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Design and Control of an Ultrasonic Motor Capable
of Generating Multi-DOF Motion

Kenjiro Takemura and Takashi Maeno

Abstract—A multi-degree-of-freedom (DOF) ultrasonic motor Bansevicius developed a piezoelectric multi-DOF actuator
consisting of a bar-shaped stator and a spherical rotor was devel- [4] with a cylindrical stator (vibrator) and a spherical rotor. The
oped. It can generate 3-DOF rotation of the rotor around perpen- o rotates around three perpendicular axes by combining cer-
dicular axes using bending vibrations and a longitudinal vibration . . .

tain natural vibration modes of the stator. Amaetaal. devel-

of the stator, which was designed using finite element analysis. From ) ; . . .
the simulated driving characteristics, a control method for the ul-  0ped a multi-DOF ultrasonic actuator [5] in which a spherical

trasonic motor was proposed. Following this, the driving character-  rotor rotates around three perpendicular axes using the three nat-
istics of the motor under open-loop control and closed-loop control yral vibration modes of a stator. Toyama constructed a spherical
were measured experimentally. Multi-DOF position control of the ,1-a50nic motor [6] consisting of three ring-shaped stators (vi-
rotor was achieved successfully using the proposed control method. - b
o _ ) " brators) and a spherical rotor. 3-DOF rotation of the rotor can be
mé?gre)\(/itT)Sa{triT:)sn_lete element analysis, multi-DOF, ultrasonic  ganerated combining the driving forces from each stator. Sasae
' ' et al. developed a spherical actuator [7] where a 3-DOF mo-
tion unit is constructed using truss arranged PZTs. The 3-DOF
I. INTRODUCTION rotation of a spherical rotor is generated using the three-DOF

ENERALLY, electromagnetic motors have been usedfotion unit arranged around the rotor. .
in order to construct a multi-degree-of-freedom (DOF}) Although the actuators [4]-[7] can generate multi-DOF mo-

motion unit. However, in such units, the number of the motof$" of rotor as described ahave, they cannot replace a combi-
must be equal to or 'Iarger than th’e number of DOFs of ﬂq@tion of general electromagnetic motors because of their small

motion unit, because general electromagnetic motors genel%lf ut torque, low contrqllab|l|ty and nonsimplicity of deglgn.
IQ order to solve these issues, the geometry of a multi-DOF

only single-DOF rotation. What is worse, reduction device . ; t be desianed isel d trol
must be connected to electromagnetic motors in order to Obtgmg]sodnlc m:)g)r mus ed esigned precisely and new contro
large torque, which increases the total volume and weight od must be proposed. .

The authors have developed a new type of ultrasonic motor

the multi-DOF motion unit. . : . )
As a result, the need for multi-DOF actuators is increasing".’Ipable of generating multi-DOF motion. The multi-DOF ultra-

If multi-DOF actuators are used, the total volume and weight f)pic motor generates multi-DOF rotation of a spherical rotor

the motion unit become smaller. Hence, a number of differefit 9 the three nat_urz?\l vibration modes of a bar-s_haped stator.
actuators capable of generating multi-DOF motion have be fhis paper, the principle and geometry of the multi-DOF ultra-

developed or proposed in recent years [1]. Raithl.proposed a sonic motor are described in Section Il. Then, a control method

3-DOF variable reluctance spherical wrist motor [2], which caflr_(i)r the m;ﬂtl-EOF ]Eltlrt‘rasorll;.c[r)noolt:orlzs proposedt N Si‘iﬂon Hl.
generate 3-DOF motion using reluctance forces between coiﬂ? construction ofthe muiti-b itrasonic motorandthe mea-
%qmg devices are described in Section IV. The experimental re-

located in the stator and magnets in the rotor. Yano develop s of th I irol test d the closed-l ol
a spherical stepping motor [3] consisting of a rotor with threg!''s Of the open-loop controf tests and the closed-loop contro

stators arranged around it. 3-DOF motion of the rotor can B%sts are given in Sectlpn V Then n Sectlon_s Viand V”’. the
generated. discussion and conclusion of this study are given, respectively.

The examples mentioned above use the principle of the elec-
tromagnetic motor, and therefore, motor geometry is compli-  Il. DESIGN OFVIBRATION MODES AND GEOMETORY
cated and the range of moyement of the rotor is insufficient.' % Vibration Modes
the other hand, an ultrasonic motor has excellent characteristics
such as high torque at low speed, high stationary limiting torque AN ultrasonic motor is a frictionally driven motor. It generally
absence of electromagnetic radiation, and simplicity of desigyPnSists of a stator (vibrator) and a rotor [8]-[10]. The energy of

Therefore, a multi-DOF actuator using the principle of an ultrdbe natural vibrations of the stator is transmitted to the rotation
sonic motor is proposed. of the rotor by the frictional force between the rotor and stator.

Most ultrasonic motors utilize two natural vibration modes of
the stator in order to generate single-DOF rotation of the rotor.
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Mode A : Bending mode in z-x plane
Mode B : Bending mode in y-z plane
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Fig. 1. Schematic view of multi-DOF ultrasonic motor. \ / \ /
(i1) Mode B (iv) Mode B (it) Mode B (iv) Mode B
of the oval trajectories vary voluntarily. Three natural vibratior
(iii) Mode A (iii) Mode C

modes with directions of vibration perpendicular to each othe.
should be used in order to produce voluntary oval trajectories (CY (b)
of contact points and to make the rotor rotate around any ax#®y. 2. Driving principle of a multi-DOF ultrasonic motor. (a) Around the
Namely, a stator that meets following requirements must be dis. (b) Around thex axis.
signed:
1) natural frequencies of three vibration modes correspon Spherical rotor
2) vibrating directions of the vibration modes are perpendic
ular each other;

PZT plate for
detecting the amplitude

Magnetic disk of the bending mode A

3) geometry of the stator must be simple for easy productiol Head Electrode
4) three vibration modes must be lower natural vibrations fc PZT plate for
not exciting other needless modes. Ring 1 S?ﬁi?;‘g‘fni,'}ig“;‘z}a?%e
Geometry of the stators and vibration modes meeting the abo Support plate Isolation sheet

requirements are not the only one, however, we adopt a b @\ PZT ring for exciting

shaped stator and its bending and longitudinal vibrations, b Kofation sheet bending modes A and B
cause the geometry of the stator and the vibration modes ¢ ) ) ible el
9 y (PZT ring for exciting/@ Flexible electrode

simple. a longitudinal mode @\
The multi-DOF ultrasonic motor we propose consists of | /% Ring 3

bar-shaped stator and a spherical rotor as shown in Fig. 1 (t Flexible electrode
diameters of the stator and rotor are both 10 mm, and the lenc¢ /
of the stator is 31.85 mm). The three axesy, z) are defined ‘
in this paper as shown in Fig. 1. Fig. 2 shows the driving prin
ciple of the multi-DOF ultrasonic motor. The rotor can rotate
around three perpgndicular axes. A longitudinal vibrat_ion 'ar&clzig_ 3. Geometry of the multi-DOF ultrasonic motor.
two bending vibrations of the stator are used as shown in Fig. 2.

Fig. 2(a) shows the natural vibration modes of the stator tt’@\t
are used when the rotor rotates around thexis. Figs. 1 and
3 show the second bending mode of the stator inzth@lane The natural frequencies of the bending mode and the longitu-
(mode A), and Figs. 2 and 4 show the second bending modigal mode of the stator must correspond, as mentioned in Sec-
of the stator in ther p|ane (mode B) When these two nat.tion 1-A. Accordingly, geometry of the real stator is deSigned
ural vibration modes, A and B, are combined at a phase diffétsing the finite element analysis in order to calculate the shapes
ence of 96, the tip of the stator rotates around thaxis. Then, and frequencies of the natural vibration modes, considering the
the spherical rotor in contact with the stator’s head also rotaf@jowing requirements:

around the: axis by frictional force. Fig. 2(b) shows the natural 1) the bar-shaped stator should be, so to say, the Langevin
vibration modes used when the rotor rotates arounc: theis. vibrator for easy construction;

Figs. 1 and 3 show the first longitudinal mode of the stator along 2) piezoelectric ceramics (PZT) for exciting the vibration
thez axis (mode C), and Figs. 2 and 4 show the mode B. When  modes should be located at where the normal strains are
these two natural vibration modes, B and C, are combined at a high when the vibration modes are excited,;

phase difference of 90the tip of the stator rotates around the  3) mechanism for enlarging vibration amplitude such as
axis. Then, the spherical rotor also rotates arounct tives due constriction should be located in the stator;

to frictional force. The rotor rotates around thexis whenthe  4) support mechanism that has little influence on the vibra-
mode A and the mode C are combined in the same way as the tion modes should be provided.

case of Fig. 2(b). The point to notice is that the natural frequen-Fig. 3 shows the geometry of the designed multi-DOF ultra-
cies of these three natural vibration modes, A, B, and C, showldnic motor. The rotor is made of stainless steel. The stator con-
correspond. sists primarily of head, rings, stacked PZT rings, and a shaft.

Rring 2

Shaft

Geometry
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Fig. 3. The polarization directions of the two components (col-
ored gray and white) oppose each other.
Fig. 4 shows the geometry and natural modes of the stator de-

signed considering the design requirements mentioned above.

Fig. 4(a) shows the finite element model of the stator, which is a
Copper plate half-columnar model because the bending mode and the longitu-
dinal mode of the bar-shaped stator are geometrically symmetric
with respect to the z plane. Fig. 4(b) and (c) show the calcu-
lated first longitudinal mode and the calculated second bending
mode of the stator, respectively. The calculated natural frequen-
cies of these modes are equal, about 43 kHz. If the amplitudes of
the natural vibrations are /Am, the estimated rotational speeds
of the rotor around the (y ) andz axes are 405 and 577 r/min,
respectively, calculated from the velocity of the contact point
between the rotor and stator. Then, the estimated torque around
thez (y) andz axes are 15 and 12 mNm, respectively, when the
@ coefficient of friction and the normal load between the rotor and
stator are assumed to be 0.5 and 6 N, respectively, as calculated
using the following equation:

T=pkr (1)

Magnetic disk

Piezoelectric

ceramic rings Brass rings

Stainless steel shaft

e i whereX is the torquey is the coefficient of friction /" is the
normal load between the rotor and stator, arid the moment
arm length.

]
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nsd lll. DESIGN OFCONTROL SYSTEM

A. Assignment of the Operating Parameter
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Three AC signals are input to each PZT ring in order to excite
the second bending vibration mode and the first longitudinal
) © vibration mode of the stator. The frequencies, the voltages and

the phase differences of input signals are all potential oper-
Fig. 4. Finite element model and calculated natural modes of the statghin arameters for controlling the motion of the multi-DOF
(a) Finite element model of the stator. (b) First longitudinal mode. (c) Secon gp . . 9 . .
bending mode. ultrasonic motor. For practical single-DOF ultrasonic motors

[8], [9], the frequencies of input signals are varied as operating

The stator head, rings, and shaft are made of nickel-plated br&&ameters. However, in case of the multi-DOF ultrasonic motor,
brass, and stainless steel, respectively. Geometry of constrictifisrégquencies are unsuitable operating parameters as described
of the stator head and the rings are designed to make the fi€r- Therefore, we must determine the operating parameter
ural frequencies of the vibration modes correspond and to afif-the multi-DOF ultrasonic motor considering the following
plify the vibration amplitude. Namely, the natural frequencig§duirements:

of the bending mode and the longitudinal mode can be modified 1) rotational speeds around the three perpendicular axes
by changing the diameters of the constrictions at the stator head must be able to be varied independently;

and the ring. We adopt the diameter and length of constrictions2) Vvibration characteristics of the stator, such as natural fre-
as parameters for frequency adjustment, so that the optimum di-  quencies and quality factors, must not change even when
mension of the stator, which made three natural frequencies cor-  the value of the operating parameter is varied,;

respond, was determined by repeating FE analysis. The stacked) the rotational direction must be able to be changed.

PZT rings are provided to excite the natural vibrations of tHeue to requirement 1), we can find that the frequencies of the
stator. The polarization direction of the PZT ring for longituinput signals are not suitable operating parameters for the multi-
dinal mode is uniform. The PZT for bending mode is divided intDOF ultrasonic motor because the rotational speed around the
guarter parts by diameters. The polarization directions of the dpree perpendicular axes cannot be varied independently when
posite areas are opposite each other. Flexible electrodes shovthénfrequencies are varied. With respect to requirement 2), we
Fig. 3 are located to apply the voltage to the PZT rings. The shaéin also see that the voltages of the input signals cannot be
is screwed to the stator head in order to construct the stator aswheed as operating parameters because the vibration character-
Langevinvibrator. The ends of the cross-shaped support plateiaties of the natural vibration modes change independently, as
fixed onapedestalin orderto brace the stator, and amagnetic disbwn from experience. In other words, the natural frequencies
is placed at the top of the stator head. A normal load between tifethe modes, which have different modal masses and modal
rotor and stator is applied by the magnetic disk. The amplitudstiffness, do not shift equally. So, the phase difference of the
of the vibrations can be detected using the PZT plates showrinput signals seems to be a suitable operating parameter. In order




502 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 6, NO. 4, DECEMBER 2001

- - g
| Amplitude L Amplitude Sl
2 L0 2 —1:1 ul—:}
—— 075 F ——1:075 |
" R | QNN (i - 0.50 " e ]+ 0.50 w
----025 ===-=-1:025
» Dibtaim A 0
0 0
N 1 b -:____,—o.l.—"l’i\.‘\___ o
| L —" I_;—#‘”'d:;—
2 r 21 L]
(@) (b) +
5 b Phase Difference 2 b Phase Difference /‘} i :II-II-":"". ,(‘);
90 deg -90 deg +
—-— 60 deg i —-— -60 deg
1 e 30) deg T T W\ -30deg
---= Odeg wJ ---- 0Odeg Eotational spead
- 0
a1t Gt Ly
J
2 F 2 F
& 0 Devlination of angular posilion
-2 -1 0 1 2 -2 -1 0 1 2 £ Beitled walue
X
(@
()
Fig. 5. Simulated oval trajectories at the contact interface of the bar-shay a=1.0 /’ /»”’ "
stator. (a) Frequencies are varied. (b) Voltage is varied. (c) Phase differenc —, ——— 0.2 e -
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to investigate the suitability of this option, the oval trajector'E, 45 -
of the contact point between the rotor and stator is simulat 5 A
using the modes’ shapes, which are obtained by the finite e , ,f’l’
. - s
ment analysis. = sy
Fig. 5 shows the simulated oval trajectory when (a) the fr 0 e
guencies of the input signals are varied; (b) the voltage of t %0 180
input signal for the second bending mode is varied; and (c) t Position declination [deg]
phase difference between the input signals is varied. The values )

of the vertical and horizontal axes in Fig. 5 represent the normal- N _ o

ized displacements a|0ng thandz axis respectively. The size Fig. 6. Position control algorithm. (a) Flow chart. (b) Relationship between
. . o the position declination and the phase difference (sigmoid function).

of the oval trajectory determines the rotational speed of the rotor.

From Fig. 5, itis seen that the rotational speed of the rotor can be

varied when the values of the each parameter are changed. ;€ rotor can be varied by changing the phase difference be-
thermore, the rotational direction is changed simply by changif§een the input signals, because the oval trajectory of the con-
the sign of the phase difference. In other words, only the phdgSt Point on the stator is changed as shown in Fig. 5(c). So, the
difference of the input signals meets requirement 3). If the phadSgational speed including the rotational direction can be con-
difference is varied as an operating parameter, the efficiencth?"eq using a proportional controller as shown in the following
the multi-DOF ultrasonic motor will decrease, but this is not afdUation:
important consideration for this study.

From the above discussion, we conclude that the phase dif-

ference pf the input sigrjals is a suitable operating parametermere’Ad) is the phase difference\ N is the declination of ro-
the multi-DOF ultrasonic motor. tational speed, anfl,, is the proportional feedback gain. Then,
» ifthe absolute value of the declination of rotational speedis large,
B. Proposition of Control Method the absolute value of phase difference also becomes large by (2),
A control method for the multi-DOF ultrasonic motor is pro-however the absolute value of phase difference is within 90
posed in this section. The rotor’s rotation around one axis isNext, a position-control method for the multi-DOF ultrasonic
considered in the following discussion, although the proposetbtor is proposed. In order to make the response time short, the
methods can be used when the rotational axis is extendeddtational speed must be varied according to the declination of
three perpendicular axes. the angular position of rotor. Namely, the rotational speed must
First, a speed-control method for the multi-DOF ultrasonige large when the declination of the angular position is large. A
motor is proposed. The rotational speed and rotational directiproposed position control algorithm is shown in Fig. 6(a). The

Ap=K, AN )
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following sigmoid function is used to make the phase difference
vary according to the declination of rotor position:

1
1+ exp(—a(A8 — M)) ®)

whereAg¢ is the phase differencé\d is the declination of the
angular position, and andA/{ are the parameters of the sigmoid
function. The rotational speed becomes large when the declina-
tion of the angular position is large by using the sigmoid func-
tion for control. Furthermore, the relationship between the decli-
nation and the phase difference can be easily varied by changing

the sigmoid function parametexsand/, as shown in Fig. 6(b). Fig. 8. (a) Measuring device for the driving characteristics aroung thes.
(b) Multi-DOF position sending device

|Ag] =90

IV. CONSTRUCTION

A. Construction of the Multi-DOF Ultrasonic Motor paper. In order to measure the driving characteristics around
pey (z) axis, the measuring device shown in Fig. 8(a) was

Fig. 7(a) shows the multi-DOF ultrasonic motor thatwas bui uilt. The rotational axis of the rotor around thgx) axis is

according to the geometry designed in Section II-B. Fig. 7(B) "
shows the multi-DOF ultrasonic motor fixed on a pedestal d rovided by a shaft. A normal load between the rotor and stator

signed for the experiment. For practical application, the pedesit;s‘.;}1 irép(l;lzg tt))ey ;(?ﬂsstgg nbgs tj:;?r?gfr?e l;ré(::\:v 2&3&??&; ang(;;s
should be smaller. The diameter and the height of the stator He. otational sjeed aroyund tbe? ) axis is measured usi% a '
10 and 31.85 mm, respectively, and the diameter of the rotor i P HRE 9

10 mm. The measured natural frequencies of the second ben({ﬁsl[g ryai?sc?sdzr c:?ggicst;d tg wsisﬂtag&;x: duigu; t;)trr(iqnue t?]r;tuigd
mode and the first longitudinal mode are both around 40 kHzé Iyd S app I 9 9 9
which is about 7.5% lower than the calculated values. The différ o 1=Nd @ PUlEY.

ence between the calculated and the measured natural frequen- ) . . . )

cies is due to the fact that the boundary between the parts of ftre COnstruction of the Multi-DOF Position-Sensing Device
stator and the flexible electrodes was not modeled. However,The multi-DOF ultrasonic motor can generate a multi-DOF
this does not matter because the measured natural frequenaéation of the spherical rotor. Accordingly, the multi-DOF posi-

of the bending mode and the longitudinal mode are almost ttien of the rotor must be measured in order to control the motion

same. of the rotor. For this, a multi-DOF position-sensing device was
built. The angular positions of the rotor around the perpendic-

B. Construction of the Measuring Device for Driving ular axes were measured using the multi-DOF position-sensing

Characteristics device shown in Fig. 8(b). An output axis is connected to the

The driving princip|e of the multi-DOF ultrasonic motorrotor, and then it is inserted into the arch rails. The angular Po-
around thez axis is the same as that of practical ultrasonigitions are measured using potentiometers, which are attached
motors [8], [9]. On the other hand, the driving principles aroun® €ach spindle of the arch rails.
thex andy axis are different from those of practical ultrasonic
motors. The driving principle employed for theaxis is the V. EXPERIMENTAL RESULT
traveling wave driving principle, and that for theandy axis is i
the standing wave driving principle [10]. Therefore, it is neced Results for Open-Loop Control Experiment
sary for the driving characteristics of the multi-DOF ultrasonic The experimental results for open-loop control are as follows.
motor around they (z) axis to be measured precisely in thisThe basic experimental conditions are shown in Table I.
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TABLE | (a) Frequency is changed
BAsIC EXPERIMENTAL CONDITIONS (b Voltage is changed
© ® @ |__. (c)Phase difference is changed
4007 300
s 1 =
Frequency [kHz] Same as natura Z 200 -
frequencies of the modes E | ™S~
= 100 397 500 P ~
Voltage for 20 g // .
bending mode [V] = 01 2001
<
Voltage for € 100 100
o7 10 = 100 1
longitudinal mode [V] g 200
S- >
Phase difference [deg] 90 0 0 T T T : .
(a) Frequency [kHz] 38 39 40 41 42 43
(b) Voltage [V] 0 20 40 60 80 100

o _ . e
1) Relationship Between Frequency and Rotational' Phase difference [degl -135 90 45 0 45 90 135

Speed: Fig. 9(a) shows the relationship between frequenci,e_@_ 9. Experimental results for open-loop control.
and rotational speed measured using the device shown in

Fig. 8(a). It can be seen form Fig. 9(a) that the peak rotatione 300

speed is obtained when the frequencies of the input signals a._, r

about 40 kHz, that is, the natural frequencies of the first Iongi-g g Normal load

tudinal mode and the second bending mode. The relationshg 200 4 o ¢ 3N AN

between the frequencies and the rotational speed has a higt & $ O 4N O8N

nonlinear characteristic. Although the rotational speed of th(g 0 g

rotor can be varied by changing the frequencies of the inpu% 100 o v

signals, it is difficult to control the rotational speed linearly. g H Y Snosn
2) Relationship Between \oltage and Rotational 0 ) “% AA . A

Speed: Fig. 9(b) shows the experimental relationship be- 0 2 4 6 8

tween the voltage and rotational speed. Only the voltage of th Torque [mNm)

input signal for the second bending mode was varied, because
the longitudinal vibration is mainly used as a clutch and do&%. 10. Relationship between torque and rotational speed.
not provide much driving force. As can be seen from Fig. 9(b),
rotational speed changes almost linearly as the input voltdgéd between the rotor and stator increases. The maximum
changes. The rotor does not stop when the voltage is 0 V@lues of the rotational speed and the output torque under these
because the contact points between the rotor and stator do¢@iditions are about 250 r/min and 7 mNm, respectively. The
vibrate exactly along the axis when only the first longitudinal estimated rotational speed and torque are about 400 r/min and
mode is excited on the stator. 15 mNm as mentioned in Section 1I-B. The difference between
3) Relationship Between Phase Difference and Rotatioriie estimated and measured values was due to the following.
Speed: Fig. 9(c) shows the experimental relationship between The estimated values were calculated under the assumption
the phase difference and the rotational speed. The phase ofttr@ there is no stiffness at the contact interface on the stator.
input signal for the first longitudinal mode was fixed &tahd However, at the contact interface, the rotor actually declines
that for the second bending mode was varied. The positive afiiih respect to the stator. This causes the declinations as men-
negative values of the rotational speed correspond to the rdianed above [9], [10]. In addition, the coefficient of friction
tional direction of the rotor. It can be seen from Fig. 9(c) thatnder the ultrasonic vibration becomes lower than that under
the relationship between the phase difference and the rotatiod@imal condition [11].
speed has a highly nonlinear characteristic, however, the rota- .
tional speed can be varied by changing the phase differencéofR€sults for Closed-Loop Control Experiment
the input signals. In addition, it can be seen that the rotationalThe experimental results for closed-loop control using the
direction of the rotor can be reversed continuously by changiegntrol method proposed in Section 1lI-B are as follows. The
the sign of the phase difference, because the rotational dirbasic experimental conditions are shown in Table I.
tions of the contact points on the stator are reversed, as showi) Speed Control:The step response of the rotational speed
in Fig. 5(c). The absolute value of the rotational speed increasess measured using the device shown in Fig. 8(a). The desired
as the absolute value of the phase difference increases, becanisgional speed was 200 r/min, and the phase difference be-
the speed of the contact point becomes large, as also showiwiaen the input signals was varied frorB0 to 90 by (2).
Fig. 5(c). Fig. 11(a) shows the experimental results for the step response
4) Relationship Between Torque and Rotationaif the rotational speed when the proportional feedback gain
Speed:Fig. 10 shows the experimental relationship bds 0.1. It can be seen from Fig. 11(a) that the rotational speed
tween the torque and rotational speed when the normal lozahverged to the steady state, 200 r/min, after sufficient time,
between the rotor and stator is varied. It can be seen frand there is no steady-state error. However, the rotational speed
Fig. 10 that the rotational speed decreases as the torqueaseillates around 200 r/min because of initial rotor and stator
creases, and that the maximum torque increases as the nomefbrmation due to production tolerances. In the case of the
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Fig. 11. Experimental results for closed-loop control. (a) Result for the speed control. (b) Result for the position control. (c) Results f@Fpdisibon
control.

standing wave ultrasonic motor, the oscillation of the rotationatudy to understand the mixture of vibrations possibly provides
speed does not become perfectly periodical because the contaeixpected driving forces against the rotor in order to drive the
points on the rotor are not the same in each period. If the pmotor around arbitrary axis.
portional feedback gain increases, it is seen that response time
improves.

2) Position Control: The angular position was measured as
it was incrementally varied in steps, using the measuring deviceA multi-DOF ultrasonic motor was proposed and con-
shown in Fig. 8(a). The desired angular position varied with tirstructed, and its motion was controlled successfully as
from 0° to 9C°, 0°, 180, and 0. The absolute value of the phasealescribed above. Therefore, the proposed driving principle
difference of the input signals was determined using the sigmaifl the multi-DOF ultrasonic motor was confirmed and the
function given in (3). Fig. 11(b) shows the experimental resuloposed control method worked successfully. The multi-DOF
of the step-wise response of angular position when the sigmailikasonic motor we developed has an important characteristic
function parameters and/ are 1.0 and 90, respectively. It canin addition to the characteristics of former ultrasonic motors.
be seen from Fig. 11(b) that the angular position of the rotdiis characteristic, multi-DOF direct drive by a single motor, is
was successfully moved to the desired position using the ps® effective that it may replace the electromagnetic motor in the
posed control method. When the sigmoid function parameteffield of multi-DOF actuation. However, there are problems that
is greater than 1.0, overshoots occur. remain to be solved in order to make the multi-DOF ultrasonic

3) Multi-DOF Position Control: The angular position of the motor practical. These problems and their solutions are as
rotor around they axis was controlled successfully as describeidllows.
in Section V-B-2. Following this, the position control algorithm Firstly, the output torque of the multi-DOF ultrasonic motor
was extended to multi-DOF position control of the sphericahust be increased in order to use it in a robot arm joint. The
rotor. The angular positions of the rotor around thendy axis ultrasonic motor is a frictionally driven motor, so it is neces-
were measured using the multi-DOF position-sensing devisary for increasing the output torque to optimize the contact
shown in Fig. 8(b). The desired angular positions was variedndition between the rotor and stator: i.e., the relationship be-
with time from 90 to 45 and then back to 90Fig. 11(c) shows tween the coefficient of friction, the stiffness, and the normal
the experimental results for the multi-DOF position contrdbad must be optimized. The ultrasonic motor can essentially
when the sigmoid function parametersand M are 1 and 30, produce larger torque, so this problem can be solved by opti-
respectively. It can be seen from Fig. 11(c) that the angulanizing the parameters in (1).
positions of the rotor around theandy axes were successfully Secondly, the multi-DOF angular position-sensing device
varied under control to the desired locations sequentially. must become smaller. The device shown in Fig. 8(b) needs a

Now, it is confirmed that the angle of the rotor is controlled iconsiderable amount of space, so a small sensing device, which
perpendicular axes. Nonlinear and redundant characteristicssadible to measure the multi-DOF motion of the spherical rotor,
the multi-DOF ultrasonic motor should be clarified in the futurenust be developed.

VI. DISCUSSION
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Thirdly, the multi-DOF ultrasonic motor should be made [
smaller. The present diameter of the multi-DOF ultrasonic
motor is 10 mm, however, it can be as small as a few millimeters
by scaling it down analogously.

Fourthly, the performance of the closed-loop control system[4]
should be improved. For example, a controller for the driving
frequency is needed in order to follow the natural frequencies|s]
of the vibrations even when the natural frequencies vary as a
result of rising temperature or disturbance torque. The outputig
voltage from the PZT plates for detecting the amplitude of the
natural vibrations, shown in Fig. 4, must be monitored in order [7]
to observe the shift of the natural frequencies. Then the driving
frequency can follow the natural frequencies of the vibration
modes. For another example, the angular position around thél
perpendicular axis should be measured more precisely in order
to control the rotor position more accurately.

If the problems mentioned above are solved, there are many
applications of the multi-DOF ultrasonic motor in the field of [,
robotics and mechatronics. For example, multi-DOF forceps for
laparoscopic surgery can be constructed using a multi-DOF uI—ll]
trasonic motor, in which the multi-DOF ultrasonic motor gen-
erates multi-DOF motion at the wrist.

Fig. 12 shows a prototype of multi-DOF forceps that we pro-
duced, where the open/shut motion at the tip is generated by
solenoid. The pre-load at the wrist is generated by the magne
disk shown in Fig. 3. An important feature of the forceps is thi
no large operating gear is required outside the forceps. A sim|
multi-DOF forceps can be constructed using the multi-DOF u
trasonic motor. A multi-DOF endoscope and a robot eye are fi
ther examples of the possible applications. They can gener
more dexterous motion than previous types, as well as bei
smaller and more silent.

(3]

VII. CONCLUSIONS

A multi-DOF ultrasonic motor that was developed by the at
thors is described in this paper. The conclusions of this stu
are as follows.

1) A driving principle for a multi-DOF ultrasonic motor,
in which a multi-DOF ultrasonic motor uses the secon
bending vibrations and the first longitudinal vibration o
a bar-shaped stator, was proposed;
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2) A multi-DOF ultrasonic motor was designed using finite

element analysis and then constructed;

3) A control method for the multi-DOF ultrasonic motor uti-

lizing phase change is proposed. Then, the motion of the
spherical rotor was successfully controlled using the pro-
posed control method.

The authors willimprove the characteristics of the multi-DOF
ultrasonic motor in a future study in order to make it practical.

REFERENCES

T. Yano, “Multi-DOF actuators” (in Japanesd),Robot. Soc. Japawmol.
15, no. 3, pp. 330-333, 1997.

] R. Roth and K.-M. Lee, “Design optimization of a three degrees-of-

freedom variable reluctance spherical wrist motdragns. ASME J. Eng.
Ind., vol. 117, pp. 378-388, 1995.

T. Yanoet al, “Basic characteristics of the developed spherical stepping
motor,” in Proc. IEEE/RSJ Int. Conf. Intelligent Robots and Systems
vol. 3, 1999, pp. 1393-1398.

R. Bansevicius, “Piezoelectric multi-degree of freedom actuators/sen-
sors,” inProc. 3rd Int. Conf. Motion and Vibration Control1996, pp.
K9—K15.

T. Amanoet al,, “An ultrasonic actuator with multi-degree of freedom
using bending and longitudinal vibrations of a single stator,Pmc.
|EEE Int. Ultrasonics Symp1998, pp. 667—670.

] S. Toyameet al., “Multi degree of freedom spherical ultrasonic motor,”

in IEEE Int. Conf. Robotics and Automatiat995, pp. 2935-2940.

K. Sasaeet al, “Development of a small actuator with three degrees of
rotational freedom (2nd report)—Simulation and experiment of a fric-
tion drive” (in Japanese). Japan Soc. Precis. Engol. 61, no. 4, pp.
532-536, 1995.

I. Okumura, “A design method of a bar-type ultrasonic motor for auto-
focus lenses,” ifProc. IFTOMM-jc Int. Symp. Theory of Machines and
Mechanisms1992, pp. 75-80.

[9] T. Maenoet al, “Finite element analysis of the rotor/stator contact in

ring-type ultrasonic motor,IEEE Trans. Ultrason. Ferroelect. Freq.
Contr, vol. 39, pp. 668-674, Nov. 1992.

T. Maeno, “Contact analysis of traveling wave type ultrasonic motor
considering stick/slip condition” (in Japanesé)Acoust. Soc. Japan
vol. 54, no. 4, pp. 305-311, 1998.

H. Kanazawaet al,, “Tribology of ultrasonic motors” (in Japanes@&}j-
bologist vol. 38, no. 3, pp. 21-26, 1993.

Kenjiro Takemura received the B.S. degree in
mechanical engineering and the M.S. degree in
biomedical engineering from Keio University,
Yokohama, Japan, in 1998 and 2000, respectively.
He is currently working toward the Ph.D. degree in
integrated design engineering at Keio University,
Yokohama, Japan.

His current research focus is on ultrasonic motor
and multi-DOF actuation.

Takashi Maenoreceived the B.S., M.S., and Ph.D.
degrees in mechanical engineering from the Tokyo
Institute of Technology, Tokyo, Japan, in 1984, 1986,
and 1993, respectively.

From 1986 to 1995, he worked for Canon, Inc.,
Tokyo, Japan. From 1990 to 1992, he was a Visiting
Industrial Fellow at the University of California,
Berkeley. Since 1995, he has been with the Depart-
ment of Mechanical Engineering at Keio University,
Yokohama, Japan, where he is currently an Associate
Professor.



