator’s displacement and force
were almost 1/100 of the linear motor. Thus, the constructed
scaled admittance bilateral control using a piezoelectric ac-
tuator achieved equivalent position and force-tracking perfor-
mance as the conventional scaled 4ch bilateral control.

C. Robustness of two controllers

1) Scaling factors change: Experiments were conducted
with scaling factors α and β were 1000, and position and force
tracking were confirmed for both 4ch bilateral control and
admittance bilateral control. The admittance bilateral control
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TABLE IV: Design of scaled 4ch bilateral control.

Kpm Position gain of Cpm 1.2× 104 1/s2

Kdm Velocity gain of Cpm 5.0× 103 1/s

Kpp Position gain of Cpp 8.0× 108 1/s2

Kdp Velocity gain of Cpp 2.0× 106 1/s

Kfm Force gain of Cfm 0.2 m/Ns2

Kfp Force gain of Cfp 20 m/Ns2

(a) Position response.

(b) Force response.

Fig. 11: Experimental result of scaled 4ch bilateral control
(α, β = 100, Mpn = 0.01).

constructed in this experiment had the same structure as the
one without considering the difference in the inertia of the two
systems. However, the control structure was found to be valid
experimentally.

2) Nominal inertia of piezoelectric actuator change: Fur-
ther experiments were conducted with the nominal inertia of
the piezoelectric actuator Mpn set to twice the value shown
in Table III.

In the scaled 4ch bilateral control, as shown in Fig. 13, the
amplitude of high frequency vibration of the force increased
as nominal inertia was increased. Furthermore, the system
became unstable when Mpn was more than seven times the
value shown in Table III. This may be because the change in
nominal inertia of the piezoelectric actuator affected the force
control in the control system shown in Fig. 6.

In the scaled admittance control, as shown in Fig. 14,
there was no significant difference from the shape of position

TABLE V: Design of scaled admittance bilateral control.

Kpm Position gain of Cpm 1600 1/s2

Kdm Velocity gain of Cpm 100 1/s

Kpp Position gain of Cpp 5.0× 108 1/s2

Kdp Velocity gain of Cpp 1.25× 106 1/s

Md Virtual inertia 10 kg

Dd Virtual viscosity 20 Ns/m

(a) Position response.

(b) Force response.

Fig. 12: Experimental result of scaled admittance bilateral control
(α, β = 100, Mpn = 0.01).

and force responses shown in Fig. 12. The part of the force
response that is not sharp may be due to the effect of the
virtual viscosity and the increase in nominal inertia. Even
when Mpn was increased ten times, the control system still
operated, although the feeling of operation became heavier.
Therefore, the designed admittance bilateral control is robust
to fluctuations in the nominal inertia of the piezoelectric
actuator.

IV. CONCLUSIONS

The scaled admittance bilateral control design when the
systems and inertias of the two systems were different had
not been clarified. In this research, the same scaled admittance
bilateral control system as when the inertias of the two systems
are equal was able to be used with a piezoelectric actuator and
a linear motor. Experiments confirmed that the constructed
scaled admittance bilateral control had the equivalent position
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(a) Position response.

(b) Force response.

Fig. 13: Experimental result of scaled 4ch bilateral control
(α, β = 1000, Mpn = 0.02).

and force tracking performances as the conventional scaled 4ch
bilateral control. Furthermore, The designed scaled admittance
bilateral control was more robust to fluctuations in the nominal
inertia of the piezoelectric actuator than the conventional
scaled 4ch bilateral control. The results will contribute to
studying scaled bilateral control using two different systems,
especially a piezoelectric actuator.
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