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ABSTRACT

A novel ultrasonic micro linear motor that useslsagitudinal and 2nd bending modes, derived frantppe stator
with a rectangular slot cut through the stator tengas been proposed and designed for end-eféettas of micro-
robotics and bio-medical applications. The slatctre plays an important role in the motor desad can be used
not only to tune the resonance frequency of theuilbeation modes but also to reduce the undesiraigitudinal
coupling displacement due to bending vibratiorhateénd of the stator. By using finite element ang/ythe optimal
slot dimension in order to improve the driving tiftion was determined, resulting in the improvenaithe motor
performance. The trial linear motor, with a weigtit1.6g, gave a maximum driving velocity of 1.12snand a
maximum driving force of 3.4 N. A maximum mechaticatput power of 1.1 W was obtained at force &31N and
velocity of 0.68 m/s. The output mechanical powar ynit weight was 688 W/kg.

INTRODUCTION

Ultrasonics and piezoelectric motors can be aradtire
alternative to electromagnetic motors for end-effdevices
such as microbot joints [1], bio-medical and mohikvice
applications [2], due to their small size, compsitticture,
light weight and high mechanical output.

For linear drive applications, many types of ulmais linear
motors (USLM) have been developed. Among varionsii
of ultrasonic linear motors, the bimodal ultrasotimcear
motors using first longitudinal and second bendmgde
(L1B2) are well known motors and can be driven vhigher
output and higher precision positioning [3]. Basead the
construction method, USLMs can be classified intut-b
clamped Langevin transducer (BLT) type [3], [4}ctengular
piezoelectric plate type [5]-[8] and bonded meiekp-
ceramic type [9] motors.

A BLT type USLM associated with the piezoelectrig do-
efficients has been successfully developed withoatput
force of 100 N. However, a coupling problem du¢hi® lon-
gitudinal motion associated with the bending mauoleten-
tially degraded the performance of the motor [4jisTcou-
pling problem was improved by adopting a much lange
length stator [3]. However, the construction mettodchis
BLT motor was to use several thickness-poled Leadod
ate Titanate (PZT) disks sandwiched by metal blagitk a
bolt. This method is complex and makes assembly sizel
reduction difficult.

Alternatively, rectangular piezoelectric plate tygred bonded
metal/piezo-ceramic type USLMs using in-plane \iiorss
with piezoelectric g coefficients can be constructed simply
and, at small scales. A well-known design is binhqalate
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USLM developed byNanomotion[5]. This motor has one
driving tip placed at one end of the stator, whicdnsfer
cyclic vibratory motion to a slider pressed agaihsOther
rectangular plate type USLMs with two driving tipsve
been developed [6], [9], which are a very attractwrrange-
ment to save mounting space. These motors areasimail
that of the design dflanomotion with the exception that the
piezoelectric plate is arranged lengthwise with @ttached
driving tips on the same length side. Two drivimgstare
attached to the positions of relatively higher begddis-
placement but not the highest longitudinal displaeet posi-
tion, avoiding the coupling problem of bending wtion.
However, such arrangement will prevent the maxinmootor
performance being achieved.

In this paper, a novel ultrasonic linear micromatsing the
1st longitudinal and 2nd bending modes of a slogtedcture
is proposed. This slot structure plays an importafe in
motor design, which can tune the two vibration nsoddth
same resonance frequency and decrease the undedinab
gitudinal coupling displacement due to bending afion at
the end of the stator.

CONSTRUCTION AND OPERATING
PRINCIPLE

The configuration of the slotted bar type vibragtator for a
new micro ultrasonic linear motor is shown in Flg. The
stator consists of two PZT (C-213, Fuji Ceramic Qapan)
elements and a titanium (Ti-6Al-4V, Ti64) metal paith a
rectangular slot cut through the bar length (masthinsing a
computer-controlled micro-electro discharge magctgni
process, micro-EDM). The two PZT elements are bdrtde
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Figure 1. The configuration of the slotted bar type stafa]
CAD model, and (b) photos of a prototype.
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Figure 2. Vibration modes of the stator: (a) 1st longihadii
mode and (b) 2nd bending mode.

the two opposite flattened sides of the metal camepousing
an epoxy. Each PZT element has one side dividexdtinb

top electrodes with same poling directions and dotmly

formed bottom electrode which is connected to trmugd.

The PZT plates were polarized in the thicknessctioes and
directions are indicated by the thick arrows in.HRi¢p). The
stator has four signal input electrodes, whichcarenected in
diagonal pairs, to excite the vibrations. One péilectrodes
is excited as a sine input and the other pair Stex as a
cosine input, as shown in Fig. 1(c). To preventation dis-
tortion due to the shape imbalance of the statan; fips (for
frictional components) were positioned symmetricait the
stator ends and formed in one body with the stdtren the
two pairs of electrodes are operated with same eplaasi
resonance frequency, the first longitudinal (L1)d®ds gen-
erated and the tips of stator have a horizontgllaigment
component (Fig. 2(a)). With anti-phase operation tioé
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Figure 3. The model stator and parameters for FEA.
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Figure 4. The modal arlgsis simulation results for the effi
of changing the slot dimension.

electrode pairs, the stator tips vibrate with aidtidisplace-
ment resulting from the second bending (B2) mode. (Fi
2(b)). By applying the two electrical sine wavesthe two
electrode pairs with a temporal 90 degree phaderélifce,
the two vibration modes are excited simultaneousith
phase difference of 90 degrees. As a result, gotiedl mo-
tion is excited at the tips of the stator, whiclves the slider
through friction force between tip and slider [#ote the
locus at one end of stator is delayed by 180 degceen-
pared to that of the other end. Therefore, on@eftwo ends
is contacting and driving the slider with anti-pbaBy
changing the driving phase between the two eleetairs,
the elliptical motion of the tips changes directiogsulting in
a reversed of the slider direction.

DESIGN OF THE STATOR

The trial motor has a simple structure and modes,tte
driving tips of stator have a complicated vibrationtion. As
such, a simple analytic analysis is inadequatedémign. A
finite element analysis (FEA) program ANSYS (ANSYS
Inc., USA) was used to conduct the modal and haitnon
analysis of the stator and to predict the slotatffer the tip
vibration motion. The FEM analysis was carried without
the bonding layer between the PZT and metal bo@ytduhe
increased complication of such a model. The geametr
boundary condition of the model was a free-freeecae
nodes along the faces of the PZT element were mdoythe
electrode, which is described in detail elsewhér@].[ The
model employed a complete model of hard PZT (c-EL,
Ceramic, Japan), incorporating an anisotropic etepgrmit-
tivity, piezoelectric stress coupling, and stiffaes
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Figure 5. The displacement results versus slot disiam fo
the driving tip (point 1 and 2, see Fig. 3) dudhe benihg
vibration.

The model stator and parameters for FEA are st in
Fig. 3. The metal body, frictional tip and PZT el sizes
were fixed at 5 x 5 x 15 mm, 0.5 x 5 x10 mm and>0®5 x
5 mm, respectively. The slot length rat&l f= SL/ VL) and
slot thickness ratioSTR= ST/ VT) were changed.

To obtain a large mechanical output, the two vibratnodes
(L1 and B2 modes) should be tuned to have same aasen
frequency as each other, while the displacementaedtion

of motion of driving tips should also be properlgsiyned.

Figure 4 shows the modal analysis simulation restdr

different slot size. The two vibration modes hakie same
resonance frequency when tB&R and STRhave a certain
ratio of dimensions. Despite different slot dimems, the
stator can be designed so that the two modes ha&veame
resonance frequency by changing 8idRandSTRratio. The

matched resonance frequencies (dotted line, Figof4he

two modes are increased and BER (thick line, Fig. 4) is
decrease, when tI#8i_Ris increased.

The optimal slot dimension for the trial motor wdeter-
mined from the displacement results of the tip Ising a
harmonic analysis. Figure 5 shows the displacemesilts
along the driving tip (point 1 and 2, see Fig. 8edo the
bending vibration. If properly designed, the outpipt will
have a pure vertical displacement (UY) when théosts
excited by the bending mode vibration. The optistat ratio
of SLR/ STRwas 0.764 / 0.26, in which the horizontal dis-
placement (UX) of the tip was almost 0. At this dition, the
resonance frequency of L1 and B2 was 142.8 kHz Fige
4). The output tip displacement results excitedldngitu-
dinal mode vibration are omitted, but vertical roati(UY)
was less than 2% of horizontal motion (UX) at tHeole slot
ratio within the range of this simulation works.g&ie 6
shows the displacement angle of the driving tigcudated
from the data of Fig. 5, and also shows the reptatige
vibration shapes with three different slot ratiosbetter un-
derstand the slot effects for the tip vibrationthélugh the
slot ratios of three shapes were adjusted so ltleatesonance
frequencies of L1 and B2 modes were matched, thent-
tion was quite different with the slot shapes. éptcfor the
optimum slot dimension, the end tips of stator hitneelongi-
tudinal coupling displacement due to bending vibrat

EXPERIMENTAL SETUP
The experimental setup to measure the operatioracteais-

tics of the motor is shown in Fig. 7. The statosigported
by a pin through the centrally placed mount hole in
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Figure 6. The displacement angle of the driving tip sugfac
calculated from the data of Fig. 5.

Blinear bearing

B
Alumina Slider

E Stator Mount

Figure 7. The experimental setup to measure the opel
characteristics of the motor.

which the two vibrations have common node, progdan
method to hold it without disturbing the vibratiode stator
mount pin was grounded. A 130-mm-long linear bagarin
RSR-7 (THK Corporation, Japan), was used as ther il
a mirror polished alumina friction plate was bonded the
surface of the linear bearing rail. The weightlafes moving
parts, including alumina plate, was 35 g. The @elde-
tween the slider and the stator was provided aragdd by
changing the coil spring length.

CHARACTERISTICS OF THE MOTOR

The admittance characteristics of the trial moterraeasured
at low voltage using an impedance analyzer (AgEt84A).
To measure the in-phase drive admittance, all ifqout elec-
trodes were connected to tHegh terminal and metal body of
stator was connected to thew terminal of the test fixture of
the impedance analyser. However, to measure thiplaase
drive characteristics, one electrode pair (sine $ZHig.
1(c)) was connected to thdigh and the other pair (cosine
PZTs, Fig. 1(c)) was connected to thew. The in-phase
driving resonance frequency was 143.25 kHz andattte
phase drive resonance frequency was 143.17 kHz.

The vibration velocity of the stator and drivindagty of the
slider were measured by using an LDV (Graphtec
AT0023+0070, Japan) [10], [11]. Figure 9 shows the
contact tip’s displacement motion measured by uamgDV
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Figure 9. Left and right tip’s vibration motion at 10, anc
143.25 kHz.
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Figure 10. The measured transient response of the r
velocity with respect to time by the LDV.

at 143.25 kHz and 104, while driving both electrode pairs
of the stator with a 90 degree phase differencedtexperi-
mental results show that the elliptical motiongtef tip was
well matched to the results of FEA calculationse Thiving
characteristics of the motor were calculated frév@ neas-
ured velocity of the slider with respect to tims, shown in
Fig. 10. From the velocity data and the mass oftiuer, the
force that the motor can deliver was calculateevatry point
on the rise curve using the method developed byahaika
[12]. The load characteristics of the motor wereasueed at
the driving voltage of 70 ¥, and the driving frequency of
143.3 kHz, which is near the resonance frequendhetta-
tor. The preload was changed to 2.5, 4, 10, andN.1%he
driving velocity and force curves are shown in Rifj. In
general, with an increase in the preload, the mamirsliding
force also increased. We also note that while tlagimum
sliding force at a preload of 15 N was almost sa®edhat
with a preload of 10 N. The maximum driving forceasv
saturated at the preload of 2.5 and 4 N, due tdirthitation
of friction force determined by pre-load and thetfonal
coefficient [4]. The maximum sliding velocity deased
slightly with an increase in preload above 4 N.aApreload
of 2.5 N, however, the sliding velocity was consadgy
lower when compared with that of higher preloadsesult
observed in other actuators [10], [13]. This lowloeity
could be because of the contact stiffness effgctNdte, as
the preload is changed the resonance frequencylss a
changed, because the contact stiffness betweedrithieg tip
and slider directly affects the resonance frequeotyhe
stator. At a low preload condition, the resonamegudency of
the bending mode was lower than that of the longital
mode. However, the resonance frequency of two modelsi
be matched at a higher preload condition, as theenstiff-
ness of the bending mode is more influenced bypte&ad
than that of the longitudinal mode [4]. For thiglrlinear
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motor, with a weight of 1.6 g, we quote a no-loatbeity of
1.25 m/s at the driving voltage of 7Q.yand a preload of 4
N.Figure 12 shows the velocity-force and mechanicaput
power characteristics of both directions at a @elof 10 N.
Under this preload condition, a maximum drivingogiy of
1.12 m/s and a maximum driving force of 3.4 N were
achieved. The maximum mechanical output power b\¥.
was obtained at the force of 1.63 N and the velamit0.68
m/s. The mechanical output power per unit weighs %88
W/kg. The mechanical output power per unit weighthe
motor in this study is roughly 10 times larger thtae ce-
ramic motor byNanomotion(model HR1, stator size of 3 x
7.5 x 29 mm)

In this study, a higher motor performance than jore mo-
tors was achieved by adopting titanium (Ti64) as skator
material. Titanium has a lower density and a highamsfer
efficiency of ultrasonic vibration energy than PZid phos-
phor bronze. In addition, by using the double dwyvitips
attached to the position of both the highest bepdind lon-
gitudinal displacement position, the maximum mopaar-
formance is increased as the driving force of thmomis
transferred to the slider two times per cycle dfration.
Moreover, the bending vibration modified by thetstruc-
ture decreased the undesirable longitudinal cogptis-
placement of the end tips so that the ellipticatiomof the
two driving tips could be properly operated.
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Figure 11. Load characteristics of the motor at 7@ \anc
143.3 kHz.
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Figure 12. Load characteristics of the motor at the prelo:
10N, 70 b, and 143.3 kHz.
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CONCLUSION 12. K. Nakamura, M. Kurosawa, H. Kurebayashi, and S.
Ueha, “An estimation of load characteristics ofudtna-

A novel ultrasonic micro linear motor that uses 1isé longi- sonic motor by measuring transient responsedsEE

tudinal and the 2nd bending modes, derived fronaratype Trans. Ultrason., Ferroelect.,Freq. Contwol. 38, no.

stator with rectangular slot cut through the std¢migth was 5, pp. 481-485, 1991.

proposed, designed and tested. The slot-structiags @n 13. J. Friend, J. Satonobu, K. Nakamura, S. Ueha, ar8l. D

important role in the motor design, which can bedusot Stutts, “A single-element tuning fork piezoeleciiiear

only to tune the two vibration modes to the sansmance actuator,” IEEE Trans. Ultrason., Ferroelect., Freq.

frequency but also to decrease the undesirableitimfigal Contr, vol. 50, no. 2, pp. 179-186, 2003.

coupling displacement due to the bending vibratibthe end
of a stator. By using finite element analysis, ¢ipgimal slot
dimension in order to improve the motion for thévithg tips

was determined. The trial linear motor, with a virigf 1.6

g, was given a peak no-load velocity of 1.25 m/sdél the
preload of 10 N, the maximum driving velocity ofLl2.m/s
and the maximum driving force of 3.4 N were achéevEhe

maximum mechanical output power of 1.1 W was oletdiat
the force of 1.63 N and the velocity of 0.68 m/keTnechan-
ical output power per unit weight was 688 W/kg, ethvalue
offers the potential abilities for microrobotics darbio-

medical applications.
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