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Functional lubrication has been shown to be a promising method for improving the performance of
ultrasonic motors (USMs). However, the complex lubrication mechanisms have not been studied and the
effect of lubricant properties on motor performance remains unknown. In this paper, both low-traction
fluids and high-traction fluids with a wide viscosity range are applied, and the lubricating effects are
investigated in hybrid transducer-type ultrasonic motors. The results clearly show that high-traction
fluids have significant superiority to low-traction fluids in terms of motor efficiency and reduction of
friction loss at the entire range of the applied preload. A high friction coefficient in boundary lubrication
regime and efficient modulation in friction are confirmed to be essential for achieving high-performance
lubricated USM:s. It is also found that the motor performance is independent of lubricant viscosities in
the tested range, irrespective of lubricant types. The reasons for the distinct lubricating effects with the
two types of lubricants are analyzed in detail, which leads to the criteria of selecting lubricants and more
understanding in the lubrication mechanisms in USMs.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic motors (USMs) possess several unique features, e.g.
high torque at low speed, high power density, precise positioning
capability without using gear systems, etc., that electromagnetic
motors generally do not have [1,2]. Owing to these attractive fea-
tures, USMs have been expected to have wide markets since their
infancy. However, in spite of the successful application in cam-
eras, USMs have not been considerably utilized as the actuators
in other mechanical systems. Their inherently low efficiency and
short lifetime are always the major obstacles, and contemporary
commercial USMs are solely used for the actuation tasks where
neither high-efficiency nor long-time operation is required.

The inherent problems of USMs are mainly caused by their
friction drive mechanism. In most of the USMs, the alternating
vibrations in both tangential (driving) and vertical (loading) direc-
tions exist. The vertical vibration varies the loading force and hence
the friction force between the rotor and the stator is instanta-
neously changed, corresponding to the sinusoidal tangential force.
Consequently, both positive (when the velocity of the stator is
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higher than that of the rotor) and negative friction forces exist dur-
ing the motor operation, and the positive friction force in one period
of vibration should always be larger than the negative friction force.
Friction loss is generated by the slip between the rotor and the sta-
tor, and large slip appears when negative friction force is present,
which should ideally be minimized in order to achieve high motor
efficiency. Though numerous attempts have been made to enhance
the motor efficiency by designing ideal contact and vibration con-
ditions [3-10], by applying the friction materials with desirable
tribological performance [11,12], or by optimizing drive and con-
trol schemes|[13-15], these methods are still based on friction drive
mechanism and cannot effectively reduce the friction loss without
sacrificing output torque. Several types of non-contact USMs, of
which the rotor does not contact with the stator, have been devel-
oped to eliminate the friction loss [16-20]. However, the output
torque of non-contact USMs is greatly lower than that of contact-
type USMs, significantly limiting their applications.

In order to tackle the inherent problems in USMs, the authors
proposed a novel driving mechanism, i.e. using lubrication at the
contact interface, which had not been considered to be applicable
to friction drive USMs. Lubricants can work in different lubri-
cation regimes according to the contact conditions, which was
described by the well-known Stribeck curve [21]. The presence of
low lubricant viscosity, low relative velocity between the two con-
tact surfaces, or high load leads to boundary lubrication regime,
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Fig. 1. (a) Sketch and dimension of the HTUSM used in experiments. (b) Illustration of boundary lubrication regime in HTUSM where low relative velocity between the rotor
and the stator and high loading force are present. (c) Illustration of mixed (or hydrodynamic) lubrication regime in HTUSM where high relative velocity between the rotor

and the stator and low loading force are present.

which usually provides a high friction coefficient. In contrast, the
friction coefficient can be significantly reduced in hydrodynamic
lubrication regime, which is achieved by high lubricant viscosity,
high relative velocity, or low load. Mixed lubrication regime falls in
between boundary and hydrodynamic lubrication regimes, which
is also able to reduce the friction coefficient to some extent. In
USMs, both low relative velocity between the rotor and the stator
and high load can be obtained in the driving stage (the velocity of
the stator is higher than that of the rotor), corresponding to bound-
ary lubrication regime; while mixed or hydrodynamic lubrication
regime can be achieved when the rotor moves in an opposite direc-
tion to the stator, where high relative velocity and low load are
present. Based on this lubrication mechanism, friction coefficient
can be varied to reduce the friction loss without losing the driv-
ing force. This novel driving mechanism has been proven to be
effective in our early studies in hybrid transducer-type ultrasonic
motors (HTUSMs), where both motor efficiency and torque were
drastically improved with lubrication [22,23].

Lubricant is always the key element in the machineries that
require lubrication. In lubricated USMs, the ideal lubricant should
be able to vary lubrication regimes corresponding to the alternating
vibrations of the motor, in order to reduce friction loss and obtain
high output force. Though drastic improvement in motor perfor-
mance has been observed in the previous studies, the knowledge
regarding the role of lubricant properties is still lacking due to the
poor understanding of the complex lubrication mechanisms, which
is an obstacle to establish criteria for the selection of lubricants for
USMs.

In this paper, we investigate the lubricating effects of both
low-traction and high-traction fluids with various viscosities in
an HTUSM. After presenting a method to calculate the friction
loss in HTUSM using an equivalent circuit, we experimentally
demonstrate how the friction loss and motor efficiency vary using
low-traction and high-traction fluids under different preloads.
Then, the dependence of the mechanical characteristics of HTUSM,
i.e. efficiency, torque, and no-load speed, on lubricant viscosity
is studied. Finally, the significance of high friction coefficient in
boundary lubrication regime and efficient modulation of friction
according to the Stribeck curve is confirmed, and the criteria for
selecting lubricants for USMs are established.

2. Materials and methods
2.1. Motor materials and structure
A Langevin transducer (diameter ¢ =25 mm, height h=40 mm)

comprising of both torsional lead zirconate titanate (PZT) disks
(outer diameter ¢, =25mm, inner diameter ¢;=12mm, thick-

ness d =4 mm) and longitudinal PZT disks (¢, =25 mm, ¢; = 12 mm,
d=1mm) was used as the stator of HTUSM, as shown in Fig. 1. A
rotor (¢ =29 mm) was pressed to the stator by a coil spring, and the
preload was adjusted by varying the pressing force applied to the
spring. The rotors with different heights were fabricated in order
to match the resonance frequencies of longitudinal and torsional
vibrations under different preloads. Lubricant was placed on top of
the stator before applying preload, and the surfaces of the friction
materials were completely wetted by the lubricant.

Alumina (Al,03, 99.5%) and zirconia (ZrO,, 94.0%) were chosen
as the friction materials and bonded on the stator and the rotor
sides, owing to their excellent tribological performance in lubri-
cated USMs [24]. The average roughness of Al; 03 and ZrO; surfaces
were 0.12 and 0.27 pm, respectively. According to our previous
study, the surface roughness and morphology of both materials are
not significantly changed during the operation of lubricated USMs
[24], which is important to conduct a fair comparison using differ-
ent lubricants. The dimensions of the friction materials followed
our previous design described in Ref. [22].

2.2. Lubricants

Both low-traction and high-traction fluids with various viscosi-
ties were prepared for this study. All the properties of lubricants
are shown in Table 1. High-traction fluid is a category of lubricants
that transmits shear force in elastohydrodynamic lubrication (EHL)
regime. Therefore, they typically possess high traction coefficients
which enable efficient power transmission in traction drive systems
(e.g. continuously variable transmission). In contrast, low-traction
fluids cannot efficiently transmit shear force in EHL regime due to
their low traction coefficients, and hence are not used for traction
drive. Though EHL regime is unlikely to occur in USMs due to the
conformal contact and relatively low contact pressure (<0.1 GPa),
these two types of lubricants were selected because of their distinct
properties.

For each type of lubricant, three viscosity grades (VG) were
selected, i.e. VG 100, VG 220, and VG 460. According to the viscosi-
ties at 40°C and 100 °C as well as the viscosity index, the viscosities
at 20°C (the temperature at which the experiments were con-
ducted) were calculated, and both types of lubricants cover a wide
viscosity range. Zinc dialkyldithiophosphate (ZDDP) was the only
additive used in the lubricants, since the lubricating effect might
be very complex if more additives were applied. ZDDP is a com-
mon antiwear additive which reduces wear at moderate loads and
temperatures. Though the working mechanisms of ZDDP in metal
contact and ceramic contact are different, a reduction in friction and
wear in ceramic contact (including Al,03 and ZrO, ) has been found
[25]. In this experiment, preventing wear is essential because the
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Table 1
Properties of lubricants.

Low-traction fluid Low-traction fluid

Low-traction fluid

High-traction fluid High-traction fluid High-traction fluid

(VG 100) (VG 220) (VG 460) (VG 100) (VG 220) (VG 460)
Base oil Polyalphaolefin Polyalphaolefin Polyalphaolefin Synthetic Synthetic Synthetic
naphthene naphthene naphthene
Additives ZDDP ZDDP ZDDP ZDDP ZDDP ZDDP
Viscosity at 40°C 104.0 214.5 474.0 100.6 2293 421.5
(cSt)
Viscosity at 100°C 15.6 25.7 46.5 83 11.8 15.1
(cSt)
Viscosity at 20°C 279.5 646.7 1561.4 446.7 1421.7 3358.1
(cSt)
Viscosity index 160 152 155 16 -37 -81
Density at 20 °C 833.8 841.1 847.3 974.5 979.4 980.7
(kg/m?)
i Irn ¢, I Table 2 ) o
—> TN —AA Parameters used for calculating friction loss.
Qq iQR Torque factor A, 0.00445 Nm/V
Free admittance Yo 2.75mS
Torsional resonance frequency fro 19.7 kHz
@ R, % C,—_ A |7 TI ? GD Clamped capacitance Cg 2.28 nF
Dielectric loss Rq 697 k2
Contact radius r 10.75 mm

U,= U,cosnt

Fig. 2. Equivalent circuit of HTUSM for calculating friction loss.

effect of lubricants would become unclear, if the contamination of
the lubricants occurs due to the formation of wear debris. In addi-
tion, from the perspective of motor lifetime, the lubricants which
cannot prevent the wear of friction materials should not be selected
for USMs. Therefore, ZDDP was added to the lubricants, since the
effectiveness of ZDDP in preventing wear in lubricated USMs has
been confirmed [24].

2.3. Equivalent circuit model for calculating friction loss

USMs typically consist of three types of energy loss, i.e. dielec-
tric loss, vibration loss, and friction loss. The purpose of applying
lubricant to USMs is to reduce the friction loss. It is therefore impor-
tant to compare not only the motor characteristics but also the
friction loss when different lubricants are present. We employ an
equivalent circuit model which represents the torque transmis-
sion mechanism of the torsional vibrator, as shown in Fig. 2. The
left arm represents the electrical terminal of the torsional vibrator,
where Ry and Cy are the dielectric loss and clamped capacitance of
torsional PZT disks while iy, is the motional current. The applied
voltage to the torsional vibrator Ut = Upcoswt, where Uy and w indi-
cate the voltage amplitude and the angular frequency, respectively.
The right arm represents the mechanical terminal of the torsional
vibrator, where Iy, ¢m, and rp are equivalent to the moment of
inertia, the reciprocal of the torsion coefficient, and the rotational
friction (vibration loss) of the torsional vibrator, while £2r, §2g, and
T( are the angular vibration velocity, the motor rotational speed,
and the open-circuited torque, respectively. The electrical and the
mechanical terminals are connected by the torque factor A;:

{im:AT.QT, 0

70 = A Ur.

The output torque t is transmitted by friction force, and hence the
friction loss can be calculated by subtracting the dielectric loss, the
vibration loss, and the output power from the input power to the
torsional transducer. It should be noted that the friction charac-
teristics are represented by a question mark box. In dry contact,

the friction coefficient w is typically assumed to be a constant
in numerical simulation, hence the friction characteristics can be
represented by a twin Zener diode, as described in Refs. [26,27].
However, when lubricant is present, u is no longer a constant
but varies based on the Stribeck curve. In this case, an equivalent
electronic component which can represent the complex friction
characteristics is difficult to find, and a question mark box is there-
fore used in the equivalent circuit. It also indicates that an accurate
model for lubricated USMs remains challenging [22], and thus only
experimental investigations are performed here. Since in this study
we mainly discuss the friction loss, the efficiency defined in this
paper is the transduction efficiency of the HTUSM, which is the
ratio of the motor output power to the input electrical power of
the torsional vibrator (longitudinal vibration does not contribute
to the torque transmission). All the parameters used for calculating
friction loss are summarized in Table 2.

2.4. Experimental setup and methods

Fig. 3 illustrates the schematic diagram of the experimental
setup. The signal to drive the torsional vibrator was generated from
a function generator and subsequently amplified using an amplifier
and a transformer. The longitudinal vibrator was driven by the sig-
nal from the same function generator, but a phase difference was
set using a phase shifter before the signal was amplified. £2r was
measured using an in-plane laser Doppler vibrometer (IPV-100,
Polytec Gmbh, Waldbronn, Germany), while £2g was measured by
both a high-speed digital camera (M3, Integrated Design Tools, Inc.,
Tallahassee, USA) and a rotary encoder (Canon Inc., Tokyo, Japan).
Different weights were employed to obtain the load characteris-
tics of the motor. The electrical power to the torsional vibrator was
calculated from the definition of the effective power with the volt-
age and current waveforms, and also verified using a digital power
meter (Power HIiTESTER 3332, Hioki, Ueda, Japan).

The applied voltage to the longitudinal PZT disks was fixed
at 61 Vs for all the measurements, in order to avoid the effect
of longitudinal vibration on motor transduction efficiency. Under
different preloads, the maximum motor efficiency is achieved
at different Uy. In general, the maximum efficiency under low
preloads is obtained at low Uy, while high Uy is required to achieve
maximum efficiency under high preloads. The details regarding this
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Fig. 3. Schematic diagram of the experimental setup.
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Fig. 4. The percentage of different contributions of power consumption in lubricated HTUSMs using (a) low-traction fluid (VG 100) and (b) high-traction fluid (VG 100) under

different preloads.

phenomenon have been discussed in our previous studies [22,26].
In the present work, Uy was tuned to find the maximum efficiency
under each preload (the optimal Uy values for the same type of
lubricant with different viscosities under the same preload had
little variation (maximum 3.2%), but the optimal Uy values for high-
traction fluids were higher (from 27.4% to 73.7% under different
preloads) than that for low-traction fluids). The Uy values used
in the experiments ranged from 13.44 to 147.81 Vs, correspond-
ing to a preload range from 171 to 682 N. The no-load speed and
maximum torque under each preload were measured with Up, at
which maximum efficiency can be achieved. The maximum torque
under different conditions was calculated from the weights that
just stopped the motor. All the experiments were conducted at
room temperature (20 °C); for each measurement, the motor was
operated for a short time (less than 10s) to avoid the temperature
rise. Thus, the viscosities of the lubricants were not significantly
varied during each measurement. Prior to changing the lubricant,
the surfaces of the friction materials were cleaned with toluene
for 15 min, followed by another 15-min cleaning with isopropanol,
both in an ultrasonic cleaner, in order to avoid any residuals of the
previously tested lubricants. All the measurements were performed
five times under each condition in order to improve the statistics.

3. Results

Different contributions of power consumption in lubricated
HTUSMs under various preloads using both low-traction and high-
traction fluids with a viscosity grade of 100 are illustrated in Fig. 4.
The dielectric loss of the torsional PZT disks only consumed very
limited amount of the input power (~1%) under all preloads for
both types of lubricants. The percentage of vibration loss was rel-

atively high under low preloads, but decreased with the preload
increasing and became saturated under high preloads. When low-
traction fluid was applied, the percentage of vibration loss was
higher than that using high-traction fluid, and the difference under
low preloads was rather distinct. More significant difference was
found for the two types of lubricants in the percentage of friction
loss and motor efficiency. It is clearly shown that friction loss is the
dominant loss in HTUSMs, particularly under high preloads. The
percentage of friction loss using low-traction fluid was higher than
that lubricated by high-traction fluid at the whole preload range,
resulting in lower motor efficiency.

The dependencies of the motor efficiency and the percentage
of friction loss on static preload with all lubricant viscosities are
shown in Figs. 5 and 6 . Surprisingly, the motor efficiency and
the percentage of friction loss did not show any viscosity depen-
dence, resulting in similar efficiency and percentage of friction loss
under all applied preloads. With low-traction fluids, the motor
efficiency initially increased with the preload increasing, then sat-
urated under moderate preloads but finally decreased under high
preloads. Correspondingly, the percentage of friction loss showed a
general trend of increasing, while it increased more rapidly under
high preloads than that under low preloads. In contrast, when high-
traction fluids were applied, the motor efficiency increased with the
preload increasing, and was maintained at high values (>53%). In
terms of the percentage of friction loss, it initially decreased until
it reached the lowest value, and then was kept at relatively low
values (<37%) under high preloads.

The maximum torque and no-load speed using different lubri-
cants were also examined, as illustrated in Figs. 7 and 8 . It should be
noted that the maximum torque and no-load speed were measured
with the applied voltages to the torsional vibrator Uy, at which the
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Fig. 5. Motor efficiency as a function of static preload using (a) low-traction fluids and (b) high-traction fluids with different viscosities. The upper figures show the data
plots in a large scale for y-axis (from 0 to 100%), while the lower figures plot the same data as the upper ones, but in a small scale for y-axis in order to show the standard

errors clearly.

(@) 100 ' (b) 100 : : .
§ VG 100 § VG 100
i VG 220 i VG 220
80} ! VG 460 y 80} ¢ VG 460 J
0
= § o9 ® c
S 4of ' 1 -§40‘ R Y 1
5 z o C e
- =
= 20+ 1 "qo: 20+ 1
5 2
E o ' ' ' £ 0
o 60 T T T 7 8 45 ! ; ;
o i i 5 i !
[ s (] L]
& $ o _ 8 i §
501 REEE ¥ VG 100]{ 357 vG 100 ; ity ]
s @ ¢ } VG 220 ' VG220
¢+ VG 460 + VG 460
40 : : : 25 : : :
0 200 400 600 800 0 200 400 600 800

Preload (N)

Preload (N)
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standard errors clearly.

highest motor efficiency was obtained under different preloads.
Therefore, the results in Fig. 7 are not the absolute maximum torque
of motor under each preload, which should be even larger with a
higher Uy value [23,26]. Since the Uy values for the same type of
lubricant with different viscosities were rather close but varied for
different types of lubricants, the comparison was only conducted
for the same type of lubricant. The maximum torque using both
types of lubricants showed an increasing trend at the entire preload
range. The no-load speed with high-traction fluids increased with
the preload increasing, while with low-traction fluids, the no-load
speed initially increased until it became saturated when the preload
was higher than 500 N. Again, the maximum torque and no-load
speed did not show any viscosity dependence under all preloads,

which is the same with motor efficiency and percentage of friction
loss.

4. Discussion

High-traction fluids showed significant superiority to low-
traction fluids in terms of motor efficiency and reduction in friction
loss. In order to understand the distinct lubricating effects, the
friction coefficients under two different conditions were mea-
sured. Owing to the difficulties in measuring instantaneous friction
coefficients during motor operation, the friction coefficient was
estimated from the falling curve right after switching off the input
power to the HTUSM, which shows the friction between the rotor
and the stator without ultrasonic vibration [11,24]. The retarding
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torque of USMs Ty (the torque without ultrasonic vibration) can be
expressed as

(2)

Here, ] and t; are the moment of inertia of the rotor and the fall
time. £2g1 and £2g, represent the highest and the lowest rotational
speeds within ;. Tg can also be obtained from

Tr = ,LLFT, (3)

where F, and r represent the preload and the contact radius, respec-
tively. Combining Egs. (2) and (3), i can be calculated as

_ J(82R1 — §2ro)
w= T (4)

In lubricated condition, u is dependent on the relative velocity of
the sliding surfaces. Therefore, the obtained w value is the average
value within t;. The w values measured under condition (a) in Table
Il was chosen to indicate the friction coefficients in the stage where
the reverse torque occurs (2t < £2g), while the pvalues measured
under condition (b) indicates the driving stage (21 > §2g). Here, P
represents the apparent contact pressure under F (P=F/A, where A

is the contact area), and V is the average sliding velocity within t;,
which is calculated as

tl / Qgrdt. (5)
f t

Under condition (a), the motor stopped from £2;=18.6 rad/s to
£25=13.95rad/s, resulting in a V value of approximately 175 mm/s;
under condition (b), the motor stopped from §2; =4.65 rad/s to
£2, =0, resulting in a V value of approximately 25 mm/s. Owing to
low P and high V, condition (a) should be able to represent mixed
lubrication regime; while boundary lubrication regime is repre-
sented by condition (b) because of high Pand low V. Hydrodynamic
lubrication is extremely difficult to achieve in HTUSMs due to the
parallel contact surfaces (the lifting pressure is hard to build with-
out a converging entry for the lubricant entrainment), unless the
rotor and the stator are detached due to the longitudinal vibration.
Under high F, the contact duration is 277 so that the rotor and the sta-
tor are always in contact; under low F, the contact duration might
be smaller than 27, but the period for detachment in one period
of vibration should be very limited due to the weak longitudinal
vibration. All the measurements were performed five times under
each condition, and individual measurement consumed less than 5
s, which prevented the temperature rise. The average values of u
and their standard errors are summarized in Table 3.

1%
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Friction coefficients using different lubricants measured under conditions (a) and (b).

189

Low-traction fluid

Low-traction fluid

Low-traction fluid

High-traction fluid High-traction fluid High-traction fluid

(VG 100) (VG 220) (VG 460) (VG 100) (VG 220) (VG 460)
(@) F=57N,P=6MPa, V = 175mm/s  0.014+0.001 0.017 +£0.002 0.026 £0.002 0.043 £0.003 0.062 +0.003 0.087 £0.003
(b) F=682N, P=76 MPa, V = 25mm/s 0.067 = 0.003 0.079+0.003 0.082 +0.004 0.103 +0.004 0.121 +£0.005 0.144 +0.005

For both types of lubricants, it showed viscosity dependence
at each condition, giving higher i when the viscosity was higher.
The big difference in i between the two conditions at each vis-
cosity proved that u is indeed able to be greatly varied during
motor operation owing to the presence of lubricant. The u val-
ues using high-traction fluids were considerably higher than those
using low-traction fluids in condition (b) at the entire range of
tested viscosities, though they were also higher in condition (a).
The high u values of high-traction fluids in boundary lubrication
regime is believed to be the most significant reason for the higher
motor efficiency than that using low-traction fluids. As expected,
it is essential to possess high w in the driving stage of lubricated
USMs through boundary lubrication; otherwise the driving force
would be significantly lowered, leading to low motor efficiency,
which is the case using low-traction fluids. Though it is also impor-
tant to achieve low p in mixed lubrication regime in order to reduce
the reverse torque, the higher efficiency with high-traction fluids
shows that a high u value in boundary lubrication regime is a more
dominant factor for achieving high-performance lubricated USMs,
if the range of variation in u is comparable among different types
of lubricants. The p values in boundary lubrication regime using
high-traction fluids are even comparable with the p values in USMs
using some of the pairs of friction materials in dry contact [11].
However, using high-traction fluids, the u values in mixed lubri-
cation regime (when the velocity of the stator is opposite to that
of the rotor) are considerably lower than those in boundary lubri-
cation regime, which is not possible in dry contact. This fact leads
to efficient modulation of friction force in lubricated USMs, since
both 1 and F are lowered when negative friction force is present,
while typically only Fis reduced in dry contact. In addition, the high
average u values in one period of vibration using high-traction flu-
ids also lower 21 [20,23], which decreases the vibration loss (see
Fig. 4).

We take the results obtained from low-traction and high-
traction fluids with a viscosity grade of 100 as an example to

illustrate how the friction loss varied under different conditions.
The friction loss P can be calculated as [3,28]

t
Pe= < / FOl(6) ~ (O] dr. (6)
0
Here, f, vs, and v; (all time-dependent) are the tangential force
between the rotor and the stator and the tangential velocities of
the stator and the rotor, respectively, where fis mainly determined
by the friction force. The slip velocity Avin one period of vibration
T is calculated as
1 (7
Av= T / lus(t) — ve(8)] dt. (7)
0

The measured input power Pj,, Pr, and Av using low-traction
and high-traction fluids (VG 100) under different F are shown in
Fig. 9. All the three parameters exhibited increasing trends when
F increased, irrespective of lubricant types, resulting from the
increasing Uy values when F became higher. Under most of the
applied F, the P;, values using high-traction fluid were higher than
that using low-traction fluid. Despite low P;,, using low-traction
fluid, Pr was always higher than that using high-traction fluid
except under very low F, corresponding to larger Av and lower
efficiency (see Fig. 5). The low efficiency using low-traction fluid is
mainly caused by high Pr and low output power. Large Av is one
important reason to induce high P, as analyzed in Ref. [13], while
low output power is attributed to the low wn values in boundary
lubrication regime. The smallerAv using high-traction fluid than
that using low-traction fluid was mainly due to its higher average
W, resulting in less Pg especially under high F. Less Pr and vibration
loss with high-traction fluids led to much higher efficiency than
that using low-traction fluids. Again, the large output power and
high efficiency using high-traction fluids under high F is a strong
evidence that the friction modulation is efficient with this type of
lubricant, which is not possible in dry contact owing to the weak
longitudinal vibration under high Fand similar x4 when postive and
negative friction forces are present.
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Fig. 9. (a) Input power Py,, (b) friction loss P, and (c) slip velocity Av in one period of vibration T as functions of static preload using low-traction and high-traction fluids
(VG 100). All the values were measured when the highest efficiency was achieved under each preload.
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Somewhat counter intuitively, all the mechanical characteristics
of motor were very close when different viscosities of lubricants
were applied (see Figs. 5-8), though the w values in boundary and
mixed lubrication regimes were different. It indicates that hydro-
dynamic lubrication did not play a significant role even under low F,
otherwise the motor characteristics should be quite distinct when
the lubricants with different viscosities were used (the drag force
in hydrodynamic lubrication regime is larger with high-viscosity
lubricant than that using low-viscosity lubricant, which would
induce higher Pg). It also indicates that the average friction force
and slip in one T are fairly close with different viscosities. To inves-
tigate this, the measurements of the instantaneous u values during
motor operation have to be performed, which is extremely diffi-
cult with the existing techniques. At the present time, however, we
think it is a good hypothesis that the variation of w in one T using
the two types of lubricants tested here with different viscosities
leads to similar average friction force and slip. The independence of
the motor performance on lubricant viscosity also illustrates that
the viscosity variation of the lubricants at a relatively wide tem-
perature range in continuous motor operation will not affect the
characteristics of lubricated USMs.

5. Conclusion

In this paper, we experimentally examined the lubricating
effects of both low-traction and high-traction fluids with a wide
range of viscosity in HTUSM. The results clearly show that high-
traction fluids have significant superiority to low-traction fluids
in terms of motor efficiency and reduction of friction loss at the
entire range of the applied preload. It is also found that the motor
performance is independent of lubricant viscosities in the tested
range, irrespective of lubricant types. The experimental results
were qualitatively analyzed in detail, indicating that hydrodynamic
lubrication can hardly be achieved in lubricated USMs, and the
motor mainly operated in boundary and mixed lubrication regimes.
Low-traction fluids showed low friction coefficient 1 in boundary
lubrication regime and large slip, resulting in high friction loss and
low motor efficiency. In contrast, using high-traction fluids, the
friction modulation remained efficient even under high preloads
in addition to high p in boundary lubrication regime and the slip
between the rotor and the stator was small, leading to low fric-
tion loss and high efficiency. This study confirmed that high u in
boundary lubrication regime and the efficient modulation of the
friction force are essential for achieving high-performance lubri-
cated USMs, which should be the criteria for selecting lubricants
for USMs. Since it may be difficult to increase u in boundary lubri-
cation regime for high-traction lubricants due to the potential
severe wear, further improvement in motor performance can still
be expected if the i value in mixed lubrication regime is reduced.
The results obtained in this work also provide a step forward in
understanding the complex lubrication mechanisms in USMs.
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