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Development of electromagnetic and piezoelectric hybrid

actuator system
Ryota Okeya, Manabu Aoyagi, Takehiro Takano, Hideki Tamura

Abstract

An ordinal force-feedback device typically uses an electromagnetic motor (EMM), which provides
an excellent expression of elasticity. However, it is not easy to express the sense of hardness and
roughness because the response of the current is delayed due to the inductance of the armature
winding. On the contrary, a piezoelectric actuator, which has a rapid response, is good at expressing
the sense of hardness and roughness. Thus, if different types of actuators are used in the same actuator
system (AS), the weaknesses of each type can be compensated for. In this study, as an ideal
force-feedback device, a hybrid actuator system combining an EMM with an ultrasonic motor (USM)
and a piezoelectric clutch/brake (piezo-clutch/brake) is proposed and examined. This AS can expand
the range of representable feelings.

This paper describes the construction of a hybrid AS and some experimental results of a
force-feedback display. In this experiment, the feelings of roughness, friction, and elasticity were
represented. The feeling of roughness was represented by the on-off control of the piezo-brake at
defined positions. The feeling of friction was represented by the PID control of braking using the
piezo-clutch. The feeling of elasticity was represented by two methods: the use of the EMM and brake
and the use of a combination of the USM, clutch, and brake. As a result, the hardness feeling was
realistically represented by the piezo-brake, and the elastic feeling was represented by either the EMM
or the USM.
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1. Introduction

Force-feedback devices can reproduce the feeling of a virtual object displayed on a computer
display. Such devices can be applied to a variety of fields including engineering design, surgical
training, and entertainment [1-3]. The training of handling of medical devices such as dental and
computer tomography (CT) have been reported [4-6]. Many of researched and developed
force-feedback devices mainly use electromagnetic motors (EMMs) [7-9], and they are excellent at
expressing the feeling of elasticity. However, it is not easy to express a realistic sense of hardness or
roughness using such devices because the representation of hardness requires a high speed control of
EMM [10,11]. In general, haptic control frequency required is more than 1 kHz [12]. If the hardness
feeling is represented at the control frequency less than 1 kHz, the user will get a sense like that even
hard objects is dented. Hence an ideal actuator system for a haptic display has required to be
developed, and the authors have studied it so far.

In previous our study, an actuator system using an ultrasonic motor (USM) and a piezoelectric
clutch/brake (piezo-clutch/brake) has been proposed and evaluated [13,14]. A typical USM is driven
by the friction force between a rotor and a stator under the condition that a preload is always applied
between the stator and the rotor. A USM can not only generate thrust but also braking force using its
self-holding force. Therefore, it is difficult to reproduce a torque-free state that allows the rotor to
undergo free motion following the application of an external force. To solve this problem, a
piezo-clutch was developed to separate the USM from the rotor. In general, it is hard to arbitrarily
change the preload of an ordinal USM during operation. However, a USM with a piezo-clutch can
electrically control the preload during operation. Moreover, the piezo-clutch is also useful for force
feedback because this is faster than conventional clutches such as an electromagnetic clutch. The
USM is effective to represent high-speed reaction force such as repulsive forces or collision. Such an
actuator system (AS) is effective at expressing sensations of hardness and roughness but may be
unsuitable for elastic sensations.

The objective of this study is to develop a new hybrid AS that includes an EMM and a USM. An
AS using multilayer piezoelectric actuators (MPAS) has performance characteristics that are opposite
to those of an AS using EMMs [2,13]. If different types of actuators are used in the same AS, the
individual actuators can complement each other, allowing the weaknesses of each to be compensated
for so that the range of representable feelings can be expanded. In this paper, the construction of the
hybrid AS and some experimental results of a force-feedback display trial are presented.

2. Construction and Operating Principles

Figure 1(a) shows the trial construction of the proposed hybrid AS. It is composed of a USM and
an EMM, which generate the thrust, and a piezo-clutch/brake based on a mechanical amplifier, which
is used for preload and braking adjustments. A lever attached to a rotating shaft transmits the feeling
to the user. The user can simply receive of the feelings of the virtual objects by the rotation of lever. A
photograph of the prototype device is shown in Fig. 1(b).



Piezo-clutch/brake

\ Electromagnetic

motor(EMM)
e

Encoder wheel

(a)

3 3 Lever
) B _

Piezo-clutch/brake

Fig. 1 Hybrid actuator system: (a) combined system, (b) photograph of constructed device.
2.1. Ultrasonic motor

The stator of the USM is set on the piezo-clutch, as shown in Fig. 1(a). This type of USM has a
simple design compared with other types of USMs [15]. Two MPAs (NEC-Tokin, AE0505D08) are
arranged perpendicular to each other in a holder [16,17]. An alumina semicylinder contact tip was
adhered on the head of USM and an alumina ring covered the rotor. The friction coefficient between
them was approximately 0.06. When unipolar sinusoidal voltages with a phase difference of 90° are
applied to each MPA, the head of the stator vibrates with an elliptical displacement, as shown in Fig.
2. The rotor rotates due to friction when the head is in contact with the rotor. In general, a USM offers
the advantages of a fast response and the existence of a self-holding force when the electric power
supply is cut off. The MPA used in the USM has the time response of approximately 0.01ms and can
be driven up to about 45kHz [18]. Hence the stator can generate a torque by about 0.03ms even at a
rough estimate in theory. However, under an actual operating condition that applied voltage was
40Vpp at 23.5kHz and preload was 20N, the measured response time of a USM was measured at 8ms
for generating torque of 260mNm. This value contained the operation time of a sensor system and the



delay caused by compliances of shaft and lever. It is hard to directly measure the accurate time
response of torque the stator generates.
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Fig. 2 Operating principle of VV-shaped USM.

2.2. Piezoelectric clutch

Figure 3 and Table 1 show the operating principle and performance of the piezo-clutch. It contains
four MPAs (NEC-Tokin AE1010D16) that can be expanded outward by applying a DC voltage.
Generally, a preload is applied between the head of the USM and the rotor, as shown in Fig. 3(a).
When the MPAs are expanded, both ends of the mechanical amplifier are pushed so that the head of
the USM moves downward and separates from the rotor, as shown in Fig. 3(b). When the electric
power supply to the USM is cut off, the clutch operates as a brake. Since the MPAs have a fast
response as mentioned before, the contact and separation between the rotor and head of the USM can
be performed at high speeds. The piezo-clutch required 1.2ms to obtain the maximum deformation
without a load. In an actual operation, the reaction time becomes shorter because a smaller
deformation is enough to control the friction between the rotor and the head. Hence, the piezo-clutch
has a rapid response and is useful for force-feedback compared to existing clutches such as an
electromagnetic clutch which has the reaction time of at least 10ms.

Table 1 Performance of piezo-clutch

Max. displacement [um] 257
Max. contact force [N] 50.6
Max. static friction torque [mMNm] 300
Reaction time for max. deformation [ms] 1.2
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Fig. 3 Operating principle of piezo-clutch: (a) clutch ON, (b) clutch OFF.

2.3. Electromagnetic motor



The coreless DC motor (Maxon, RE25) used in the AS has excellent response characteristics
compared to other types of an EMM due to small inertia of an armature and small inductance. From
the specifications of this motor provided by the manufacture, the electrical and mechanical time
constants are about 0.1ms and 4.2ms, respectively [19]. Hence the time constant of torque can be
estimated at about 0.1ms. This value indicates the EMM has good performance, however, the USM is
still superior to the EMM in torque response. In this system, the EMM is connected directly to the
rotor of the USM, as shown in Fig. 1(a). Therefore, torque control is easy, but a large torque cannot be
generated.

3. Force-feedback display system

Figure 4 shows the scene of use of a single degree-of-freedom force-feedback display system. In
this system, the user pinches the lever, and virtual feelings are controlled by operating the lever. The
rotation of the lever not only turns a virtual object in the display but also gives the object a linear
motion in any direction according to situations. However, one kind of motion per object can be
selected because of a single degree-of-freedom motion. For example, to represent the sense of a
sawing, the pinched lever is turned clockwise or counterclockwise corresponding to pulling or
pushing a saw. The saw in the display moves right and left.

Figure 5 show a diagram of the force-feedback display system in this study. The rotation angle and
torque are measured by an optical encoder and strain gauge on the lever, respectively. These
measured data are imported to a computer program developed in MATLAB/Simulink (Mathworks,
Inc.) through a data acquisition (DAQ) board. The program behavior for the force-feedback is shown
in Fig. 5(b). In this program, the control method was changed by represented feeling. In the case of
Fig. 4, the brake is controlled at each setting interval by controller. Then, a signal is generated to
control the actuators. Therefore, the force feedback is represented by the piezo-clutch, the EMM, and
the USM, which are controlled by a signal from the program. In addition, a virtual object that has
some patterns of force feedback is shown on the display. The behavior of this object is synchronized
with the lever operation, as mentioned above.

Actuator
system

b \ » -
Fig. 4 The scene of use of force-feedback display system.
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Fig. 5 Diagram of force-feedback display system: (a) overview of force-feedback display system and
(b) block diagram of force-feedback program in Matlab/Simulink.

4. Experiment of force-feedback display
4.1. Diagram of force feedback

The force-feedback display using the hybrid actuator system was evaluated. In this study, the
roughness was defined as a discontinuous reaction force. On the other hand the elastic was defined as
a continuous reaction force. The represented feelings and combinations of actuators are shown in
Table 3. In this experiment, three types of feelings are represented: roughness, friction, and elasticity.
The roughness was represented by on-off control at defined positions. The friction reaction was
represented by PID control of the piezo-clutch. The elasticity was represented by two methods: one is
the use of the EMM and piezo-clutch, and the other is a combination of the USM and piezo-clutch.
The aim of this comparison is to clarify whether the USM as well as the EMM can represent the
elastic reaction or not. Supposing the USM can do it, the EMM will not be necessary.



Table 2 Combination method of force-feedback display

Haptic situation USM EMM Clutch/Brake
Roughness o
Friction o(as Brake)
Elasticit ° °
astici
y 0 o (as Brake)

4.2. Representation of roughness

A virtual object with five projections was set as illustrated in Fig. 6. The feeling of a finger
stroking the tops of the projections was represented under the following conditions. In this
experiment, the virtual finger size was considered as zero. The width of each projection was set to a
rotation of 1 deg, and the gap of each projection was also set to 1 deg. Only the piezo-clutch was used
for the force-feedback display. Therefore, the user can get the feeling of collisions and free for every
1 deg. The measured results for the represented feelings are shown in Fig. 7. These graphs chart the
reaction force, clutch voltage, and rotation angle over time. The representation can be divided into
three sections: A, B, and C.

In section A, a torque-free state existed. In this section, a voltage of 150 V was applied to the
piezo-clutch. The user did not feel the reaction force and operated the lever freely because the head of
the USM was separated from the rotor.

When the lever angle became 0 deg, the state of force feedback changed to section B. In this
section, the feeling of tracing the five projections was represented by the piezo-clutch. An impulsive
force on the rotor was generated by rapidly switching the clutch voltage, which caused states of both
contact and separation between the rotor and the head of the USM.

When the lever angle reached -9 deg, the torque-free state was represented again in section C.

As a result, the switching of collision and free could be represented each 1deg. Therefore, the
authors were able to feel the roughness represented by the piezo-clutch. The degree of the represented
feeling changed by applying voltage to the piezo-clutch or interval of brake.

Fig. 6 Virtual object for roughness comb-like shape on the display.
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Fig. 7 Charts of reaction force, clutch voltage, and angle for roughness representation.
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4.3. Representation of mass movement with friction

A block on a flat floor was modeled as a virtual object, as shown is Fig. 8. In this model, the feeling
of pushing the block was represented by a friction force controlled by the piezo-clutch. The
experimental results for this situation are shown in Fig. 9. This representation can be divided into five
sections.

In section A, a torque-free state was represented. In this section, a voltage of 150 V was applied to
the piezo-clutch. The user did not feel a reaction force because the head of the USM was separated
from the rotor.

When the lever angle became 0 deg, the state of force feedback changed to section B1. In this
section, a feeling of static friction force was represented by the piezo-clutch of which the voltage was
kept constant and decided the maximum static friction force. Then, the force-feedback state was
shifted to the kinetic friction state in section B2. In section B2, the state of moving block was
represented by constant friction force. The reaction force was adjusted by PID control of the applied

voltage to the piezo-clutch. The reaction force was defined as
2

d-x
f=m—s-+ 1
presl i 1)

where m is the mass of the block, x is the position, and p is the coefficient of friction. In this
experiment, the first term of Eq. 1 was omitted in actually because the acceleration of the mass was
supposed to be very small, and the friction force was dominant. Small fluctuations of the reaction
force and clutch voltage appeared in this section because of the control limit of an uneven friction
force which was originated from roughness on the surface of the rotor or stick-slip phenomenon
between the stator and the rotor. However, the user could not feel the fluctuations.

When the external force decreased to below the threshold, the force-feedback state changed to
section B3. In this section, the represented feeling switched to the static friction feeling again. Then, if
the external force increased, the force-feedback state switched back to the state of section B2. If the
lever was moved to separate from the block on the display, the force-feedback state changed to
section C. In this section, a torque-free state was represented again. As a result, the authors were able
to feel the friction was represented by PID control of the friction between the rotor and the head of the
USM.
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Fig. 8 Virtual block on the display.
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Fig. 9 Charts of reaction force, clutch voltage, and angle in the representation of friction force.

4.4 Representation of elastic reaction by the USM

Figure 10 shows a virtual spring set on a floor. In this experiment, the USM and piezo-clutch were
used. This haptic model was represented by the following conditions. The expression of the elastic
reaction force was set from O deg to -30 deg. The reaction force from pushing on the floor was
represented at -30 deg, and then, the angle was maintained. The USM, which was driven by a constant
applied voltage, was used as a thrust generator, and the piezo-clutch was used for preload adjustment
and as a brake.

Figure 11 shows the measured results for the elastic feeling by the USM. This representation can
be divided into the following five sections. In the section A, a torque-free state was represented as it
was in the models mentioned before. When the lever angle became 0 deg, the state of force feedback
changed to section B1. In this section, the elastic reaction force was represented by the USM and was
defined as

f=kx (2)
where k is the spring constant, and X is the position. In this experiment, k was 12.8 N/m. The reaction
force was controlled by the clutch voltage. In this time, applied voltage to the USM was 40 Vp.p at
23.5 kHz. The relationship of rotation angle, 0, and clutch voltage, V, was defined as
V=132-0.60 (3).

The reaction force contained unexpected and uncontrolled variations in sections B1 and B3 while the
angle changed smoothly in one direction. Such variations of the reaction force expressed an unwanted
roughness. The range of represented elastic feelings was from 0 deg to -30 deg. If the rotation angle
became less than -30 deg, the force-feedback state changed to section B2. In this section, the feeling
of pushing the floor was represented by holding the rotor with the piezo-brake. At this time, the USM



was stopped. The movement of the lever was limited by the piezo-brake at the floor. Then, the applied
force was decreased below the threshold, and the force-feedback state changed to section B3. In this
section, the elastic feeling was represented by the USM. Then, the rotation angle was over 0 deg, and
the force-feedback state changed to the torque-free state in section C.

In the representation of the elastic feeling by the USM, a large reaction force was able to be
generated rapidly. However, it was not easy to express consecutive and smooth changes in the
reaction force because of the non-uniform thrust and the friction force between the head of the USM
and the rotor.

l
¥

Fig. 10 Virtual spring on the display.
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Fig. 11 Charts of reaction force, clutch voltage, and angle in the representation of the elastic reaction

force by the USM.
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4.5. Representation of elastic reaction by the EMM

The EMM and the piezo-clutch were used to represent the elastic reaction. This experiment was
performed under the same conditions as the case represented by the USM. The EMM generated thrust,
and the piezo-clutch worked as a brake.



Figure 12 shows the results for the elastic feeling by the EMM. This representation can be divided
into the following five sections. Section A had a torque-free state, and the clutch voltage was
maintained at 150 V.

When the lever angle became 0 deg, the state of force feedback changed to section B1. In this
section, the feeling of the elastic reaction force was represented by the EMM. The reaction force by
the EMM changed smoothly unlike the USM. This method is different from the case in which the
USM was used. The reaction force was controlled by PWM control of the EMM as a function of the
rotation angle. The range of represented elastic feelings was from 0 deg to -30 deg. The relationship
of the reaction force and duty ratio was defined as 0.02 N/%. If the rotation angle became less than
-30 deg, the force-feedback state changed to section B2. In this section, the feeling of pushing the
floor was represented by holding the rotor with the piezo-brake. The movement of the lever was
limited by the piezo-brake at the floor. Then, the external force was decreased to below the threshold
of the angle, and the force-feedback state changed to section B3. In this section, the elastic feeling
was represented by the EMM again. Then, the rotation angle became over 0 deg, and the
force-feedback state changed to the torque-free state in section C.

As a result, the authors were able to feel the elasticity represented by the EMM and had an
impression that the feeling by the EMM was better than that produced by the USM because the
change in the reaction force was smooth. In this model, the piezo-brake was used only to represent
the reaction force from the floor.
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Fig. 12 Charts of reaction force, clutch voltage, and angle in the representation of the elastic reaction
force by the EMM.

5. Summary
A hybrid actuator system that included a USM, a piezo-clutch/brake, and an EMM was

successfully developed. As author’s impression, the hardness feeling was realistically represented by
the piezo-brake. The elastic feeling was represented by either the EMM or the USM. However, the



USM was unsuitable for the representation of a contiguous elastic reaction force. The reaction force
of the USM was changeable because of the uneven frictional condition on the contact surface. On the
other hand, the USM s suitable for generating an impact force like the representation of collision
roughness.

In the next stage of this study, a multi-degree-of-freedom system will be developed for more
realistic operation. A control method to stabilize the thrust will be realized in order to build a
real-time force-feedback system. To evaluate the effectiveness of the force feedback, the reaction
force data produced from real objects will be profiled and compared with force-feedback data from
the proposed AS. Then, an appropriate control method for force feedback will be considered to
approximate the profiled data. A psychological test is also helpful for the evaluation of this system.
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