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1. Introduction

For a long time, there have been great expectations
regarding the successful application of toroidal CVT to
automobiles. To this end, many such studies have been
made. There are two types of the toroidal CVT concept:
half-toroidal CVT and full-toroidal CVT. 

The contrivance stated in U.S. patent 197 472, the
earliest literature on toroidal CVTs, relates to the full-
toroidal CVT. Because of their simple construction, full-
toroidal CVTs were first used in automobiles during the
early 1900s, and those equipped with a full-toroidal CVT
were called friction drive cars. But, as indicated by this
popular name, the full-toroidal CVT of those days featured
direct metal-to-metal contact, which lead to low
endurance. Frequent part replacement was unavoidable
and burdensome. As a result, it was no longer seen after
about 1915.1) In the 1920s, General Motors started
development of a traction drive lubricated with oil. This
was later called a Toric transmission, and General Motors
decided to start its production in 1932, but it never
appeared in the market. The reason was not made known,
but there is a view that the endurance of the traction
transmission might not have been sufficient for
automobiles. In the 1950s, Perbury Engineering took the
full-toroidal CVT up anew and tested its prototypes on
small vehicles. This concept has also been studied by
Fellows & Greenwood et al,2) but it has not yet been
practically applied to automobiles.

The half-toroidal CVT, on the other hand, also has a long
history, and its prototype embodiment was shown in the
Jacob’s patent in 1932. The Arter Drive, used in general
industrial machines in Switzerland during the 1950s, is a
half-toroidal CVT. In the 1960s, C.E. Kraus, while working
for Curtis-Wright, developed a half-toroidal CVT for
military vehicle applications. Kraus reported that the half-
toroidal CVT was able to reduce spin loss in the traction
power transmission, and that it could be applicable to
automobiles. He contrived a hydraulic system capable of
evenly distributing the tangential force of power rollers,
and a system capable of performing stable speed changes
by mechanically feeding back the tilting rotation of the
power rollers. He also experimented with the performance
of such systems on small cars.3) NSK started studying the

half-toroidal CVT in 1978, conducted tests of its
prototypes, and completed a half-toroidal CVT—the
POWERTOROS unit—by using unique materials and
technologies, which were accumulated through the
development of rolling bearings.4) In November 1999, the
POWERTOROS units were installed in Nissan’s CEDRIC
and GLORIA vehicles. Ahead of worldwide competitors,
vehicles with a traction-drive type CVT have made an
appearance for practical use, with the half-toroidal CVT
winning the race with the full-toroidal CVT for practical
application.

2. Features of a Half- and Full-Toroidal
CVT

In a half-toroidal CVT, the tilting rotation center of the
power rollers for transmitting power between the input
and output disks is outside the center of the cavity
between the disks. The cone angle, 2θ0 , formed by the
lines connecting the traction power transmission points
and the center of skewing rotation is 100°~140°. In a full-
toroidal CVT, the tilting rotation center of the power
rollers coincides with the center of the cavity between the
disks and the angle, 2θ0, is 180°. Many characteristic
differences come out of this basic difference, but half-
toroidal and full-toroidal CVTs have rarely been studied
comprehensively. The half-toroidal CVT is given a cone
angle for the purpose of minimizing spin loss in the
traction power transmission zone. As a result, axial loads
are generated on the power rollers, and bearings need to
be added to support the axial loads. In a full-toroidal CVT,
spin occurs significantly, as much as 7 times that in a half-
toroidal CVT, but large-capacity bearings are not needed
because no axial load is generated. As a means to produce
the loading force that is necessary for traction drive, a
loading cam is used for the half-toroidal CVT, and a
hydraulic piston for the full-toroidal CVT.

This paper details our study made to compare the
loading force generating mechanisms which are most
important for the traction power transmission, as well as
the effects of differences in the cone angle on the traction
performance, between the half-toroidal and the full-
toroidal CVTs.

Development of POWERTOROS Unit
Half-Toroidal CVT (2)
Comparison between Half-Toroidal and Full-Toroidal CVTs
Takashi Imanishi and Hishashi Machida
Research and Development Center

ABSTRACT
There are two types of the toroidal CVT concept: a half-toroidal CVT and a full-toroidal CVT. A comparison of the following

characteristics is presented in this paper: spin in the traction contact interface and axial loading force for EHL traction drives.
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3. Basic Structures of Toroidal CVTs

A half-toroidal CVT and a full-toroidal CVT are
illustratively shown in Fig. 1, and their basic structures in
Fig. 2. The speed reduction ratio is

i = . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(1)

where, 
r1 = r0 (1 + k – cosφ) . . . . . . . . . . . . . . . . . . . . . . . . . . .(2)

r3 = r0 {1 + k – cos(2 θ0 – φ)} . . . . . . . . . . . . . . . . . . . . .(3) 

k = = –1. . . . . . . . . . . . . . . . . . . . . . . . . . . (4)D
2r0

e 0
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Power roller
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Fig. 1  Half-toroidal CVT and full-toroidal CVT

Fig. 2  Basic structures of the toroidal CVT
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φ is the tilting rotation angle of the power roller. When
θ0 = 90°, the CVT is full-toroidal.

4. Loading Force Generating
Mechanism in Toroidal CVT

4.1 Necessary loading force for traction drive
In a traction drive system, appropriate normal force

must be given to the power transmitting assembly to
transmit power. The loading force needed in a toroidal
CVT can be derived as follows. The input shaft torque, Tin,
that can be transmitted by a CVT is

Tin = n • r1 • Ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(5)

n, here, is the number of power rollers. For the traction
force, Ft is 

Ft = µ • Fcn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(6)

From Equations (5) and (6), the necessary loading force
Fcn at the contact point is given by 

Fcn = . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(7)

For application of the toroidal CVT to automobiles, the
loading force generating mechanism is axially attached to
the back of the input or output disk, in view of available
space for it. The force to be generated by the load-
generating mechanism in the direction of disk rotation for
the purpose of applying the loading force at the contact
point is

Fan = n • Fcn • sin φ. . . . . . . . . . . . . . . . . . . . . . . . . . . (8)   

By associating Equations (2) and (3) for simultaneous
calculation and solving for φ , we get

φ = θ0 – sin–1 . . . . . . . . . . . . . . . . . . . .(9)

At the same time, we get

k = + cos φ – 1 . . . . . . . . . . . . . . . . . . . . . . . . . .(10)

D = 2 • r0 • (1 + k) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (11)

Substituting Equation (9) in Equation (8), we get

Fan = n • Fcn • sin . . . . . . . . (12)

Now we have the necessary axial force Fan as a
function of the half-cone angle of the power rollers. We
consider here toroidal CVTs in which the radius of rotation
of the contact point at the input disk, r1, and the radius of
rotation of the contact point at the output disk, r3, are
equal when the speed change is maximum, and which
have a different θ0 as shown in Fig. 3. Since the contact
point rotation radii of these CVTs are made equal, 

their reduction ratio widths, i2 = (r3/r1)2, are equal, and
their disk outside diameters, dD = (r3 +α) × 2, are equal. 

( (r3  – r1







θ θ     0  – sin–1

2·r0·sin   0
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r 0

( (r3  – r1

θ2·r0 ·sin   0

Tin

n· ·r1

   0=50°
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2  0
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θ θ
θ

θ
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Fig. 3  Various half-cone angle of toroidal CVT
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Hence, we can estimate the effect of the half-cone
angle θ0, with both the size and the reduction ratio of the
reduction gear taken into account. Fig. 4 shows the
necessary axial force (Fan) values in the entire speed
reduction range (i = 2 to 0.5), obtained by calculation
using θ0 as a parameter. Table 1 lists the respective
structural specifications of the CVTs. It is seen that, when
the reduction ratio is maximum (i = 2), the necessary axial
force for a full toroidal CVT is more than twice that for a
half-toroidal CVT. This is due to the wedging effect owing
to the difference in value of φ in Equation (8), between full-
toroidal and half-toroidal CVTs, when the speed reduction
is maximum. Since φ is smaller in a half-toroidal CVT
than in a full-toroidal CVT at the time of deceleration,
even a small axial loading force can produce a large
contact point loading force on account of the wedge effect.
In order to clearly show the effect of the geometrical
difference upon the axial force, the calculations presented
in this paper use a constant traction coefficient. Actually,
however, considering large spin loss in the power
transmitting section of a full-toroidal CVT, and a

subsequent decrease in the traction coefficient, the
necessary axial force may be greater.
4.2 Loading force generation by loading cam

The loading force generating mechanism to apply
loading force necessary for the traction drive is available
in two types, hydraulic and mechanical. The loading cam,
which is a mechanical type, is a cam mechanism to convert
the transmission torque to axial force, and is simple in
structure and high in reliability, but cannot control the
loading force in response to reduction ratio changes
because the generated axial force is a function of the
torque only. A hydraulic type can excellently control load
commensurate with torque and reduction ratio changes
but, for application to automobiles, it requires a powerful
hydraulic pump because of dimensional limitations on the
piston, and is subject to a significant power loss. In
addition, it requires a hydraulic control system for the
loading force control. To generate the loading force,
Machida employs a loading cam for a half-toroidal CVT,4)

and Fellows a hydraulic piston for a full-toroidal CVT. On
the back of the disk, both of these CVT have a mechanism
to generate loading force in the axial direction. 

The axial load Fac generated by the loading cam is

Fac = . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(13)

in which Lc is the lead of the loading cam. The loading
force Fcc at the contact point is

Fcc = . . . . . . . . . . . . . . . . . . . . . . . . . . . .(14)

The traction coefficient µc at the contact point then is

µc = = . . . . . . . . . . . . .(15)

As seen from this equation in which  φ is contained, the
effective traction coefficient owing to the loading by the
loading cam varies with the reduction ratio. The tilting
rotation angle  φm at which the effective traction coefficient
is maximal is given by

= 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(16)

and we get

φ m = . . . . . . . . . . . . . . . . . . . . . . . .(17)

The available maximum traction coefficient µmax is
decided by the properties of the traction oil to be used.
The necessary cam lead is

Lc = . . . . . . . . . . . . . . .(18)
sin mφ

φ2π·r0·   max·(1+k–cos m)µ
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Fig. 4  Necessary axial loading force of traction drive

Table 1  Specifications of toroidal CVT
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4.3 Use of loading cam
This subsection discusses the application of a loading

cam to toroidal CVTs. In Fig. 4, the necessary axial
loading force only slightly changes when θ0= 60°, but
significantly changes when θ0 = 90°, throughout the entire
reduction ratio change range. Since the axial force
generated by a loading cam is a function of the input
torque only and is not dependent on the reduction ratio as
discussed earlier, the axial force generated by the loading
cam is in excess of the axial force which needs to be
generated on the acceleration side when θ0 = 90°. At θ0 =
60° and 90°, respectively, the necessary loading force
obtained by calculating Equation (12) is shown in Fig. 5
with a red line, and that obtained by calculating Equation
(13) with a blue line. It should be noted here, however,
that, when θ0 = 60°, the cam lead Lc necessary for the
calculation of the cam-generated force is obtainable from
Equations (17) and (18). However, when θ0 = 90°, the cam-
generated force was calculated using Lc. This was obtained
by substituting the tilting rotation angle in the maximum
reduction position into φm in Equation (18) since the φm

obtainable from Equation (17) is outside the reduction
ratio range. In a full-toroidal CVT, the excessive loading
force is high on the acceleration side. This indicates that it
is impractical to use a loading cam as a loading force
generating mechanism in a full-toroidal CVT. The
excessive loading force would shorten rolling fatigue life
and require greater strength of parts resulting in heavier
weight. For a full-toroidal CVT, where the necessary
loading force significantly varies with reduction ratio, a
hydraulic piston is suited as the loading force generating
mechanism. For a half-toroidal CVT, where the necessary
axial force is almost constant throughout the reduction
ratio range on account of its geometrical characteristics, a
loading cam is suited as the loading force generating

mechanism.

5. Effects of Spinning upon Traction
Performance

By calculation, we examined the effects of spinning in
the traction power transmissions on traction performance.
In a CVT, spinning is a gyrational sliding motion
component involved in the continuous change in the radius
of gyration at the traction contact point in the power
transmission zone and is therefore unavoidable. Spin is
transduced as loss motion, incapable of transmitting
power, into heat that increases the traction oil
temperature and decreases the traction coefficient. For
traction drives, the knowledge of possible effects of spin
upon their power transmission performance is one of the
most important matters. 

In this study, the effects of the half-cone angle θ0 of the
power rollers on the traction performance of a toroidal
CVT were examined by calculation using Tanaka’s
theory.5) Like the calculation in the discussions of the
loading force generating mechanism, the calculation here
was made on 5 variations of the toroidal CVT as shown in
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Table 2  Calculation results
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Table 2. The magnitude of the spin velocity is given by
ωsp = ω1 sin φ – ω2 cosθ0. . . . . . . . . . . . . . . . . . . . . .(19)

at the input disk contact, and 

ωsp = ω3 sin (2θ0 – φ) – ω2 cosθ0. . . . . . . . . . . . . . . .(20)

at the output disk contact.

Table 2 lists the calculation results of the spin velocity
in toroidal CVTs with a rated reduction ratio of iCVT =1 and
input number of revolutions of Nin=4 000 rpm, and with a
varied θ0 of 50° to 90°. The results show a difference up to
as large as nearly 7 times. The table also lists the
calculation results of the traction force coefficients,
obtained by considering the traction oil as an elastoplastic
fluid and by handling the effect of heating with the
concept of flash temperature. A traction oil supply
temperature of 80°C was used for the calculation. Also, for
the purpose of this calculation, the radius of curvature of
the power rollers to decide the size of an contact ellipse at
the traction contact points was assumed to be 80 % of the
radius of curvature of the disks. For traction curve
calculation, a loading force on the contacts must be set up.
Fig. 6 shows traction curve calculation results for three
variations of loading force at θ0 = 60°, which indicate that
the curves vary with the loading force Fc. Since the

transmission torque is assumed to be constant, the
traction force Ft is constant, and the effective traction
coefficient used in the power transmission is decided by
the loading force Fc as shown in Equation (6). When the
effective traction coefficient exceeds the maximum traction
coefficient, gross slipping occurs in power transmission
which disables power transmission. As seen in Fig. 6, the
rate of the operating traction coefficient to the maximum
traction coefficient varies from 70% through 80% to 90%
as the loading force varies. These rates denote margins
for gross slippage. For the purpose of this study,
we obtained maximum traction curves by convergence
calculation, using Fc as a parameter, and taking into
account a gross slip margin of 20%, which meant that the
rate of the operating traction coefficient to the maximum
traction coefficient would be 80%. Fig. 7 shows the
obtained traction curves at different θ0 angles. The higher
the θ0 , the less the initial slope due to the effect of the
heating by spin, and also the less the maximum traction
coefficient. This denotes the necessity of setting the
operating traction coefficient to a small value. Table 2
summarizes the operating traction coefficients at θ0 as well
as the rates of slippage in the power transmission zone.
Thus, we could quantitatively specify the relation between
the half-cone angle of the power rollers, θ0 , and the
traction performance.
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6. Actual Measurement of Power
Transmission Efficiency of 
Full-Toroidal CVT

For the purpose of verifying the characteristics of a full-
toroidal CVT, we built a full size full-toroidal CVT test
model. Photo 1 shows its appearance, and Table 3 its main
specifications. Fig. 8 illustrates a half-toroidal CVT used
for comparison in the experiment, and Table 4 shows its
main specifications. In consideration of their mountability
in automobiles, the outside diameter of the output and
input disks of both the full- and half-toroidal CVTs were
made equal. Fig. 9 shows power transmission efficiency
measurements as an example of the experimental results
obtained with these test CVTs. The efficiency was
measured between the input shaft and the output shaft of
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Fig. 8  Half-toroidal CVT

Photo 1  Full-toroidal CVT

Table 3  Specification of full-toroidal CVT

Table 4  Specifications of half-toroidal CVT
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the tested CVTs and includes losses in parts such as gears,
seals and support bearings, but does not include power loss
by the hydraulic pump which was externally installed for
the purpose of control, lubrication and loading force
generation. The efficiency measurement was performed at
the input running speed of 2 000 rpm, lubricating oil
supply temperature of approximately 80°C, and the
variator reduction ratio of iCVT = 1.0. In consideration also
of spin power loss, the traction coefficient was set to µ =
0.055 for the half-toroidal CVT, and  µ = 0.035 for the full-
toroidal CVT. From the half-toroidal CVT, efficiency values
of approximately 90 to 92% were obtained. From the full-
toroidal CVT with a 
type-A roller curvature, almost flat-curve values of
approximately 83 to 84% were obtained throughout the
input torque range of up to 350 N•m. The roller curvature
type A is designed to be smaller in curvature, to draw a
smaller osculating ellipse at the traction contacts, and to
have a higher surface pressure, than type B. In the CVT
with the type-B roller curvature, the maximum input
torque is smaller than that in the CVT with the type-A
roller curvature because the surface pressure at the
contacts is limited. In the experiment performed under the
same conditions, a maximum efficiency of approximately
88% was obtained from the CVT with the type-B roller
curvature. This higher efficiency of the type B than the
type A may be explained by the smaller loss from spin due
to smaller contact ellipse than the type A.
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1. Introduction

One of the key concepts relating to automobiles today is
the conservation of resources and reduction in fuel
consumption. In this realm, bearings for automobile
wheels are required to be lighter and more compact with
no less reliability. As a consequence, tapered roller
bearings and single-row deep-groove ball bearings have
been replaced by hub unit bearings (Fig. 1). At present,
third-generation hub unit bearings (Hub III) are being
utilized more extensively. 

To further reduce the weight and size of Hub III designs,
as well as improving reliability, NSK has developed a
swaged end Hub III which is described in the following
sections.

2. Structure and Features of a Hub III
with Swaging

2.1 Structure of Hub III
Fig. 1 illustrates the structure of a Hub III. Both the

outer and the inner rings are flanged for attachment to the
vehicle. The outer ring flange is fixed to the vehicle body,
and the brake assembly and the wheel are fixed to the
inner ring flange. 

Like a standard ball bearing, a Hub III is basically
comprised of outer and inner rings, balls, and cages. More
specifically, it consists of:

(1) a flanged outer ring 
(2) a flanged inner ring
(3) smaller inner ring
(4) balls
(5) ball cages 
(6) a clamp nut
Previously, there was a variation of the Hub III in which

the flanged inner ring and another inner ring were unified,
making assembly extremely difficult. Press-fitting a
second, smaller inner ring onto the larger, flanged inner
ring and fixing them with a clamp nut is currently the
accepted traditional design (Fig. 1(c)). Functions required
for this assembly include:
(1) Securely fixing the smaller inner ring with the larger,

flanged inner ring.

Development of Hub Unit Bearing 
with Swaging
Hirohide Ishida and Takeyasu Kaneko 
Bearing Technology Center

Outer ring Cage

Ball Inner ring

Flanged outer ring

Cage

Ball

Inner ring

(1) Flanged outer ring

(5) Cage

(3) Smaller inner ring

(6) A clamp nut

(4) Ball

(2) Flanged inner ring

Fig. 1  Hub unit bearings

(a) First-generation

hub unit (Hub I)

(b) Second-generation

hub unit (Hub II)

(c) Third-generation hub

unit (Hub III)
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Loosening of the smaller inner ring from the flanged 
inner ring may allow the wheel to separate from the 
car body. This separation of the inner rings must be 
prevented.

(2) Generation of axial force to securely fasten the smaller
inner ring axially:

a) prevents relative rotation (creep) between the two
inner rings,

b) provides appropriate preload to improve life, rigidity
and rotational accuracy, and

c) prevents separation at the mating contact face of the
two inner rings when an external force is applied.

2.2 Construction and features of Hub III with
swaging

In a traditional Hub III design, the two inner rings are
fastened together with a clamp nut. With swaging, axial
force plastically deforms the flanged inner ring to capture
the smaller inner ring as shown in Fig. 2. 

Elimination of the nut helps reduce the unit weight and
size, and improve reliability. The same technology is
applicable to both driven and non-driven wheels. Hub III
applications used on driven wheels maintain a nut to
provide bearing retention in combination with a CVJ as
shown in Fig. 3. Fig. 4 shows the same driven wheel
application using swaged bearing technology. Reliability is
increased with the use of swaging as the bearing itself
provides preload assurance in the event the connecting nut
becomes loosened.

CVJ

CVJ connecting nut

Smaller inner ring

Swaged edge

Flanged inner ring shaft with hub

CVJ

Swaged edge
CVJ connecting nut

Fig. 3  Hub III (current type) for driven wheel Fig. 4  Hub III with swaged edge for driven wheel

Fig. 2  Hub III with swaged edge for non-driven wheel
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3. Swaging Process and Its Features

3.1 Swaging process
The swaging process is an applied “rocking die forging.”

Fig. 5 illustrates the principle of the rocking die forging.
On the center point O of a workpiece, the axis OY of a
conical upper die, which is tilted by an angle α from the
centerline OX of the work, is turned about the OX axis.
This gives rocking motion to the upper die. The lower die
is pressed locally against the upper die, and the workpiece
is continuously formed as the upper die continues the
rocking rotation.

The NSK Hub III with swaging is an application of this
rocking die forging process. Fig. 6 illustrates how a
workpiece is seated between the upper and lower die
sections. While the tilted upper die is rotated on a bearing
assembly, pressure is applied from below to yield plastic
formation at the shaft end of the flanged inner ring until it
is securely fixed to the smaller inner ring.

3.2 Features
Conventional die forging affects the entire workpiece

through compression and plastic formation. Therefore,

a strong pressurized force is needed in working with a
large object or mass. Consequently, when applied to a
bearing, formation occurs beyond the localized area of
concentration. Moreover, under heavy pressure, balls are
pressed against the raceways possibly damaging them in
the process. By contrast, the rocking die forging (swaging)
locally forms an area using less pressure. By controlling
localized pressure, this process is well suited for bearing
assemblies.

4. Points of Development

4.1 Determination of optimum swaged edge
geometry

The geometry of the swaged edge used to fasten the
smaller inner ring affects the performance of the bearing
as described in Section 2.

Points to be considered to determine the geometry of the
swaged edge include:

� avoid concentration of residual stress 
� generate sufficient axial force, and
� prevent of cracking of the swaged edge due to excessive force. 
With these points in mind, we studied swaged edge

Rotation

Upper die

Contact area

Workpiece

X

Y

O

α

Pressure

Bearing assembly

Swaged end

Upper die
Spin sway angle

Rotation

Fig. 5  Principle of rocking die forging Fig. 6  Swaging



Motion & Control No. 10 (April 2001)  12

geometry. 
(1) Swaged edge geometry study by strength analysis

Using pilot models in an early stage of development, we
tested endurance under heavy loads. When subjected to
heavy loads, the swaged edge was formed and became
loose. Using FEM analysis, we then considered the cause
of the loose mechanical joint. This revealed a stress
concentration at the root of the swaged edge of the pilot
models (Fig. 7). We also learned that maintaining the
smooth bore surface of the smaller inner ring was critical
throughout the swaging process (Fig. 8). 
(2) Swaged edge geometry study by plastic processing

analysis 

Through plastic processing analysis we examined the
possibility of material cracking as a result of swaging.
Imparting sufficient axial force to the workpiece was also
studied. Fig. 9 shows tangential stress distribution in the
swaged edge portion during processing. As can be seen, the
swaged edge is in a compressed state and is therefore free
of cracks. Fig. 10 shows axial stress distribution after
swaging. Tensile stress is produced in the flanged inner
ring, while compressive stress is produced in the smaller
inner ring. From this, we learned that axial force is
generated by the swaging process. 

The current swaged edge geometry was determined
based on these analytical results.

Fig. 7  Old design Fig. 8  Current design

Fig. 9  Tangential stress distribution during swaging Fig. 10  Axial direction stress distribution after swaging
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Tension

Another smaller inner ring

Flanged inner ring

Compression
Compression
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4.2 Swaging conditions
Important factors in determining swaging conditions

include swage pressure and swage cycle time. Both swage
pressure and swage cycle time need to be controlled in
order to generate the appropriate axial force in order to
minimize inner ring deformation. When the pressure is
high, axial force is also high. Unfortunately, this leads to
inner ring deformation. In an experiment, it was proven
that pressure settings must be equivalent to the axial
force generated by that of the clamp nut, and also, that the
shortest possible swaging cycle time will ensure minimal
deformation of the smaller inner ring. Fig. 11 shows the
relation between the swaging cycle time and the edge
(workpiece) displacement. As seen in the figure,
displacement rises only slightly when the swage cycle is
held for a continued period. Based on this result, we set
the pressing time to a bare minimum. 

4.3 Scope of heat treatment
The flanged inner ring is locally heat-treated for

strength. The heat pattern, if allowed to affect the
workpiece area, can cause material cracking during the
swage process. For this reason, the heat zone must be
precisely controlled (Fig. 12).

5. Test Results

The swaged edge geometry, as determined by plastic
analysis (as described in the previous section), was verified
through testing. The following subsections present the test
results for strength and rigidity.

5.1 Running endurance test under heavy load
This test was performed for verification of

� fatigue strength of the swaged edge, and
� inner ring resistance to creep.
Photo 1 shows the bearing after test. There was no

evidence of failure due to insufficient strength of the
swaged edge nor creep of the inner ring. The shaft
supporting section of the tested bearing was verified to
have an endurance comparable to that of a traditional Hub
III bearing with clamp nut. 

5.2 Static strength test
This test examined the static strength of the swaged

edge. A moment load was applied until the bearing failed.
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Fig. 11  Relation between time and displacement
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Photo 1  Condition of swaged area after heavy load endurance test



Motion & Control No. 10 (April 2001)  14

The mode of failure and duration until failure were noted.
Photos 2 and 3 show the bearings after testing. Neither
the swaged bearing nor the bearing assembled with a
clamp nut failed at the fastening joint. Failure occurred in
the flanged inner ring at the corner of the mating face
with the smaller inner ring. The test input loads were
comparable between the two bearing designs. It was also
determined that the swaged edge was not the weak point
of that design.

5.3 Moment load rigidity of bearing
Bearing rigidity can affect the steering stability of a

vehicle under turning motion. In this test, a bearing was
fixed in place as shown in Fig. 13. The relative inclination
angle of the hub flange surface (A-A plane) to the outer
ring flange surface (B-B plane) was measured. The rigidity
of the bearing with a swaged edge was found to be
equivalent to that of a bearing with a clamp nut.

6. Conclusion

As documented in this report, NSK’s newly developed
Hub III bearing with a self-retained inner ring, held by
swaging, has functions equivalent to or greater than the
traditional hub unit bearing with clamp nut. It has
realized weight and size reductions while maintaining
high reliability. It meets current market needs and is
sensitive to reducing vehicle fuel consumption. 

In a market that increasingly demands conservation of
global resources, NSK will continue its efforts to develop
products satisfying those needs.

Hirohide Ishida

Takeyasu Kaneko
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Photo 2  Condition of hub unit after static strength test
(Swaged type)

Photo 3  Condition of hub unit after static strength test 
(Nut type)

Fig. 13  Measurement of rigidity
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1. Introduction

Timing belts are extensively used for driving the
camshafts of automotive engines. To achieve a higher
added value, timing belts are required to have a
maintenance-free performance capability and lower
noise levels. 

Tensioning is an intrinsic part of the timing belt drive
system and is achieved with a dedicated pulley of either a
fixed or self adjusting type. Engines using a fixed-type
tensioner are liable to suffer from tension variations
during running. These are due to:
• elongation and wear over the lifetime of the belt
• dimensional changes due to the engine block and the 

belt having different coefficients of thermal expansion.
As a result, the drive is prone to noise problems and a

shorter belt life under high tension. Lower tension can
result in belt flapping which gives rise to unwanted noise
and possible shorter life due to belt corrugation breakage.

To solve these problems auto-tensioners are used to
maintain a constant tension. It is, however, being
recognized that auto-tensioners having a hydraulic or
friction-type damping system are not free from unstable
damper characteristics and are not fully capable of
ensuring an optimum tension.

NSK has recently developed an auto-tensioner having a
multi-plate viscous damper and a capability of reducing
belt noise.

This report describes the design, functions and features
of the auto-tensioner with a unique structure.

2. Outline of NSK Auto-Tensioner for
Timing Belts

2.1 Design
Fig. 1 shows an auto-tensioner assembly and Photo 1

shows the actual product. The center of the tensioner
bearing is offset from the center of displacement and this
positional change acts to adjust the belt tension. The
tension is given by a tensile coiled spring or a twisted coil
spring. One end of the spring is attached to the adjustable
assembly and the other end to a fixed point such as the
engine block.

The multi-plate damper is located to encompass the
center of rotation and provides resistance proportional to
the speed of the sub-assembly’s movement. 

Because of this arrangement, the tensioner follows,

An Auto-Tensioner for Timing Belts
Yoshihisa Imamura 
Bearing Technology Center
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Fig. 1  Construction of NSK auto-tensioner for timing belts

Photo 1  NSK auto-tensioners for timing belts
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without resistance, the slow tensional variations such as
those due to belt elongation and temperature change. It
also, however, resists movements caused by the high-
frequency tensional variations coming from the engine.  

The multi-plate damper of this unit uses the viscous
resistance of oil contained between the inner and outer
plates which are fixed to the shaft and sleeve respectively.
This oil is a highly viscous silicone type whose viscosity
varies only slightly with temperature. The gap between
the plates is determined by the difference between outer
plate thickness and the inner plate spacer.

The damper capacity depends on the number of these
plates chosen, the set gap between the plates and the oil
viscosity.

2.2 Features
This auto-tensioner has the following features:

(1) A compact design, where the center of the tensioner
oscillation is within the bearing itself; this requires
only a small space envelope.

(2) This auto-tensioner can replace an existing tensioner
because the unit requires a simple screw attachment
and a spring locating point.

(3) Since this auto-tensioner utilizes the viscous resistance
of a fluid, it gives a large resistance to high-frequency
tensional variations and minimizes belt flapping. Also,
since it is free from sharp changes in resistance and
damper position, it can effectively control belt tension
variations even when the engine is running.

(4) Desired damper capacity is easily available by the
number of plates incorporated.

(5) Damper capacity does not significantly vary with age
or usage.

3. Functions and Characteristics

3.1 Absorbing fluctuating tension forces
Fig. 2 shows measurements of tensioner bearing

displacements under engine block temperature variations.
According to the engine block temperature rise the

tensioner bearing retracts to maintain the belt tension at a
constant level.

Belt tension variations measured at the same time are
shown in Fig. 3. These variations were directly measured
between the camshafts, with the engine being stationary.

The belt tension noticeably increases when a fixed
tensioner is used but remains at almost a constant level
with only a slight increase due to the elongation of the
tension setting spring when the unit is running.

3.2 Characteristics of multi-plate viscous damper
The damper in the tensioner bearing utilizes the viscous

resistance of a high-viscosity silicone oil contained in
between the oscillating outer plate and the fixed inner
plate. This viscous resistance is represented by a model
shown in Fig. 4. The torque T is given by:

T =

= ω . . . . . . . . . . . . . . . . . . . (1)

where ρ is the density of silicone oil, ν is the kinematic
viscosity, h is the gap between plates, r1 and r2 are inside
diameter and outside diameter of the plates, and ω is
relative angular velocity. 
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High-viscosity silicone oil, however, has a property
where its apparent viscosity is subject to reduction by
shearing and this needs to be taken into account. The
reduction in apparent viscosity is correlated with shear
rate which is determined by the relative velocity and the
gap between the plates, as shown in Fig. 5. The reduction
in apparent viscosity is, however, a temporary
phenomenon of molecular orientation caused by shearing
force and is not one caused by oil deterioration through
mechanisms such as molecular chain breakage.

Fig. 6 shows torque values obtained by calculation
(based on Equation (1)) with this reduction in apparent
viscosity in the damper taken into account, along with
those obtained by actual measurement. The measurement
was performed at the same temperature.

The damper capacity slightly disagrees with the results
of calculation in which the reduction in apparent viscosity
caused by shear rate is taken into account. Consequently,
the results should be reflected in design specifications.

3.3 Operating characteristics 
The NSK auto-tensioner follows slow tensional

variations without resistance. For high-frequency
variations in tension caused by rotational torque
variations of the camshaft and angular velocity variations
of the crankshaft, a damper is incorporated for the purpose
of suppressing its attempts to follow them, as previously
described.

Fig. 7 shows a model of the displacement (or oscilation)
amplitude. 

As seen in this figure, m is oscillation inertia, c is
viscosity reduction coefficient, k is spring constant, f is
frictional force, and F(t) is belt tension input to the
tensioner bearing. 

The belt tension in this model is expressed as:

mẍ + cẋ + kx ± f = F (t). . . . . . . . . . . . . . . . . . . . . . . . . (2)

F(t), however, is a variable load working in one direction
only. For F(t), the tensioner bearing is balanced mainly by
c and k but, since k needs to be minimized to reduce belt
tension variations to levels as low as possible, c is
dominant. 

If c is insufficient, the tensioner bearing response to
variation components of high order will cause wide
oscillations. 

Tensioner bearing movements of large amplitude are
desirable from the viewpoint of the balance of forces but
can cause high noise and belt flapping which results in
high belt tension and are therefore not desirable.

Alternatively, if c is excessively high, the assembly may
oscillate with a small amplitude but may not be able to
fully follow variations of the load and may be balanced by
belt tension at points unintended in the original design
resulting in increases in the belt tension.   

Hence, it is important to control the assembly’s
movements to within a tolerable range to prevent such
undesirable instances.

Thus, considering the foregoing discussion, it is possible
to design an auto-tensioner suited for a particular engine
specification by appropriately setting up c and kx.
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Fig. 8 shows an example of movements of an auto-
tensioner design considering the above factors and
mounted in an actual engine.

3.4 Damper characteristic for dynamic belt tension
The results of auto-tensioner tests on actual engines

indicate that noise from the timing belt originates chiefly
from the engagement of the timing belt teeth with the
pulley teeth. This noise of the teeth engagement is closely
related with the belt tension during engine operation. The
higher the belt tension operation, the larger the teeth
engagement noise. 

To minimize the timing belt noise, therefore, it is
necessary to control the belt tension to the lowest possible
level at which the belt will not flap throughout the engine
operational range. Fig. 9 shows maximum values of the
dynamic tension of a timing belt under an auto-tensioner,
as measured on an actual engine. 

As seen in this figure, the use of this design enables
control of the dynamic reaction by presetting the belt
tension to within a much narrower range than when a
fixed tensioner is used. 

Another feature of the variable damper capacity is by
selection of an appropriate number of damper plates. This
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feature enables fine adjustment of the belt tension, as well
as the tuning of the damper capacity, without requiring
alteration of the installation space previously decided in
the design and engineering process. 

Fig. 10 shows the relation between the number of sets of
the preset damper plates (the damper capacity) and the
timing belt tension, verified on actual engines.

In this case, the belt flapping and belt engagement noise
are minimal to indicate an optimum specification when

the number of sets of damper plates is 4.

3.5 Damper aging characteristic
Fig. 11 shows the evaluation results of the NSK auto-

tensioner damper aging characteristic measured on actual
vehicles in terms of distance traveled.

As is obvious from this figure, the damper capability
remains almost constant throughout operation over a long
distance, showing little degradation due to aging.
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This advantageous characteristic is due to the damper
mechanism which utilizes the shearing force of oil to
prevent direct contact of component parts and maintains
stable tension adjustment and noise restraining
capabilities over a long service period.

4. Conclusion

The foregoing sections reported the functions and
characteristics of the NSK auto-tensioner having a multi-
plate viscous damper for engine timing belts.

This auto-tensioner is recognized as a functional part
having excellent performance and capable of providing for
low noise, light weight, and good maintainability that give
tangible benefits to engine timing belts and is extensively
used in various automotive engines.

Efforts are continuing to pursue and improve the
characteristics with the view to further developing
optimum design that can enhance the performance and
reliability of, and added value to, current and future
engines.

Yoshihisa Imamura



21 Motion & Control No. 10 (April 2001)

1. Introduction

Japanese machine tool manufacturers place their main
effort on high-efficiency and high-accuracy machine tools
as distinguished from low-priced ones. Japan ranks top in
the world in terms of machine tool output. Japanese
manufacturers maintain this position by constant effort for
improvement and innovation.

Recently, emphasis has been placed on high efficiency
and high reliability. Various improvements have been
made to achieve this. Requirements for higher speed
performance of machining centers are increasingly strict.
In the machining of aluminium alloys in the aerospace
industry, for instance, there is actually a requirement for
3 000 000 dmn (where dm = pitch circle diameter of a
bearing in mm and n = speed in rev/min).

In the current marketplace for lathes, there is a trend
towards small-batch production of a large variety of
configurations with short-term delivery to match the
constantly evolving Japanese economy. To achieve more
complex capabilities some lathes have an additional sub-
spindle equal to the spindle of a current machining center.
Bearing manufacturers are required to provide new
products and technical support to meet such changes
in demand.

To appropriately deal with these rapid changes, NSK
has developed the ROBUST series of angular contact ball
bearings. We exhibited them at JIMTOF (a machine tool
fair in Japan) held in 1998 and launched them onto the
market. At the JIMTOF held in November 2000, NSK also
proposed a ROBUST series of cylindrical roller bearings.
This paper describes them.

2. Change in Bearing Operating
Environment

The type of drive featured on spindles of Japanese
machine tools in the mainstream has been changing over
the last few years. It has moved from belt driven to an
integral motor, which can achieve higher-speed and

high-efficiency performance. This change has been in
answer to the problems of power loss and slip of the
driving belt and vibration.

As a result, spindle construction has undergone
significant changes. One of these is due to the presence of
an integral motor acting as a heat source within the
spindle. This tends to cause a temperature difference
between the spindle and the housings and a subsequent
stress increase in the bearings. Consequently, the bearings
are liable to seize. This change necessitated the
development of a bearing system capable of dealing with
greater thermal effects.

NSK developed the ROBUST angular contact ball
bearing (BNR series) to meet these changes in the bearing
environment. They have been accepted in their main
application area of machining centers.

The word ROBUST was chosen to appropriately describe
their ability to be “insensitive to changes in the bearing
environment” but ROBUST bearings also have low heat
generation characteristics. Because of this, ROBUST
bearings can not only perform well in machining centers
but the same design philosophy can be used to meet the
requirement for the higher speeds needed by thrust
angular contact ball bearings in lathes. Formerly, lathe
spindles were operated at 500 000~600 000 dmn, but
recently some precision lathes require a spindle speed of
nearly 1 000 000 dmn. ROBUST thrust angular contact ball
bearings (designated BAR) developed to meet the new
requirement can achieve a 20% faster speed performance
while maintaining other performance requirements
(rigidity, grease life). On the other hand, the change to the
integral motor type has increased the length of the
spindle. As a result, the axial thermal expansion has
increased and the need to allow for expansion of the
spindle has come to have greater importance. Generally,
the elongation of the spindle is absorbed by axial
movement in either of the following ways:
(1) the outer ring of an angular contact ball bearing sliding

in the housing; or
(2) the inner ring and its roller set moving axially within

the outer ring of a cylindrical roller bearing.

Development of High-Speed Cylindrical
Roller Bearings for Machine Tools
Yasushi Morita and Yukio Ohura 
Bearing Technology Center

ABSTRACT
Recently Japanese machine tool manufacturers have been keen to improve and develop their machines with better

productivity. That is why Japan maintains its No.1 position in world production of machine tools. As for high
productivity, the spindle speed of the machining center is increasing year by year. Lathes are also becoming increasingly
multi-functional to meet the requirements of the market. The trend for high-speed spindles is to integrate the motor into
the spindle. Therefore, several customers are waiting for extra high-speed cylindrical roller bearings to simplify the
spindle structure. NSK has been developing extra high-speed cylindrical roller bearings with robust design. This paper
reports on such development, test results, and makes recommendations.
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Fig. 1 shows the construction and characteristics of an
actual spindle on which a ROBUST angular contact ball
bearing is used for the first option.

On conventional belt driven spindles, double row
cylindrical roller bearings were most often used to take the
belt tension at their rear (free) end. In the days when
spindle speeds were about to reach or exceed a level of
1 500 000 dmn, there was recognition that cylindrical roller
bearings were not suited for, and not easy to apply to, such
high-speed operations because of lubrication difficulties
and other unstable factors. The subsequent development
of spindles containing a built-in motor, on whose rear end
a single row cylindrical roller bearing can be used,
promised the advantage of simplifying the slide
mechanism. Bearings able to run at higher dmn values
needed to be developed.

3. Concept of the Development

To meet these needs, NSK started development of super-
high speed cylindrical roller bearings. Given the variation
of spindle arrangements, two types of cylindrical roller
bearings are generally used on machine tools. One is N
type; single row cylindrical roller bearings whose outer
rings have a straight cylindrical form and whose inner
rings have ribs. The other is NN type; double row
cylindrical roller bearings. 

To achieve high-speed performance, the following
problems had to be solved:

(1) Abrasion and seizure of roller ends and ribs
(2) Cage design with higher strength
(3) Establishment of optimum lubrication method
The following subsections describe some of these

problems and how they were overcome.

3.1 Abrasion and seizure of roller ends and ribs
In a cylindrical roller bearing, each roller can skew

because of the clearances between the roller ends and the
ribs (Fig. 2.).

If, in applications where the inner ring of the bearing is
rotated, the rollers begin to skew, a gyroscopic moment
acts to accelerate this skewing. If the bearing is running at
high speed, this moment can be high enough not to be
neglected (Equation (1)). Consequently, the rollers are
forced to rotate and revolve in a skew state while being
pressed against the ribs (Fig. 3).

S= Ix • ωc • ωB • sinθ – (Ix – Iz) ωc2 • sinθ • cosθ. . . . . . . .(1)

S : gyroscopic moment
Ix: moment of inertia around axis of rotation of roller
Iz: moment of inertia around axis orthogonal to Ix

ωc: revolution of roller around axis of inner ring
ωB: rotation of roller around its own axis 
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Minute geometrical inaccuracies cause each roller to
have a small fluctuation skewing moment as they rotate.
Moreover, when negative radial clearance (pre-load)
becomes larger, the roller skewing can cause additional
axial forces giving higher PV values (P=surface pressure,
V= relative sliding velocity) between the roller ends and
the ribs. Considering these factors, we selected four areas
for design improvement. 
(1) An optimum design of the ribs and the clearances

between the ribs and roller ends such that a fluid
lubricant film may be formed on the contacts
between them. 

(2) Minimization of PV value at the contact between the
roller ends and the ribs. 

(3) A design arrangement to keep the gyroscopic moment
above the fluctuating skew moment, such that the
rollers may smoothly revolve around the bearing axis
while maintaining a constant skew angle and constant
contact with the ribs, without wobbling. 

(4) Edge improvements—the design of the chamfered edges
of the roller ends and the chamfered edges of the ribs.  

3.2 Cage design
The cage is designed for high-speed running. Although

usually running at a speed of only 40 to 45% of the inner
ring, it is subject to constant heating caused by the
complicated collision and local sliding of rollers (at roller
and pocket contacts and guide surfaces). Thus, the cage is
at risk of fracture, seizure and wear and may be regarded

as a significant factor in attaining higher speeds.
The cage material can be metal if jet lubrication is

applied. For applications such as machine tools where
there may be a very low lubrication rate (to prevent
churning), the wear on metal cages makes them
unsuitable. Promising candidates are engineering
polymers, tough, light and resistant to heat and wear. 

For cage design, it is very important to select a suitable
material and establish specifications to minimize self-
induced oscillations due to friction between the rollers and
the pocket and guide surfaces.

3.3 Approach to low heat generation
It is important to give due consideration to the

prevention of rib seizure; this is not easy and suitable
lubrication can be difficult. From the viewpoint of low heat
generation, it is also important to minimize the wear of
the roller and raceway contact surfaces by means of:
(1) A decrease in the roller and raceway contact surface

area by shortening the straight length of the rolling
contact surface and also by enlarging the crowning of
the rollers.

(2) An increase in the number of rollers.
(3) Using rollers whose length is reduced but not by an

amount that significantly affects rigidity. This can also
reduce the heating of the ribs and is therefore very
effective.

For (3) above, its effect on lowering temperature rise
was actually verified in tests. Fig. 4 shows the results.
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4. Design of ROBUST Cylindrical
Roller Bearings

4.1 Bearing specification 
To increase the resistance of the ribs to seizure,

described in 3.1 above, we made the following changes:
(1) optimization of rib height
(2) control of clearance between rollers and ribs
(3) improvement of roller accuracy
Also, to ensure low heat generation, we reduced the

roller length to an extent not affecting its function (as
mentioned in 3.3 above). As a result, the range design
features rollers smaller in size and smaller in number
than those of standard NSK cylindrical roller bearings.

4.2 Bearing material
The inner and outer rings and the rollers are made of

surface-hardened SHX, a unique material developed by
NSK. SHX is a heat-resistant steel having excellent
resistance to seizure and wear properties and an excellent
life (3 to 4 times longer than that of SUJ2). ROBUST
series bearings produced with SHX have already been
used in many high-speed spindles and proved their
performance.

In super high-speed operations, inner rings are
generally known to have a tendency to be forced into a
fracture mode by high hoop stresses. With SHX, an inner
ring has a remarkable freedom from such fractures
because its internal residual stress can counter the

hoop stresses. 
Ceramics would be a good choice of material for the

rollers as they have low heat generation characteristics
but they do have cost problems. 

4.3 Cage 
The cage design includes outer ring guidance and a cage

material of PEEK (polyether etherketone). The polymer is
reinforced with fiberglass and has excellent attributes of
lightness of weight, and resistance to heat, wear, and
fracture. Its ability to be manufactured by cost effective
injection molding is an additional good feature. The pocket
design also takes into consideration the material’s
strength, low deformation and good frictional
characteristics for high speed use.

5. Performance Evaluation

Fig. 5 shows the test results for these cylindrical roller
bearings.

The test bearing was an N1014 single row cylindrical
roller bearing having an inside diameter of 70 mm, an
outside diameter of 110 mm and a width of 20 mm. It
comprised inner and outer rings and rollers in SHX. Also
tested for comparison were two other configurations: a
similar bearing but with ceramic rollers and a similar
bearing but where the cage was of a standard roller guide
type and made of reinforced nylon. The cylindrical roller
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bearings had been assembled to have no radial clearance
and were oil lubricated.

As the test results indicate, the test bearing developed to
embody the design improvements could run up to
3 000 000 dmn. Its temperature rise, when compared with
that of the bearing having ceramic rollers, did not show
any significant difference up to 2 500 000 dmn.
With temperature rise characteristics of bearings considered,
this bearing can operate in practical situations at up to
2 000 000 dmn. When cost efficiency is taken into account,
therefore, the all-SHX bearing is very promising for
commercial applications.

6. Practical Application of High-Speed
Cylindrical Roller Bearings

6.1 Assembly arrangements
For use in machine tools, duplex angular contact ball

bearings are set with preload to eliminate spindle radial
movement.

For cylindrical roller bearings, a negative radial
clearance (pre-load) is also often required for the purpose
of eliminating roller drop sound or cage noise during low-
speed operation. For this reason, the tested bearings as
described above had no initial radial clearance.

However, the spindle continues heating as it continues
running causing a temperature difference between the
inner and outer rings. As a consequence, the radial
clearance is decreased and the internal stress of the
bearing is increased, potentially shortening bearing life.   

Fig. 6 shows the results of a running speed limit
confirmation test of bearings assembled to have an initial
radial clearance of -30 µm. To ensure minimal lubrication,
the bearings were tested under grease lubrication.

It is known from the previous test work that restricting
the spindle temperature rise can increase bearing life.
Thus, minimizing inner and outer ring temperature
differences as well as the lubrication can be most beneficial.
In fact, spindle cooling is actually used to stabilize bearing
performance. Some advanced machine tools really have
exemplary spindle cooling arrangements whose
effectiveness has been verified.

6.2 Lubrication
In an oil-air lubrication system, a very small amount of

oil is applied at fixed intervals. There is a known
phenomenon of irregular heat generation from the bearing
caused by uneven oil application. Fig. 7 shows an example
of actual bearing outer ring surface temperature
measurements. As a means to prevent the fluctuating heat
generation from the bearings, a unit has been developed
capable of applying a smaller quantity of oil at controlled
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intervals. This innovative unit, capable of applying 0.001 ml
of oil at intervals of one minute has been developed and
marketed. By comparison, the dispensed amount of a
conventional unit is 10 times higher at 0.01 ml—but at
longer intervals of 8 to 16 minutes. At NSK, we have
checked the performance of the new unit and verified the
effectiveness of averaging the oil dispense rate for
reducing the thermal cycling. It is to be noted that
dispensing the oil in such small quantities as 0.001 ml
volumes tends to cause it to be converted into oil mist. We
have verified this with experiments revealing different
lubrication environments.

As well as lubrication control, it is known that an
important aspect of spindle design is the smooth oil
drainage. Fig. 8 shows the results of our verification test
in this respect.

Oil mist lubrication is often used in bearings for
medium-speed spindles due to the simplified design of the
lubrication system. However, it is important to ensure that
the supply quantity is accurate. One of the typical
problems encountered is uneven distribution owing to the
branching of supply piping. Another common problem
relates to the low air flow-rate used to generate the mist,
often as low as one tenth of the flow-rate for oil-air
systems. As a consequence, if the bearing is operated
beyond certain speeds, the oil mist flow cannot pass
through the air curtain formed by the rotation of
the bearing. 

7. Future Targets

In addition to the angular contact ball bearings already
forming the ROBUST series, we have completed the

development of ROBUST series cylindrical roller bearings.
They are expected to help support the development of
higher-speed spindles containing integral motors.

Our next step is the development of a range of grease-
lubricated, highly reliable, cost-effective bearings,
responding to environmental and economic requirements
in the 21st century. Based on a holistic approach to
spindle design, NSK is taking steps to develop a
systematic design philosophy for spindle bearings and
their associated parts. When the needs of bearing users
and the proposals from bearing manufacturers converge
an outstanding solution will emerge.

Yukio Ohura

Yasushi Morita

0
0

5

10

15

20

25

30

35

40

5 000 10 000 15 000 20 000 25 000

Bearing number: N1012 (outer and inner rings and rollers: SHX)
As-assembled clearance: -10 µm
Lubrication: Oil-air lubrication (VG 32, 0.03 ml/16 min.)
Position: Vertical

Temperature rise was accelerated 
at high bearing speeds due to oil
drainage degradation

Oil drained from lower hole only (upper hole closed)
Oil drained from both upper and lower holes

Oil drain port

O
ut

er
 r

in
g 

te
m

pe
ra

tu
re

 r
is

e,
°C

Running speed, rev/min

Discontinued 
(though fit to continue)

Discontinued 
(though fit to continue)

Fig. 8  Rotation test results - effect of oil drain hole



27 Motion & Control No. 10 (April 2001)

1. Foreword

Recently due to global environmental problems,
automotive design is such that vehicles are required to be
sensitive to the environment and economical in fuel
consumption. In responding to such market needs we
developed and, in 1999, introduced to the marketplace the
TKZ type clutch release bearing. Weight and cost were
reduced whilst maintaining the long life and high quality
of the preceding clutch release bearing.

The ultra lightweight, low-cost TRZ clutch release
bearing (Photo 1) we have now developed is a self-
centering type with a plastic sleeve where weight and cost
are greatly reduced even from the TKZ type. We describe
this advancement here.

2. Design

The design of the TRZ clutch release bearing is shown
in Fig. 1.

The TRZ clutch release bearing adopted the simplest
mechanism of two clinch springs inherited from the TKZ
type and the bearing has a further design optimization.

The T-type plastic sleeve is integrated with the anvil
function. This results in simplifying the assembly. It now
comprises only the bearing, the plastic sleeve and two
clinch springs.

Photo 1  TRZ clutch release bearing

New Products

Ultra Lightweight, Low-Cost 
TRZ Clutch Release Bearing

Cross section AOB

Bearing

Plastic sleeve

Clinch spring

O

A

B

Fig. 1  TRZ clutch release bearing
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3. Features

(1) The steel plate anvil is eliminated.
Its function, receiving the input load from the fork, is
integrated into the plastic sleeve. This provides further
weight and cost reductions to the unit.

(2) Many of the newest long-life promoting technologies 
of NSK like the ENC grease, materials and seals 
adopted by the TKZ type clutch release bearing, are
used here. The TKZ extended life is thus perpetuated 
in the new TRZ design.

4. Performance

The TRZ bearing cleared the evaluation criteria of one
million release cycles in the clutch release endurance test.
The test result is shown in Table 1. The results show that
the TRZ clutch release bearing design can be brought into
the marketplace.

5. Conclusion

The TRZ clutch release bearing is a compact and
lightweight bearing that not only meets current
requirement demands, but also meets anticipated
requirements well into the future.

This clutch release bearing also has the potential of
furthering cost reductions.

We anticipate and look forward to marketing of this
product on a global scale.

Table 1  Results of a one-million-cycle endurance test

Before test After test Results

50 58 OKSound pressure, dB

77 48 OKCentering resistance, N

— 0.31 OKWorn amount of anvil formed plastic, mm

— 0.05 OKWorn amount of top end of fork, mm
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Recently, household electrical appliance manufacturers
have been driven to significantly improve the operating
efficiency of their products. Consequently, NSK has
developed a low-torque ball bearing for use in vacuum
cleaner motors and air conditioner fan motors. An
overview of this development is presented herein.

1. Bearing Design

Fig. 1 shows the construction of the standard ball
bearing and that of the low-torque bearing. The bore,
outside diameter and width dimensions are the same for
both (Bearing No.: 608), but by modifying internal features
(P.C.D., ball diameter, etc.) reduced friction torque was
attained. A comparison of basic bearing specifications is
listed in Table 1.

Low-Torque Bearing for Fan Motors and
Vacuum Cleaner Motors

New Products

608 (Standard) Low-torque bearing

22 22Outside diameter, mm

8 8Bore, mm

7 7Width, mm                

7 7Number of balls

Plastic cage Plastic cageCage

Steel plate Steel plateShield

NS7, NSC, etc. NS7, NSC, etc.Grease

730 1 100Allowable axial load, N        

1 370 910Basic static load rating, N      

3 300 2 240Basic dynamic load rating, N    

Bearing No.
Item

✻ The basic load rating of the low-torque bearing is lower than the standard one, but in
the actual applications endurance is mainly determined by grease life and the
requirement for a light load can be satisfied.

Outer ring

P.C.D.

Inner ring

Standard bearing (608) Low-torque bearing

22 8 8

22

7 7

φφ φ φ

Fig. 1  Construction of low-torque bearing

Table 1  Specification
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2. Features

(1) Compared with the current bearing the dynamic
friction torque was reduced by 40 to 50%. (Figs. 2 and 3)
Particularly at high speed, excellent torque reduction
was confirmed. (Fig. 4)

(2) Since the boundary dimensions of the low-torque
bearing are the same as those of the standard bearing,
changing from a standard design to the low-torque
bearing is simple.

(3) By processing the inner/outer ring and balls for high
precision, and utilizing lithium soap grease developed
by NSK, the low-torque bearing is quieter than the
standard design.

3. Applications

This new bearing can be used for motors of many
domains requiring high performance, for example:
• Vacuum cleaner motor
• Fan motor for air conditioner
• Motor for air cleaner
• Cooling fan motor

4. Conclusion

We assume that the requirement for higher performance
motors for household appliances will become keen. We will
continue development to build a series of such low-torque
bearings. 

Axial load=29 N, Speed 1 800 rpm, N=5 

Li base grease is packed for 30% 

D
yn

am
ic

 to
rq

ue
, 1

0-4
 N

• m

0

5

10

15

20

25

608

Bearing 

Developed low-torque bearing

MAX

AVG

MIN

Axial load=49 N, Speed 44 000 rpm, N=5 

Urea base grease is packed for 40% 

D
yn

am
ic

 to
rq

ue
, 1

0-4
N

• m

0

10

20

30

40

608 Developed low-torque bearing
Bearing

MAX

AVG

MIN

Developed low-torque bearing

MAX

AVG

MIN

608
Bearing

Axial load=49 N, Speed 60 000 rpm, N=5 

Urea base grease is packed for 40% 

0

10

20

30

40

D
yn

am
ic

 to
rq

ue
, 1

0-4
 N

• m

Fig. 2  Comparison of running torque at 1 800 rpm

Fig. 3  Comparison of running torque at 44 000 rpm

Fig. 4  Comparison of running torque at 60 000 rpm



31 Motion & Control No. 10 (April 2001)

Semiconductor and LCD panel manufacturing, food
processing, photographic production processes, etc., often
result in bearings being exposed to water, alkalis, acids or
corrosive vapors. In such environments, bearings made of
the usual high carbon chromium steels rust quickly and
their use is restricted. NSK new technologies can be used
to produce bearings suitable for such arduous duties.
Highly corrosion resistant stainless steel, anticorrosive
coatings and ceramics all play their part (Photo 1). 

This article reviews designs for corrosive environments
and some application examples.

1. Specifications, Features and
Application Examples

1.1 Hybrid bearings for aqueous environments
The bearings used in equipment for food processing,

bottle cleaning, etc., are exposed to water splash or even
immersion. We show in Fig. 1 an example of bearings for
corrosive environments (hybrid bearings with ceramic
balls) used in food-processing machinery. The standard
specifications of bearings for aqueous exposure are inner
and outer rings made of martensitic stainless steel and
ceramic balls. The endurance life in water of these
bearings is shown in Fig. 2. The hybrid bearings have a
life about 10 times longer than stainless steel bearings, as
has been shown in many applications.

1.2 Bearings for use with alkalis and weak acids
(Anti-corrosion coated bearings, oxide-type
ceramic bearings)

Bearings used in semiconductor and LCD panel
production equipment and in cleaning processes for hard
disk production are subjected to highly corrosive alkalis
and acids or their vapors. We show in Fig. 3 an example of
bearings for semiconductor production equipment. In this

instance, a polishing process. The bearings must be
resistant to corrosion to exhibit the required endurance in
this harsh environment. The bearings have inner and
outer rings and balls made from stainless steel coated with
an anti-corrosion treatment. Alternatively, bearings may
be constructed with ceramic inner and outer rings and
balls and featuring a fluorine polymer cage. The
endurance life of these ceramic bearings in water is shown
in Fig. 4. The oxide-type ceramic chosen gives a bearing
with longer life and lower cost than bearings using
other ceramics.

1.3 Bearings for strongly acidic environments
(carbide-type ceramic bearings)

The bearings used in the etching devices, cleaning
equipment, etc., come into contact with strongly acidic
corrosive solutions or vapors. Fig. 5 shows a bearing
suitable for the corrosive environment in special cleaning
equipment. An application involving such a highly
corrosive environment benefits from carbide-type ceramic
components which are not corroded, even by strong acid;
similarly, fluorine polymer cages show appropriate
resistance. The endurance life of anti-corrosion ceramic
bearings is shown in Fig. 6. Compared with bearings of
other ceramics, carbide-type ceramic bearings have much
longer life together with stable torque characteristics.

2. Conclusion

Bearings that exhibit good endurance in a range of
highly corrosive environments are possible through the
use of materials such as stainless steel together with
anticorrosive coatings and the use of specific types of
ceramics.

Ball screws and linear guides using these same new
technologies are also available.

Foodstuff

Steam cleaning

Conveyor 1 Conveyor 2

Bearings for corrosive environment

New Products

Bearings for Corrosive Environments

Fig. 1  Food processing machinery
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Stainless steel bearing

Hybrid bearing 

Oxide-type ceramic bearing
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Fig. 3  Semiconductor production device (polishing process)

Fig. 4  Endurance life of ceramic bearings in water
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Bearings used in equipment for the manufacture and
processing of many products are required to work in
corrosive environments. LCDs, hard disks,
semiconductors, food processing, pharmaceuticals and
specialized cleaning operations are typical applications
where bearings are exposed to chemicals (water, acid,
alkali) by either splash or vapor presence.

NSK has developed a special fluorine plastic rolling
bearing, Aqua-BearingTM, as a highly corrosion resistant,
low cost, light load bearing to respond to these demanding
industrial applications.

In this article we describe the bearing and its features.

1. Design and Specification

The appearance and design of Aqua-BearingTM are shown
in Fig. 1 with its standard specification in Table 1.

The standard bearing range is listed in Table 2. We can
also address demands outside of this range.

2. Features

(1) Excellent corrosion resistance
By using a special fluorine plastic for the inner and

outer rings and a fluorine plastic cage, we have achieved a
corrosion resistance equal to ceramic bearings and better
than that of previous plastic rolling bearings made of PE
(polyethylene) or PPS (polyphenylene sulfide). Aqua-
BearingTM is able to handle applications even in strong
acids or alkalis, ozonized water, various kinds of vapor and
halogen gases (Table 3). 

(2) Excellent endurance life
By using fiber reinforced fluorine plastic for the inner

and outer rings, the Aqua-BearingTM has an endurance life
of over 1 000 times that of a stainless steel bearing
(AISI440C) and 5 times that of previous PE bearings
under a light load in an acid solution (Figs. 2 and 3).

(3) By fiber reinforcement, strength and rigidity have 
been increased.

(4) Operation temperature range: up to ~150°C

New Products

Aqua-Bearing™—Special Fluorine Plastic Rolling
Bearing for Highly Corrosive Environments

Fig. 1  Appearance and structure of Aqua-BearingTM

Table 1  Standard specification

Inner/outer ring

Rolling element

Cage

Special fluorine plastic

Ceramics (or special high-strength glass)

Fluorine plastic

Table 2  Standard bearing No.

Structure of bearing No.: MMMM PLCSN14T36
✽ Other bearing designations are also available.

Shaft diameter

10

Bearing No. 
Boundary dimension, mm

6900PLCSN14T36

Bore 

10

10

12

12

15

15

17

17

20

20

25

25

Outside diameter

22

26

24

28

28

32

30

35

37

42

42

47

Width

6

8

6

8

7

9

7

10

9

12

9

12

12

15

17

20

25

6000PLCSN14T36

6901PLCSN14T36

6001PLCSN14T36

6902PLCSN14T36

6002PLCSN14T36

6903PLCSN14T36

6003PLCSN14T36

6904PLCSN14T36

6004PLCSN14T36

6905PLCSN14T36

6005PLCSN14T36

Ceramics

Special fluororesin
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3. Application Example

Aqua-BearingTM can be used in water, chemicals (acids,
alkalis), exposed to splash or vapor of various chemicals or
even running in a dry environment.

Application examples include the following industry
sectors:

(1) LCD, hard disk and semiconductor manufacturing
(2) Food processing 
(3) Pharmaceuticals
(4) Chemicals 
(5) Surface treatments

4. Conclusion

The Aqua-BearingTM, featuring a special fluorine plastic
construction, which we have presented here, can satisfy
customer needs as a rolling bearing exhibiting excellent
corrosion resistance and endurance life under such diverse
and highly corrosive environments related to LCD panels,
hard disk and semiconductor equipment, food processing
and pharmaceutical machinery.

Subsequently, we are developing new products to satisfy
a marketplace with increasingly sophisticated needs.

Corrosion resistance evaluation 

... Not corroded 

... Partially corroded 

× ... Corroded

Table 3  Corrosion resistance

AISI440C bearing 0.14

0.57
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NSK K1TM High dust-proof performance seal

Ball nut

Screw shaft

Appearance of high performance seal

New Products

High Performance Seals for Ball Screws
Processing machines such as laser cutting machines use

numerous dust-proofing measures to protect the drive
system from dust particles, spatter and other
contaminants. Often times, these measures are omitted
due to size and cost restrictions resulting in the ball
screws being exposed to severe contamination. The
conventional labyrinth seals for ball screws are limited in
their capacity to protect against dust and other such
contaminants. As a result, there is an increasing demand
for improved dust-proof seals. NSK has been developing a
high performance seal, which has improved protection
against dust and other such contaminants. 

This article presents a high performance seal, which
NSK has developed for better dust protection and longer
life in contaminated environments.

1. Structure

The high performance seal is compact in design due to
its lip shape resembling the cross section of the screw
shaft. This seal is also designed for low torque to prevent
excessive temperature rise. Fig. 1 shows an example of the
high performance seal. In addition, the ball grooves of the
screw shaft are designed to improve seal performance and
reduce the entry of foreign particles into the nut. 

The NSK K1TM lubrication unit is installed as standard
on these units, in order to further protect the ball screw
from contamination as well as to improve life. The
addition of the NSK K1TM unit leads to a longer ball nut
than the nut with standard seals. 

Photo 1 shows a ball screw equipped with a high dust-
proof performance seal.

2. Features

(1) High dust-proof performance
To evaluate the performance of the seals, we measured

the contamination volume of foreign particles that
penetrated the seals through application of a mixture of
grease with steel particles of less than 30 µm diameter.
This mixture was applied to the screw shaft and the nut
stroked over the area. 

Fig. 2 shows the results of this test. We measured the
volume of contamination that penetrated through the seals
after the nut had been stroked over the shaft. The high
performance seal reduced contamination volume to less
than 1/15 of the standard seal.

Photo 2 shows the appearance of the test piece before
and after the passage of the high performance seal. 

(2) Long Life
To evaluate the life of the ball screw under a severe

contamination environment, we conducted the endurance
tests of the ball screw while applying a mixture of steel
particles and a small amount of grease at fixed intervals. 

The test results are shown in Fig. 3. The life of the ball
screw with the high performance seals was over 4 times
the life of a ball screw with standard seals.

3. Availability

The high performance seal is an option available on
custom-made ball screws. The development of the seals for
several screw diameters between 25 and 50 mm has been
completed. The development on other sizes will be
considered upon request.

Photo 1  Ball screw equipped with high performance sealFig. 1  Appearance of high performance seal
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Before passage After passage

Photo 2  Appearance before and after passage of high performance seal

Test conditions
Ball screw: Shaft diameter 32 mm, lead 32 mm
Feed speed: 3.2 m/min

0 2 4 6 8 10 12 14 16 18 20

High 
performance seal

Standard seal

Contamination percentage, %

Contamination percentage 
less than 1%

Contamination
percentage 
more than 15%

Fig. 2  Comparison of contamination volume

Run distance, km
0 500 1 000 1 500 2 000 2 500 3 000 3 500 4 000

Standard seal

High 
performance seal

Lost preload 
at 700 km  

Retained preload 
after run distance 
of 3 000 km

Test conditions   
Ball screw: Shaft diameter 32 mm, lead 32 mm
Feed speed: 40 m/min
Stroke: 700 mm
Load: 1.4 kN
Lubrication: Grease (only initial packing)

Fig. 3  Endurance test under exposure to steel particles

4. Application

High performance seals are efficient for use in
applications where foreign particles pose a contamination
problem, such as laser cutting machines, woodworking
machines, etc.

5. Conclusion

It is assumed that the environments that ball screws are
used in will become more and more severe. As a result it is
anticipated that the demand for the high performance
seals and the NSK K1TM lubrication units will
also increase.
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Notes:
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