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NSK’s Machine Tool Products

Tadao Inomata
Advisor

Machine tool technology has progressed for the past several decades due in part to superior numerical
control (NC) technology. At the same time, highly important components of machine tools, such as spindles,
precision bearings, ball screws, and linear guides are playing a significant role in helping advancement of
machine tools in both quality and quantity. NSK, an exclusive company in the world that manufactures such
machine elements, has always been committed to research and development in support of the progress of
machine tool technology.

In this most recent special issue of NSK Technical Journal, we have focused on machine tool products and
have introduced the results of cutting-edge research and development and products that cover several fields.
In addition to meeting or exceeding customer expectations of high-speed and high accuracy for the latest
machine tools, new needs and expectations have arisen in regards to environmental concerns and energy
conservation. NSK’s new technologies and new products introduced in this journal respond to those very
needs, which continue to be highly valued by our customers. We faced many challenges but were successful
by drawing upon the collective strength of NSK’s research and development expertise.

High-speed requirements are met with NSK’s ultra high-speed machine tool spindle, which continues to
attract attention throughout the industry. The ultra high-speed machine tool spindle technology introduced
in this journal made its public debut at the 21st Japan International Machine Tool Fair (JIMTOF 2002). The
spindle and our Spinshot II bearings, which are used in the spindle, are highly acclaimed by many of our
customers.

We also developed a new numerical analysis technology for linear guides that includes a feeding system
with greater accuracy, which we have succeeded at putting into practical use. Utilizing this same technology,
we developed highly rigid roller guides, which are also introduced in this journal.

For environmental measures, we developed high-speed, low-noise ball screws, which have attracted
considerable interest for making the machine tool operators working environment much quieter. NSK also
introduced a motorized machine tool spindle that uses replenishable grease lubrication. This new product,
although competing in the domain of high-speed products where oil-air lubrication is traditionally used, uses
grease lubrication, which reduces the amount of required air. Thus, this grease replenishment lubrication
system results in less energy consumption; a factor that is highly appreciated and provides for overall quieter
operations.

As mentioned earlier, NSK is proceeding with product development that responds to user needs in all
aspects of machine tools and related components. This reflects our commitment to ensure that our customers
will continue being satisfied using NSK products for years to come. In 2002, China became the leading buyer
of machine tools; an indication of a big change in the machine tool market. When market changes occur, new
needs arise. NSK will continue to support progress in the machine tool industry through research and
development that meet such new and changing market needs. Through ongoing developments, we will
continue to incorporate the latest technologies into our products to meet the needs of our customers.

Tadao Inomata
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Latest Trends in Machine Tool Spindles
and Bearing Technology

Shinji Nishibata
Bearing Technology Center

ABSTRACT

In recent years, function-related requirements of machine tool main spindles have included higher operating speeds,
greater rigidity, and more accuracy. While meeting such requirements, machine tools are also required to be ecologically
sensitive to global warming and must promote preservation of the environment. Machine tools on exhibit at the 21st
Japan International Machine Tool Fair (JIMTOF 2002) confirmed this growing trend. In order to meet the demand for
products that respond to such a wide spectrum of requirements of high functionality and environmental friendliness, NSK
has developed the ROBUST series of precision bearings and the High Rigidity series of double row cylindrical roller
bearings for machine tools. Both of these series for machine tool applications are supported by significant improvements
in computer analysis technology, new materials, ceramic roller elements, engineered plastic cages, and a newly developed

lubrication system.

1. Introduction

In recent years, machine tool makers have developed
increasingly sophisticated products in order to enhance the
efficiency of machine tools. For example, they are
developing machining centers that can process at higher
speeds and greater accuracy, and lathes that are able to
process with greater rigidity and higher accuracy.

Furthermore, recent trends in response to global
warming and environmental preservation have resulted in
more focus on reduced energy consumption through
greater ecological awareness, and improved working
conditions through reduced environmental contamination
and less operating noise. It was under these conditions
that the 21st JIMTOF was held in November 2002.

This report introduces the latest trends of machine tools
exhibited in JIMTOF 2002, and NSK’s precision bearing
products, including the ROBUST series, and technologies
that work to support these products.

2. Machine Tool Spindle Trends at
JIMTOF 2002

In JIMTOF 2002, many ecologically sensitive machine
tools were exhibited in addition to the latest machine tools
with ultra-high-speed and ultra-high-accuracy capabilities,
including multi-task machines, were developed using the
latest in information technology. In this article, we will
compare the trends of high-speed machine tool spindles
based on exhibits of past machine tool fairs.

2.1 Transition of exhibited high-speed spindles
Fig. 1 shows a summary of 20 years of JIMTOF exhibits
of high—speed machine tools with operating speeds higher
than 10 000 rpm. Although a recession in the machine tool
industry resulted in some machine tool makers canceling
their exhibitions in JIMTOF 2002, the total number of
high-speed machine tools was 300 units, which was similar

to the number of units exhibited in JIMTOF 2000. Since
the introduction of machine tool spindles with operating
speeds of 10 000 rpm in JIMTOF 1982, the number of
high-speed machine tools on display has subsequently
increased with each trade show. Key technologies that
contributed to making high-speed operations a reality are
oil-air lubrication systems, ceramic ball bearings, and low
temperature-rise ROBUST bearings.

Compared to previous trade shows, the overall number
of high-speed machine tools remained static, which would
seem to indicate that there has been little progress made
in the high-speed machine tool spindle industry.
Conversely, significant progress has been made, but only
focused on other factors besides speed. Machine tool
makers developed new models that focused more on
higher accuracy, multi-spindle designs, five-face
machining, greater integration and standardization of
machine tools, and development of machines that are
more ecologically sound while offering greater cost
performance.

2.2 Lubrication methods and high-speed
spindles

Fig. 2 shows the rotational speeds of machine tool
spindles for specific lubrication method and preloading
method. For example, we can see that machine tool
spindles with a 65 mm shaft operating under grease
lubrication with position preload can operate at
1.7 x 10° d ,n (Product of pitch circle diameter of rolling
elements: d,,, (mm), and speed n, (rpm)). This particular
machine uses an automated grease replenishment system,
whereas most ultra high-speed machine tool spindles
operating between 2.5 and 3.0 x 10° d,n use oil lubrication
and constant pressure preload.

Fig. 3 shows the transition of high-speed operation
under grease lubrication as exhibited at the last three
trade shows. Initially, oil was the primary lubrication for
machine tools exceeding a limiting speed of 1.3 x 10° d,n.

Motion & Control No. 16 (August 2004) NSK 2



Since JIMTOF 2002, however, main spindles with grease
lubrication were exhibited in this range. We can reason from
this that makers are responding to environmental concerns.

2.3 NSK exhibition at JIMTOF 2002

In order to help educate prospective customers regarding
NSK’s highly valued products, we exhibited an ultra
high-speed spindle (4.0 x 10° d,,n) that had the highest
speed for rolling bearings. Product details include a shaft
diameter of 65 mm, operating speed of 45 000 rpm under
constant pressure preload. We also exhibited a high-speed
(1.8 x 10° d,,n) machine tool spindle using grease
lubrication with a shaft diameter of 70 mm, and an
operating speed of 20 000 rpm under position preload.

The ultra high-speed spindle with a limiting speed of
4.0 x 10° d,n achieves ultra-high speeds, low noise, and
high accuracy by adopting a new super lean lubrication
method, high-precision ROBUST bearings, and technology
for multi-axis balance level accuracy. Furthermore, the
high-speed grease lubrication spindle (1.8 x 10° d,,n)
ensures longer life by adopting a grease replenishment
method and is maintenance free for 10 000 hours.

As described above, expanded functionality of machine
tools is a constant requirement. Examples include
ultra-high speeds and low vibration for die processing, or
ultra high-speed and heavy cutting capability of
hard-to-machine materials and aluminum for aircraft
components. Demand is also growing for higher speeds for
machine tools operating under grease lubrication in
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response to environmental concerns. In order to realize
higher speeds, advancements in bearing technology and
peripheral technologies are being made. Fig. 4 illustrates
progress made in such high-speed technologies. The
horizontal axis shows time and the vertical axis shows the
limiting speed (d,n value) of high-speed spindle bearings
developed and put into practical use at a given time.
Recently, NSK has developed the ROBUST series of
angular contact ball bearings and cylindrical roller
bearings, Spinshot™ bearings, an automated lubrication
system, and an ultra high-speed spindle with super lean
lubrication. Further details of the products are discussed
throughout other articles in this issue of Motion &
Control. The technologies that contributed foward these
developments are discussed in this article.

3. High-Speed Technology

Forty percent of high-speed machine tools (10 000 rpm
or higher) exhibited at JIMTOF 2002 adopted NSK’s
ROBUST series bearings. In the world of motion control,
the name of this series reflects on how tough these
bearings are. With the development of integral motorized
spindles, higher speeds with greater efficiency were
achieved. However, integral motorized spindles must
contend with heat build-up that requires an external
cooling system. The internal build up of heat at high
temperatures and exposure to external cooling create a
severe operating environment for the bearings. During

Fig. 1 Number of machines exhibited at JIMTOF with operating speeds higher than 10 000 rpm
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Fig. 2 Rotational speed of machine tool spindles for specific lubrication systems and preloading methods
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Fig. 3 Rotational speed of machine tool spindles under grease lubrication and position preload
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Fig. 4 Rotational speed of machine tool spindles

this transition period of drastic rotating speed changes
throughout the industry, it became necessary to increase
bearing reliability against increasingly harsh external
factors. To meet customer needs, NSK has developed the
ROBUST series, which are widely accepted in the field now.

3.1 Development of the ROBUST series

Modern high-speed machine tool spindles often
incorporate integral motorized spindles. Consequently,
operating temperatures vary widely and cause changes in
internal bearing load. The ROBUST series bearings
minimize the adverse effects that temperature variation
has on internal bearing load. NSK utilized the latest in
computer analysis technology and material technology to
develop the robustness of these bearings, while computer
analysis technology was focused on minimizing heat
generation of the bearing. An example of analysis and the
results of rotating tests are shown in Fig. 5. NSK’s
ROBUST series angular contact ball bearings were
developed as a result of this analysis. Bearing performance
includes minimal fluctuations in temperature rise and PV
values for differences in temperatures of the inner and
outer rings of the bearing (See Fig. 6).

By adopting ROBUST bearings, machine tool spindles
can increase rotational speed by 20% while maintaining

5  Motion & Control No. 16 (August 2004) NSK
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conventional bearing performance such as high rigidity and
long grease life.

Furthermore, our ROBUST products use high-speed
heat-resistant steel (SHX material), achieve position
preload at 2.0 x 10° d,,n, and by the optimization of oil-air
lubrication (Spinshot™ II), 2.5 x 10° d ,n was realized with
position preload (See Fig. 7).

Computer analysis is used to estimate temperature
variation for different designs of spindles in order to
determine an optimum bearing specification. Since the
pattern of contact area is different between ball bearings
and cylindrical roller bearings, ROBUST series cylindrical
roller bearings were developed differently. Generally, ball
bearings are suitable for high-speed operations, where
roller bearings are difficult to use due to the sliding
surface of the rib face, which controls roller orientation.
However, by analyzing the sliding surface between the
roller and the rib face, we reduced the PV value and
restricted the amount of wear. Thus we were able to
achieve a limiting speed of 3.0 x 10° dn (Fig. 8).

3.2 Development of steel material

For longer bearing life and improved rolling fatigue life
resulting from metal fatigue, it is necessary to improve
bearing steel cleanliness. NSK has since developed high



cleanliness steels such as Z steel and EP steel by
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superior seizure resistance, enhanced wear resistance, and
longer life, even under insufficient lubricating oil
conditions (Fig. 10). Fig. 11 shows the result of a flaking
test. Compared to vacuum-degassed bearing steel, SHX
steel shows four times longer life under clean lubrication
conditions. As a result of testing with ceramic balls, SHX
steel showed 30% better dent resistance than bearing steel.

3.3 Ceramic rolling elements

For angular contact ball bearings, ceramic balls make a
significant contribution towards the high-speed
capabilities of spindles. Ceramic balls for machine tools
are made of silicon nitride (SizN,), which are 40% lighter
than steel balls. The lighter weight means that centrifugal

Cycles
10°
oZ steel
®\acuum-degassed
o bearing steel
j . o° .8
qu LA L)
| %
L)
10°
0 5 10 20 30

Oxygen content, ppm

Fig. 9 Fatigue life

Load

ﬂ Rotating ball

|
Fixed balls

Test conditions Lubrication: Oil bah (Jet Oil II)
Speed: 6 000 rpm (constant)

16
2
€
&
s 12 -
(5]
=]
S 8-
g
>
o
4
SuUJ2 M50 SHX
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Fig. 10 Seizure limit test (Four-ball test)
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force acting on rolling elements, and sliding, which is due
to gyro moment, are both significantly reduced. Whereas
the coefficient of linear expansion is small, lower induced
preload reduces internal heat generation effectively during
high-speed operation (Fig. 12).

Furthermore, high Young’s modulus of ceramic products
results in smaller elastic deformation, which reduces
sliding.

For cylindrical roller bearings, ceramic rollers offer the
same advantages in part to being lightweight and their
coefficient of linear expansion. Although comparison
test results with SHX rollers revealed no difference at
2 x 10° d,,nn, superiority of ceramic rollers is realized at
limiting speeds higher than 2 x 10¢ d,,n (Fig. 8).

3.4 Development of cage material

Cage performance has a remarkable impact on the
improvement of high-speed operations of bearings in
machine tool applications. The polymer cages are popular
for machine tool bearing for their lightweight, self-
lubricating, and low-friction characteristics.

For angular contact ball bearings operating at a limiting
speed of 1.4 x 10° d,n, performance is improved by
adopting a ball-guided polyamide resin cage that was
developed to lessen vibration and noise. Whereas the cage
is guided by balls, as opposed to the outer ring, internal
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Fig. 11 Life test for subsurface-originated flaking test

80
o 70 - Steel ball
© ~——&— Ceramic ball
@ 60 3
©
§ 50 -
[
o 40
=
e
o 30 o
£
g 20
5
© 10
0 Speed
0 5000 10 000 15 000 20 000 25000 rpm
L Il Il Il 1 X 104dmn
0 50 100 150 200

Fig. 12 Comparison of ceramic and steel balls



heat generation is effectively reduced, and internal free
space of the bearing is increased for holding more
lubricant on the outer ring side for enhanced grease life.
A conventional machined cage would be too cost
prohibitive, but with polyamide resin, low manufacturing
costs are achieved by injection molding.

Fig. 13 shows differences in performance between
conventional phenolic resin cages and polyamide resin
cages. Limiting speed of conventional polyamide resin
cages is 1.15 x 10° d,n. Our newly developed polyamide
resin cage, however, has a limiting speed of 1.4 x 10° dn.
For limiting speeds exceeding 1.4 x 10° d,n, phenolic resin
cages are superior, although at lower speeds, our new
polyamide resin cage shows less temperature rise.
Presently, the limiting speed under grease lubrication is
1.4 x 10°d,n.

The high-speed capabilities of cylindrical roller bearings
were realized by applying new material technology of a
new cage using polyether ether ketone (PEEK) material.
PEEK resin was adopted for the ROBUST series
cylindrical roller bearings because of resistance to high
temperatures exceeding 300 °C, and its high-rigidity.
Polyphenylene sulfide (PPS) resin cages, which are highly
heat resistant and highly rigid, were developed for NSK’s
high-rigidity series of double row cylindrical roller
bearings. Furthermore, NSK adopted injection-molding for
production of these cages for lowering costs.

3.5 Development of lubrication methods
Lubrication is an important factor bringing out the

performance of rolling bearings. In the 1970s, grease

lubrication was mainly adopted for lathes. Since the

0 50

1980s, with the progress of high-speed operations for
machining centers, micro-lubrication oil-air or oil-mist
systems became popular. For spindles using high-pressure
cutting fluid, oil-air and oil-mist are effective against
intrusion of cutting fluid into the spindle. Although micro-
lubrication systems for oil is currently mainstream, from a
standpoint of maintenance, equipment simplification, and
environmental concerns, a strong need for grease
lubrication exists.

Grease lubricant life is heavily affected by operating
temperatures. Fig. 14 confirms the excellent durability of
grease used in NSK’s low temperature rise ROBUST
bearings. To ensure long grease life, it is important to
reduce temperature rise along the rolling contact surface
areas of the bearing. NSK has developed and marketed
MTE grease, which increases reliability through improved
pressure resistance at high operational speeds, and MTS
grease, which uses a urea thickener, provides superior
heat resistance for high-temperature conditions resulting
from high-speed operations.

Under position preload and high-speed conditions, stress
and temperature of the rolling surface become high. In
order to maintain sufficient rigidity, the limiting speed for
grease lubrication is 1.4 x 10° d,n. NSK is currently in the
process of developing an automatic grease replenishing
system for higher speed ranges.

Ultra high-speed spindles draw an air curtain that
prevents conventional oil-air and oil-mist micro-
lubrication systems from injecting oil precisely into the
bearing interior. NSK solved this problem by developing a
super lean lubrication system that injects oil into the
bearing interior at a high flow rate.

100 150 200
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50 — [l — TYN: New polyamide cage

—l— TY: Conventional polyamide cage
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KA=100 N/um
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Fig. 13 Plastic cage test results
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4. High-Accuracy Technology

Among the many stringent requirements that are being
imposed on machine tools, the demand for even higher
accuracy than before has become severe. Bearings for lathes
used in manufacturing HDD components have required the
highest levels of accuracy that can be obtained; component
out-of-roundness cannot exceed 0.2 um. Recently,
requirements for greater accuracy have demanded that
out-of-roundness be less than 0.1 zm. In lathes where the
workpiece is rotated, non-repeatable runout poses a
formidable challenge. NSK has developed running
accuracy testing equipment and measuring equipment for
determining the non-repeatable runout of the bearing, and
to ensure accuracy of high precision bearings. We were
able to achieve an out-of-roundness of the finished parts
using machine tools, which use these angular contact ball
bearings at less than 0.2 zm. Accuracy is further enhanced
as we continue to focus attention on the precision of rollers
in cylindrical roller bearings.

In machining centers where the tools are rotated,
spindle runout becomes even more important. In high-
accuracy machining centers, runout of 15 zm at the tip of
a test bar is standard at the time of shipping. However,
requirements are becoming more stringent. Therefore, the
running accuracy of the bearings for machine tools must
meet JIS Class 2, or better, in order to meet the demand

for higher accuracy at higher speeds.

Improving runout accuracy of the main shaft requires
the following four items: higher accuracy of bearing
peripheral components; improved assembly accuracy;
improved dynamic runout accuracy; and paying careful
attention to specific bearing mounting requirements and
configurations. To develop and evaluate these high
accuracy bearings, production processes, which assure
sub-micron rotating accuracy, and the development of
measuring equipment, are essential.

5. Responding to Environmental Needs

For the past several years, the machine tool industry
has been placing more emphasis on environmental
concerns, specifically energy conservation, environmental
protection and pollution controls, and improved
occupational and environmental health and safety.

Conventionally, high-speed spindles are lubricated with
oil-mist and oil-air lubrication systems, which serve their
purpose with assured reliability. However, as drawbacks
to this system include oil particles that are suspended in
the air of the operator’s immediate area, large demand for
continuously compressed air, and noise pollution, some
machines have covers around the spindles as a solution.
NSK’s Spinshot™ II is a highly effective automated grease
lubrication system that eliminates suspended oil particles,
requires less volume of compressed air, and runs quieter.

200
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— -
—
160 — - N
b |
.0 | N T
—— -

120 — N
k= X
X 100
%
©

80

60
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Fig. 14 Grease life
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MTE and MTS grease

Fig. 15 Range of NSK super precision bearing products

NSK has also taken steps to minimize environmental
pollution and prevent contamination from grease leakage.
While also improving workability, we developed sealed
angular contact ball bearings for main spindles, and
sealed angular contact thrust ball bearings for ball screw
supports.

6. Conclusion

As the machines that were exhibited at JIMTOF 2002
show that the requirements for machine tools have
expanded to include higher speeds, greater accuracy,
higher functionality, improved energy conservation,
ecological and environmental friendliness, and enhanced
cost performance. NSK has responded with precision
bearings for machine tools and peripheral products as
shown in
Fig. 15. For further details, please refer to the NSK Super
Precision Bearings catalog, No. E1254.

We would like to contribute to the evolution of the
machine tool industry, by developing products that provide
new value.

Shinji Nishibata

Motion & Control No. 16 (August 2004)
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Development of Integrated Motor
Spindle Unit for Machine Tools Using
Automatic Grease Replenishing System

Mitsuho Aoki, NSK Precision Co., Ltd.

Yasushi Morita, Bearing Technology Center

ABSTRACT

Since the 21st Japan International Machine Tool Fair (JIMTOF 2002), competition among makers for faster high-speed
machine tool spindles has become less intense. The focus of machine tools seems to have changed to ecological and
environmental issues. NSK has thus developed a new spindle with an integrated motor that adheres to four concepts:

e Increased rotational speed with grease lubrication
¢ High rigidity and cutting performance at any speed
e User-friendly and maintenance-free

e Trouble-free operations

We also developed an automatic grease replenishing system for our machine tool spindle in order to achieve these

concepts. Features of this spindle include:
e Continuous replenishment of grease lubricant

e Six rows of position-preloaded bearings (Bore diameter: 70 mm)

e All-in-one spindle with various support equipment
e High reliability

NSK machine tool spindles are doing well in the marketplace with unprecedented performance. Product specifications

are as follows:
e Spindle taper: #40/HSK-A63
e Maximum speed: 20 000 rpm
e Bearing bore diameter: 70 mm
e Grease lubrication

We conducted grease discharge testing, heavy-cut testing, coolant resistance testing, and bearing endurance testing to
confirm the effectiveness of our spindle design. All tests showed favorable results. We supplied this spindle to several
customers and received positive comments regarding product performance and customer satisfaction.

1. Introduction

In addition to high accuracy, greater efficiency is one of
the most important factors in the development of machine
tool—or more specifically, improved productivity.
Regardless of actual processing and non-processing time,
shortening overall time has been a big mission for
development engineers. Conversely, global-scale
environmental issues are also a major focus because
machine tools are required to be environmentally sound.
Furthermore, machine tools must provide high-functionality
with short delivery times due to growing global competition.
To satisfy these needs, NSK has developed and marketed the
NSK highly functional high-speed all-in-one spindle unit.

2. Background of Development
2.1 Current status of spindle market

2.1.1 Slowdown in trend of high-speed machine tool
spindles
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The rotating speeds of milling spindles have increased
from year to year. The spindles with ISO-40 equivalent
nose taper exhibited at JIMTOF 2000 showed speeds of
more than 20 000 rpm. However, JIMTOF 2002 revealed
very little change in rotating speeds of machines compared
to the previous tool fair in 2000. Achieving higher speeds
is much more technically difficult to a point where the
ends do not justify the means. Rather, enhancing value by
lowering noise levels, reducing vibrations, and improving
reliability at current speeds are what is in demand.

2.1.2 Environmental awareness

Greater sensitivity to environmental concerns in
manufacturing is receiving more emphasis from
businesses. Machine tools also are becoming more active
in lessening their environmental impact by reducing the
amount of required lubrication oil and electrical
consumption, as well as drastically minimizing coolant
consumption by MQL.



2.1.3 Highly functional spindles

The demand for a wide range of functions in a spindle
from rough to fine machining has existed for quite some
time. For example, some makers advertise spindles that
provide variable preload and shaft center cooling, but they
are expensive thus making them unpopular.

2.1.4 All-in-one spindle

Until now, machine tool makers purchased machine tool
spindles separately from other basic components. The
makers often had to design, procure, assemble, and alter
some of the basic components in order to create a finished
product. Further examples of the more critical components
include:

e Motor

® Tool clamping unit

e Tool releasing cylinder

¢ Clamping monitor

e Rotary union for through-the-spindle coolant

¢ Flood coolant nozzle

(mainly for horizontal-type machining center)

Whereas short delivery times remain a formidable
challenge for machine tool makers, a user-friendly,
all-in-one, highly functional, and compact machine tool
spindle (Fig. 1) is extremely desirable.

2.1.5 Integrated motor

There are many types of driving systems for spindles,
but from the aspect of high-speed and vibration, integrated
motor spindles are becoming the mainstream. The
advantages of a motor spindle include shorter machine
tool assembly time since motor centering is not necessary,

Integrated motor

Flood coolant nozzle

Fig. 1 All-in-one machine tool spindle

Motion & Control No. 16 (August 2004)

a more compact spindle head, which is shorter by 30% in
comparison to direct-coupled types, and the head center
can be located closer to the center of gravity. Heat
generated by the motor, which used to be a problem, has
improved drastically by using the latest in electric current
control technology.

2.2 Product concept
Based on the needs discussed earlier, NSK formed a
project team for the purpose of bringing a highly
functional spindle suited for 21st century to the
marketplace. Our product concept, which will set a new
global standard for motor spindle units in the future,
includes the following four items while ensuring high
functionality through unitization:
¢ Achieve high-speed operation with grease lubrication
e Maintain high-rigidity and cutting capability for
low- to high-speed operations
e Ensure user-friendliness, maintenance-free
performance
¢ Maintain high reliability

3. Features of Standard High-Speed
Spindle

The following are the main features of our new standard
high-speed spindle that help to make the previously
mentioned concepts a reality.

e Adoption of an automatic grease replenishing system

e Six rows of position-preloaded bearings

(Bore diameter: 70 mm)

e All-in-one package

¢ High reliability

Tool releasing cylinder

Rotary union for
through-the-spindle coolant

Tool clamping unit

NSK 12



3.1 Adopting an automatic grease replenishing
system

Primary features include high-speed performance
(1.7 x 10° d,yn) under grease lubrication, a breakthrough
specification for a spindle with the ISO-40 taper, operating
speeds of up to 20 000 rpm, and 10 000 hour maintenance-
free performance. The key innovation that proved
indispensable in achieving these primary features was
NSK’s newly developed automatic grease replenishing
system.

3.1.1 Features of the automatic grease replenishing
system
Table 1 shows the environmental advantages of using
grease lubrication in comparison to oil-air lubrication.
We can see that the grease lubrication offers the
following environmental advantages compared to the
oil-air lubrication:
e Maintenance-free performance
® Conserves natural resources
(minimal oil consumption)
¢ Improved working environment
(no oil mist/reduced noise)
® Reduced energy consumption
(lower need for compressed air)
Conversely, oil-air lubrication has following merits:
¢ Unhindered by grease-life problems related to
high-speed operations
e Less affected by intrusion of coolant

The advantages of an oil-air lubrication system lie in the
fact that it continuously provides a fresh supply of
lubricant to components.

Our innovative grease replenishing system takes
advantage of the positive aspects of both grease
lubrication and oil-air lubrication. NSK has thus
succeeded in developing and adopting this automatic
grease replenishing system for new standard high-speed
spindle units.

3.1.2 Mechanism of the automatic grease

replenishing system
(1) Grease supply

Table 1 Lubrication comparisons

The grease replenishing unit (Fig. 2) delivers a small
quantity of grease into the grease supply line that is
connected to the spindle (Fig. 2). Compressed air provides
the pressure to force grease through the grease supply line
to a hole on the outer ring where the grease fills the
bearing interior. The automatic grease replenishing
system consists of a piston pump and grease tank.

The pump intermittently feeds small, fixed quantities of
grease (0.01-0.03 cm?) to the grease supply line. A critical
factor of this system is the ability to control the amount of
grease fed into the supply line. Excessive amounts of
grease fed during rotating speeds of 20 000 rpm will cause
an abnormal temperature rise due to increased churning.
Grease life is shortened by rotating speed and temperature
rise, and so the required amount to be fed will vary
according to rotating speeds. To ensure that only the
optimal amount of grease is fed into the lubrication line,
the piston pump feed-rate is automatically regulated
according to spindle speed. Fig. 3 shows the marketed
version of NSK’s automatic grease replenishing system.

(2) Discharge of grease

Much like the constant and steady flow of fresh
lubricant in an oil-air lubrication system, the proper
discharge of used grease is a key factor in maintaining a
smooth-running automatic grease replenishing system.
Excessive grease can cause overheating and noise due to
churning. Maintenance-free operation for 10 000 hours of a
standard high-speed spindle was achieved by designing
used-grease discharge spacers and used-grease reservoir
grooves into the bearing housing (Fig. 4).

To confirm the effectiveness of this newly developed
design, testing was conducted using an amount of grease
equivalent to 10 000 hours of usage. Results showed
grease had properly accumulated in the used-grease
reservoir grooves while maintaining smooth operations
free of heat buildup and excess noise.

3.2 Six rows of position-preloaded bearings

Our highly rigid bearing design is further enhanced by
six rows of position-preloaded ¢70 bearings, which is a
unique arrangement that can reach an unprecedented
rotating speed of 20 000 rpm.

Automatic grease
replenishing system

Packed grease Oil-air lubrication

Maintenance-free Yes Yes . No .
(Requires replenishment)

Oil cunsumption Minimal Minimal Large amounts

Oil particles suspended in air None None Significant amounts

Compressed air requirement Small amounts

Small amounts Large amounts

Noise Minimal Minimal High noise level
Grease life N/A Limited life N/A
Coolant resistance High Low High

13 NSK
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Grease tank Piston pump

(for automatic regulated flow)
Grease replenishing unit \ . -
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Fig. 2 Automatic grease replenishing system

Fig. 3 Automatic grease replenishing unit

3.2.1 Bearing specifications arrangement (DBB) of angular contact ball bearings with
The six rows of bearings, which work to ensure rigidity a bore diameter of 70 mm located at the front side, and a

for a wide range of operations from low to high speeds, back-to-back arrangement (DB) of angular contact ball

consist of a position-preloaded quadruplex set bearings with a bore diameter of 55 mm is positioned on
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Used-grease reservoir grooves

/ Grease flow

Vv

Used-grease discharge spacers

Fig. 4 Flow of used grease

Table 2 Bearing specifications

Table 3 Cutting test results

Front side Rear side Work material S50C
Type 70BNR19 series 55BNR19 series Cutting tool Face mill
Rolling element Ceramic ball Ceramic ball Rotational speed (rpm) 1200
Bearing bore diameter ¢70 mm ¢55 mm Cutting width (mm) 70
dnn value 1.7 x10° 1.35x10° Feeding speed (mm/min) 3600
Combination DBB (Quadruplex set arrangement) | DB (Back-to-back arrangement) Cutting removal (cm*%min) 504
Lubrication method Automatic grease replenishment | Automatic grease replenishment Condition of cut surface Good

the supporting side. Further details are available in Table 2.

3.2.2 Cutting test results

Table 3 shows the results of cutting steel with the
developed spindle unit that was installed on a vertical-type
machining center. For face milling at 1 200 rpm, removal
of more than 500 cm?*min was successful, which can be
classified as a heavy cutting for conventional machine tool
spindles whose maximum rotational speed is
approximately 10 000 rpm.

3.3 All-in-one spindle unit with integrated
functions
Further advantages are realized by adopting an all-in-
one package that is user-friendly. Details follow below.

3.3.1 Tool clamping mechanism

NSK standard high-speed spindles include a tool
clamping unit as standard equipment, and field balancing
is performed for each assembly. Users can now eliminate
troublesome tasks associated with procuring machine
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spindles and drawbars separately, and benefit from
shorter production times due to simpler assembly.
Furthermore, this high-speed spindle is equipped with a
clamping monitor that checks existence of a tool by
position of the drawbar. The durability of drawbar is
described later in Section 3.4.3.

3.3.2 Tool releasing cylinder

A tool releasing cylinder is standard equipment. Users
require simply connecting the cylinder to a hydraulic
pressure line. From an ecological standpoint, a
hydropneumatic pressure booster can be used in lieu of
hydraulic pressure for unclamping. The tool releasing
cylinder also incorporates switches for upper and lower
position limits.

3.3.3 Coolant function

Typical functions of coolant for machining centers
include:

¢ Flood coolant

® Through-the-spindle coolant



¢ Overhead shower coolant

e Chip flush away coolant

NSK’s standard high-speed spindle takes advantage of
through-the-spindle and flood coolant systems. Benefits
include prevention of heat buildup in the workpiece or
cutting tool and flushing away of chips. Standard high-
speed spindles can be fitted with either system as an
option.

A rotary union (Fig. 5) supplies coolant under high
pressure (maximum 7.0 MPa), which is fed through the
top of the tool. This configuration is especially effective for
deep-hole drilling. As users reduce their reliance on
coolants and convert to semi-dry cutting, such as MQL
processing, users can continue to use the rotary union as
they adopt new processing methods.

Flood coolant for horizontal machining centers is
discharged from six coolant outlet ports located on the
spindle nose. As for vertical machining centers, coolants,
other than flooding, tend to use external piping, which is
usually located at the rear side of the spindle for easier
assembly.

3.4 High reliability

In addition to the features previously discussed, NSK’s
standard high-speed spindle provides customers with high
reliability against water exposure, and ensures bearing
durability. High performance spindles with low reliability
are unacceptable in the marketplace, especially in these
times where users are more concerned with reliability
than high performance. Here, the results of various tests

verify the reliability for a variety of components as
described.
3.4.1 Measures against coolant intrusion

Machine tool spindles are constantly operated under
severe conditions, including being subjected to coolant
splashing. Contact seals cannot be used, and so the
problem of coolant intrusion is always a major factor in
impairing reliability. Grease-packed spindles are
especially vulnerable to coolant intrusion. Once the
bearing becomes contaminated, the lack of a fresh
lubricant supply causes the grease to deteriorate, which
can lead to rapid bearing failure. NSK’s standard high-
speed spindle solves this problem by using a quadruple
seal and grease replenishing system.

(1) Seal design

Fig. 6 shows the basic layout of a quadruple seal. The
first stage seal incorporates a chip and coolant slinger for
preventing fluids and particles from entering the bearing
by rotary motion. Additional protection is achieved by an
air barrier, which is created by air blown into the
labyrinth that then flows outward from the slinger. This
air barrier can provide effective sealing against external
contamination. Whereas contact seals are not feasible in
high-speed applications, labyrinth seals are used instead
for the third stage. The final feature is a sealing spacer.
The sealing spacer consists of a bearing rubber seal
(non-contact type), which is inserted in the bearing spacer
for sealing the bearing, is compact, and is free of any space
requirements in the axial direction. Since our standard

Fig. 5 Rotary union
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high-speed spindle adopts an automatic grease In order to verify the effect of measures against coolant,

replenishing system, grease is not washed away even if testing was conducted with high-pressure coolant (7 MPa)
coolant intrudes into the bearing interior giving it the being discharged from the top of the tool and splashed to
same level of reliability as that of oil-air lubrication. the end of the nose. Fig. 7 illustrates coolant flow and a
photograph of the test equipment. Test results showed no
(2) Water resistance test intrusion of coolant, thus confirming that our seal design

Sealing spacer

.
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Labyrinth seal

U Air seal

Slinger

Fig. 6 Quadruple seal

Acrylic cover Through-spindle-coolant
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Fig. 7 Coolant-splash test equipment
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can sufficiently withstand real-world applications.

3.4.2 Bearing durability

Bearing reliability is one of the most important factors
for machine tool spindles. We conducted rapid
acceleration/deceleration tests and radial load tests to
confirm bearing endurance.

(1) Rapid acceleration/deceleration test

By heating the integrated motor with rapid
acceleration/deceleration cycles (Fig. 8), bearing durability
under thermal loads was tested. After continuous running
in excess of 3 000 hours, no abnormalities such as noise or
seizure occurred and rotation remained stable.

(2) Radial load test

Testing consisted of a radial load (500 to 2 000 N)
applied at the tip of the spindle (115 mm from the gage
line), and continuous rotation at a maximum speed of
20 000 rpm. The 2 000 N radial load was about two times
of the radial load 1 100 N that is applied to the outer
diameter of an end mill (¢20 mm) as tangential force
under a maximum torque of 11 N-m at 20 000 rpm. Test
results (Fig. 9) confirm a slight temperature rise with
stable rotation.

3.4.3 Draw bar endurance test

Tool clamping unit commonly incorporate a draw bar
with a disk spring. Life of the disk spring, however, is
relatively short and can cause some unbalance that makes
it inappropriate for high-speed spindles. NSK’s standard
high-speed spindle uses a spiral disk spring that
eliminates and balances any defects. Repeated
clamp/unclamp testing of the draw bar was conducted

5s

20 000

Speed, rpm

Stop

on an actual machine, which passed the targeted two
million cycles.
4. Specifications of Standard High-
Speed Spindle

4.1 Specifications

We have developed four different models based on motor
output and maximum speed (Table 4). Models vary for
motor output (type L and type S), and maximum speed of
motor output (15 000 rpm and 20 000 rpm). Customers can
also select #40 or HSK-A63 for all four models.

4.2 Boundary dimensions

Housing outside diameter of either ¢$230 mm (type L) or
$210 mm (type S) is available (Fig.10). These diameters
provide easy-to-use dimensions for these classes of spindle.
Applications include vertical or horizontal types. Both
types include a slim nose diameter (¢170 mm) designed to
ensure smooth processing of the bottom of a vertical wall
and will not interfere with the table in a horizontal
machining center.

5. Standard High-Speed Spindle
Performance

Table 5 illustrates the excellent test results of NSK’s
standard high-speed spindle. Performance requirements
as the new generation spindle are clearly met in
accordance with the specifications given in Table 4.
Thermal displacement is controlled at a lower level by
adoption of a cool-running motor, which enables easier
thermal displacement compensation by machine tool
manufacturers.

5s

\

5 min

Fig. 8 Rapid acceleration/deceleration cycles

Motion & Control No. 16 (August 2004)

Time
5 min

NSK 18



A T Rear bearing
S
5 ==
= | R
=y « Bearing Sl
section '
O 60 Radial load 1r
%)
§ / Outside surface of front cover
©
2
: / mm—
= 40 = i
2 000N
Room temperature 1 500N
20 1 000N
F 10min
-
500N
AL
Fig. 9 Radial load test results
6-14.0 THRU Type S | Typel
el et L 670 800
_ L1 235 235
L2 190 320
8 8 L3 110 110
|
L4 135 135
D1 210 230
D2 265 285
D3 170 170
L1 L2 L3 L4 D4 240 260
L

Fig. 10 Boundary dimensions

19

Motion & Control No. 16 (August 2004)

NSK



Table 4 Specifications

Spindle Model

S$/15000

$/20000

L/15000

L/20000

Main specification

Application

Machining center

Machining center

Mounting position

Vertical and horizontal

Vertical and horizontal

Maximum speed

15000 rpm 20 000 rpm

15000 rpm 20 000 rpm

Rotating direction

Both directions

Both directions

Boundary dimension

Outer diameter of cylinder $210 mm $230 mm
Mass 120 kg 170 kg
Mounting bolt size 6xM12 6 xM12

Mounting bolt P.C.D.

$240 equally spaced

¢260 equally spaced

Type of integrated motor

Motor model

o112S/20000iB

0112L/20000iB

Maximum output

11/18.5 kW (Continuous/10 min)

18.5/22 kW (Continuous/25%)

Maximum torque

60.5 N-m (15%)

118 N-m (25%)

Bearings
Front NSK 70BNR series NSK 70BNR series
Rear NSK 55BNR series NSK 55BNR series

Specification of lubrication

Lubrication method

Automatic

Packed grease grease replenishment

Automatic
grease replenishment

Packed grease

Grease type

NSK MTE grease

NSK MTE grease

Rotating accuracy

Runout of test bar bottom

3 um or lower

3 um or lower

Runout of test bar at 300 mm

10 ym or lower

10 ym or lower

Vibration class V3 V3
Tool shank + Pull stud
JIS Tool shank: 40T Pull stud: 40P Tool shank: 40T Pull stud: 40P
DIN Tool shank: #40 Pull stud: #40 Tool shank: #40 Pull stud: #40
Table 5 Results of basic tests of spindles
ltems Type S Type L
Bottom 2 um 3um
Runout of test bar
Top 7 um 8 um
Axial rigidity 90 N/um 90 N/um
Vibration at 20 000 rpm 0.8/1.2 umP-P 0.9/1.8 umP-P
Noise level 74 dB 76 dB
Start (0 — 20 000 rpm) 39s 3.2s
Acceleration and deceleration time
Stop (20 000 rpm — 0) 41s 25s

Temperature rise

Front

Average 15 °C

Average 13 °C

(At room temperature)

Rear Average 17 °C Average 18 °C
Thermal displacement at 15 000 rpm 33 um 28 pm
(Elongation in Z direction) 20 000 rpm 59 ym 60 um

Compressed air requirements

50 L/min (Normal)

50 L/min (Normal)

Motion & Control No. 16 (August 2004)

NSK 20



6. Conclusion

NSK’s standard high-speed spindles are used mostly by
machine tool makers throughout Asia. NSK has received
high commendations from end-users regarding the
advantages of using this spindle. Also, use of these spindles
benefits standardization of users products. As we work to
make upgrades to our current models for even better
performance and reliability, we hope to make NSK’s
standard high-speed spindle the global standard.
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Development of High-Speed and
Low-Noise Ball Screws

Masato Kato
NSK Precision Co., Ltd.

ABSTRACT

NSK has developed and marketed a new series of high-speed, low-noise ball screws for machine tools: the HMC-B02
series. In addition to featuring less noise emission, lower vibration, and better tone quality, a newly designed ball
recirculation mechanism and other newly designed components have contributed to development of an innovative product
that ensures 1.63 times higher speed than conventional ball screws for machine tools.

The HMC-BO02 series is the top solution for extremely high-speed applications for which linear motors have been

dominant.

1. Introduction

It has been more than 40 years since NSK delivered its
first ball screw to a machine tool company back in 1961.
Since then, machine tools have continued to evolve with
the development of numerical control (NC). In addition,
ball screws, which are main component of machine tool
feeding mechanisms, have also experienced repeated
upgrading in a neck-and-neck race with that of machine
tools. Among the many improvements made in machine
tools, remarkable progress has been made in high-speed
operations for improving machining efficiency. Examples
include faster speeds of main spindles, rapid traversing
speeds, and faster feeds of the cutting tool.

A look at machine tools on display at the Japan
International Machine Tool Fairs (JIMTOF) over the past

several years reveal an interesting trend regarding rapid
traverse speeds (Fig. 1). At present, rapid traverse speeds
of 50-60 m/min for machining centers have become rather
common, while maximum traverse speeds can exceed
100 m/min. NSK has been constantly developing
high-speed ball screws in an effort to “stay one step ahead”
of market needs. In order to comply with continual
demand for faster speed, and to provide a user-friendly
product to maintain our competitive position with linear
motors that are presently in the market, we have worked
to further develop ball screws with even higher speeds.
However, achieving high-speeds is only one of several
issues that must be addressed. It is difficult to say that
real high-speed operation is achieved by only improving
the rapid traverse speed. Simultaneously, it is important
to reduce noise and vibrations, which tend to worsen at
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Fig. 1 Rapid traverse speed for machining centers
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Photo 1 HMC-BO02 series

faster operating speeds. Although we have traditionally
worked to minimize vibrations and to ensure quiet
operations of ball screws, greater awareness of the impact
ball screws can have on the health and safety of the
operators environment have lead to a stronger
commitment by manufacturers to ensure a quieter and
smoother operating product. Keeping these factors in
mind, NSK has developed and successfully marketed the
HMC-BO02 series of high-speed and low-noise ball screws
(Photo 1). The HMC-BO02 series was developed with the
concept of quieter operations and less vibration than
conventional ball screws while ensuring even higher
speeds.

2. Features

Based on NSK’s HMC series, we developed the HMC-B02
series by adding several new features and made
improvements for enhanced speed and quieter operation.

One of the major differences between the HMC-B02
series and conventional series is the recirculation circuit.
This circuit consists of a mechanism in which steel balls
are circulated infinitely to enable an infinite stroke
theoretically. Naturally, the balls are forced to change
their circulating direction at the point between the loaded
and unloaded zones, resulting in irregular movement of
the balls, which has a detrimental effect on ball screw
performance.

It is with the HMC-BO02 series that NSK has developed a
new method for recirculating the balls, which we call an
“end-deflector.” Our end-deflector replaces the
conventional return tube circuit, thus allowing the
smoothest ever flow of balls between the loaded and
unloaded zones of the spiral groove and recirculation
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circuit, which have greatly contributed to the excellent
features discussed below.

2.1 Improved high-speed rotating capability

To achieve high-speed feeding using a ball screw, there
were many challenging tasks that we were faced with.
First, we had to focus on how to increase rotational speed.
Presently, increasing feed speed is accomplished by
increasing rotational speed or screw lead. Therefore, many
modern machine tools tend to have ball screws with a
large lead. In the HMC-B02 series, however, we focused
initially on increasing rotational speed with an emphasis
on maintaining a positive balance between lead and
rotational speed.

In conventional recirculation circuits with return tubes,
the limiting factor of maximum rotational speed depends
on fatigue resistance of the return tube. When balls are
scooped in the return tube, the balls repeatedly strike the
tip of return tube causing damage and eventual material
fatigue. Therefore, previous return tube designs focused
on dispersing the stress and on improving strength by
increasing thickness of the return tube walls.

NSK’s HMC-B02 series takes a different approach by
adopting an end-deflector that scoops each ball smoothly
along the direction of the facing. The amount of force
exerted by the balls on the recirculation component was
significantly reduced thus enabling high-speed rotation
exponentially.

High-speed rotation of ball screws is expressed as a d-n
value, where d is the screw shaft diameter (mm), and n is
the rotational speed (rpm). The upper limit of the d'-n
value for NSK’s conventional HMC series is 13.5 x 10¢,
while the HMC-B02 series show a marked increase in d-n
value at 22 x 10%. For example, conventional ball screws



with a shaft diameter of 40 mm have an upper limit of

3 400 rpm; our new series increases the speed to 5 500 rpm.
Always looking to the future, NSK is currently assessing

our high-speed rotation capabilities of this series, and

conducting high-speed tests under various conditions.

Laboratory results thus far have shown speeds exceeding a

d-n value of 25 x 10%.

2.2 Reduced noise and vibration

Noise and vibration, which tend to increase with higher
speeds, must be reduced in order to achieve higher
rotational speeds.

There are two types of noise that are generated in ball
screws: noise generated by rolling balls on the raceway
grooves in the loaded zone, and ball recirculation noise
generated as the balls change direction at the entry and
exit points of the unloaded zone. In case of medium- and
large-sized ball screws for machine tools, the ball
recirculation noise is the dominant noise source.

The energy of the balls striking other components at the
entry and exit of the unloaded zone excites the ball screw,
and thus generates noise. The HMC-B02 series
incorporates a newly designed recirculation circuit that
drastically reduces noise and vibration by suppressing the
vibration energy.

Noise and vibration measurements taken of the HMC-B02
series and the conventional HMC series are described
below. Vibration was measured with an acceleration
pickup attached to the nut end face in the axial direction,
while a microphone was positioned 400 mm from the shaft
center to measure noise (Fig. 2). Testing was conducted
using a ball screw with a 40 mm diameter shaft, a 20 mm
lead, no seal, and ISO VG #68 lubricating oil.

A comparison of noise level measurements (Fig. 3) shows
an average value for NSK precision ball screws. The
formula used to obtain the average value is based on years
of empirical data, and is the standard for evaluating noise
levels of NSK ball screws. We can see that noise levels of
conventional ball screw series are close to the overall
average value. Remarkably, the HMC-B02 series shows
noise levels far lower than that of conventional series by
as much as five to seven decibels. Furthermore,
comparisons of noise levels involving rotational speed
while operating at 2 500 rpm show equivalent noise levels
where conventional series are operating at a much lower
speed of 1 500 rpm. The HMC-B02 series clearly provides
users with higher speeds without the higher noise levels.
Another interesting approach is to compare the number of
ball screws. If the number of ball screws is doubled, noise
levels increase to three decibels. If the number of ball
screws is quadrupled, the noise level then increases to six
decibels. Theoretically, the HMC-B02 series are so quiet
that it takes four sets to equal the noise level of only one
set of conventional ball screws.

Taking a closer look at data shown in Fig. 3, frequency
analysis of noise at a speed of 2 500 rpm (Fig. 4) in
comparison to conventional series shows that the
HMC-BO02 series is much quieter, especially in the high
frequency zone. Noise levels are not only drastically
reduced, but are also much more tolerable for the operator.

Using shields and covers can reduce the level of noise
coming from a ball screw, but these do not address the
problem of vibrations that are the original source of noise.
The HMC-B02 series addresses the problem of vibrations,
and in comparison to conventional products, noise and
vibrations are drastically reduced. Results of frequency
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Fig. 2 Noise and vibration measuring equipment
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analysis of vibration are shown in Fig. 5.

The waveforms shown in Fig. 6 reveal that the
conventional series has an increase of noise and vibration
at 2.7 ms intervals, which is equivalent to one cycle of a
ball passing. The HMC-BO02 series, however, has such low
levels of noise and vibration that they are almost
insignificant and difficult to even measure. These results
confirm that the HMC-BO02 series has significantly less
vibration, less noise, and more compatible with the
operators working environment due to the smoother ball
recirculation circuit.

(b) Speed, 10 rpm

2.3 Improved operating characteristics

Friction torque stability is one of the most important
properties to ensure high-accuracy. Operating
characteristics of a ball screw when it is being driven
include friction torque stability for both large and small
torque fluctuations.

Examples of measured friction torque are shown in Fig. 7.
The test sample consisted of a ball screw with a 40 mm
diameter shaft and a 20 mm lead operated under ISO VG
#68 lubrication oil. The 100 rpm speed for Fig. 7 (a) is a
standard condition for evaluating friction torque.
Rotational speed was set at 10 rpm for Fig. 7 (b) where
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friction torque tends to fluctuate to exemplify low speed
operations.

Fig. 7 shows the effectiveness of smooth movement of
balls at the connected section between the rolling groove
and the recirculation circuit. Even at a speed of 10 rpm,
operating characteristics are good with extremely small
torque fluctuation.

Oscillation, which is the repeated motion of small
strokes at less than two to three rotations, is often
repeated in precision machinery. If a ball screw repeats
oscillation from several cycles to high number of cycles,
the absolute value of friction torque or torque fluctuations
tend to gradually increase. In some cases, friction torque
can increase up to 200 percent. The ball screw we used for
friction torque testing (Fig. 7) was oscillated for
100 cycles at a speed of 10 rpm, and a stroke of 15 mm
(0.75 rotation of screw shaft). The friction torque data for
this oscillation (Fig. 8) showed extremely good results with
no increase of friction torque.

2.4 Compact size

The outside diameter of the HMC-B02 series nut (Photo 1)
has been reduced to approximately 70 to 80 percent of the
nut used in conventional series by integration of the
recirculation circuit into the nut body for a more compact
nut. Conversely, higher load capacity and greater rigidity
can be achieved by increasing the screw shaft diameter of
the HMC-BO02 series in the same assembly space of the
conventional series.

2.5 High sealing performance

Sealing capability is another important property of a
ball screw to prevent the intrusion of dust into the nut,
and to prevent leakage of lubrication grease from interior
of the nut.

Dustproofing of this series is improved by adopting
NSK’s newly developed screw shaft contact-type seal as
the standard seal instead of a conventional labyrinth seal.
Test results of our newly developed seal show that foreign
matter intrusion was reduced by almost 94 percent in
comparison to that of conventional seals. Typical contact
seals slide with the screw shaft for higher sealing
capability, but at a cost of increased friction torque. Our
new seal, however, is very thin, which helps to limit the
amount of friction that would normally occur. In addition,
a protector is provided to prevent the seal from turning up
for enhanced seal durability.

2.6. Additional features

Additional features carried over from the conventional
series are mentioned here due to their impact on machine
tool applications.

One is restraint of temperature rise and thermal
displacement. With the progress of higher speeds, heat
generated by the ball screw becomes more critical and the
displacement of that heat threatens accuracy in the ball
screw application. The HMC-B02 series incorporates the
same optional cooling system found in our conventional
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series where forced coolant runs through a hollow shaft.

By using forced coolant, temperature rise and thermal
displacement are controlled, and the amount of time
required for temperature stabilization is further
shortened. Whereas thermal displacement is restrained,
the fixed design can be used for both ends of the support
bearings of the ball screw shaft. This design ensures
higher rigidity of the ball screw system including the
support bearings, and makes superior precision
positioning and processing possible.

Another feature is larger support bearings, which
improves overall rigidity of the ball screw system. Unlike
typical ball screws with internal recirculation circuits
where the ball screw groove is cut to at least one end of the
shaft for easier ball nut assembly, the HMC-B02 series
avoids this and retains more wider bearing shoulder at the
bearing seat of the shaft and makes it easier to increase
the size of the support bearings without the use of a collar
for a more rigid support structure.

3. Endurance Testing

To realize true high-speed operations, high-speed
acceleration and deceleration is indispensable in addition
to being able to maintain maximum speed. When driving a
large mass, such as in a machining center with high-speed
acceleration and deceleration, load to the ball screw is
increased and the momentum per each unit of time is
increased with higher speeds. Regardless of the fact that
such applications normally operate under severe
conditions of heavy contamination and debris, permissible
levels of precision deterioration become much stricter, and
the demand for higher load ratings and durability become
more crucial.

Though the HMC-BO02 series has a load rating equal to
or higher than that of our conventional HMC series, the
improvements we made for greater functionality in this
series result in much higher durability.

We conducted endurance tests under simulated
operating conditions of field-use including environment,
using a rated life calculated from dynamic load ratings as



Photo 2 Endurance test equipment

an evaluation reference.

Equipment for endurance testing was designed to
simulate operating conditions of an actual machine tool
(Photo 2). The ball screw had a 40 mm diameter shaft and
a 20 mm lead. The test equipment consisted of a 1.6 x 10° kg
column placed on a table that was mounted to a ball screw
nut. The ball screw was operated at a speed of
3 000 rpm, an acceleration of 9.8 m/s? and nut stroke of
230 mm x 3 steps.

Stroke was divided into three steps to evaluate severe
operating conditions by increasing frequency of
acceleration and deceleration.

We disassembled and investigated the tested ball screw
after testing exceeded the rated life by 1.8 times. Normal
rolling traces were observed on the ball grooves of the
screw shaft and the nut, with no apparent sign of
abnormal wear or damage. Preload was maintained
sufficiently throughout testing, and no abnormalities were
observed in any of the other components. Testing was
started again using the same ball screw and components,
and we continued testing in excess of 2.5 times the rated
life with no adverse effects.

4, Conclusion

NSK’s HMC-B02 series of high-speed low-noise ball
screws are currently available for commercial applications.
With the new developments and improvements we made
in this series, such as the recirculation mechanism, NSK
provides customers with greatly enhanced performance to
meet the demands of the market.

We are confident that customers can take full advantage
of the HMC-BO02 series for high-speed applications as well,
where linear motors tend to be dominant. We hope to
apply the concepts and achievements of the HMC-B02
series to other ball screws to meet the needs of all
customers.

Masato Kato
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ABSTRACT

This article introduces the application of numerical analysis technology to the development of NSK Linear Guides™
while focusing on the vital factors of rigidity and running accuracy of machine tools. For this technology, NSK developed a
computer program that analyzes the roller guides and takes into account contact characteristics of the rollers and
raceways, and their structural deflection. Calculation results of this numerical analysis program agree quite well with
experimental results. The level of vibration caused by passage of rolling elements can be estimated quantitatively with
our numerical analysis technology, which significantly contributed to the newly developed HA series of NSK Linear
Guides™. Experimental results show that the level of ball passage vibration of the HA series is approximately one-third

that of conventional products.

1. Introduction

In recent years, the demand for rapid product
development has been increasing. Products must be
developed in a timely manner and at low cost to meet
market needs. Under such circumstances, NSK is actively
working on the characteristics analysis of products using
computers for efficient product development. By making
use of characteristics analysis techniques, we have
drastically reduced design processes that traditionally
repeated the prototyping, testing, and changing of designs.

This article introduces some of NSK’s proprietary
numerical analysis technologies that are being used to
develop linear guides for machine tools, as an example. In
the following sections, our numerical analysis technologies
will be described focusing on applications for the analysis
of rigidity and running accuracy of linear guides for
machine tools among many other key characteristics.

2. Analysis of Roller Guide
Characteristics

2.1 Analysis program of roller guide
characteristics

Extremely high rigidity and load carrying capacity are
required of linear guides for machine tools. To address
these requirements, NSK developed a new product called
the RA series of NSK roller guides. The RA series is a new
type of linear guide that uses rollers as the rolling
elements (Fig. 1).

The following points should be taken into account when
analyzing the characteristics of the RA series.

(1) Rollers have a large contact area and are highly rigid.
Accordingly, the deformation of individual sliders, rails,
and other components should be taken into account in
order to accurately calculate the rigidity (displacement
characteristics relative to the load) of a roller guide.
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(2) Contact pressure distribution over a roller is usually
not uniform. Extremely unbalanced contact pressure
distribution due to improper design specifications and
operating conditions may cause rolling fatigue and
shorten service life. Accordingly, contact pressure
distribution should be accurately determined.

These two points are vital for analyzing the
characteristics of roller guides. Due to the complexity of
the calculations, however, component deformation has
hardly been taken into account in conventional rigidity
calculations, nor has contact pressure distribution been
analyzed in detail.

To achieve optimal roller guide design, NSK developed a
program that assesses the characteristics of roller guides
in detail (Fig. 2). This program enables more accurate
characteristics analysis through simultaneously analyzing
both the elastic deformation of and contact pressure
distribution on a roller, and the deformation of individual
sliders, rails, and other components of a roller guide.

This program uses the well-known Palmgren formula®
for calculating the elastic deformation of rollers and the
FEM model for calculating the component deformation.
Also, a fast and detailed contact pressure analysis
method? enables the accurate analysis of contact pressure
distribution, while taking local stress concentrations into
account.

Examples of analyzing roller guide characteristics with
this program are described in the following section.

2.2 Applications
2.2.1 Example of rigidity analysis

We measured and calculated displacements relative to
various external loads on a roller guide (Fig. 3) for
comparison. Calculations are performed in two ways: one
with this program and the other assuming the roller guide
components to be made of a rigid material. Compared with
the measured values, the calculated values assume that



Fig. 1 RA series of NSK roller guides

Computer Analysys for Roller Guides
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- Dimensions of rollers
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Fig. 2 Calculation method and application of computer analysis for roller guides

the roller guide components, which are made of a rigid

material, underestimate the displacement relative to the

load, i.e., they overestimate the rigidity. These results

indicate that component deformation should be taken into

account to accurately estimate the rigidity of a roller
guide.

In contrast, calculated values of the program, which
take component deformation into account, agree well with
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measured values. It is noteworthy that differences in
rigidity for compression and tension are well simulated.

The measured and calculated displacements of several
roller guides with different preloads under external loads
of 4 000 N and 10 000 N were compared (Fig. 4). The
calculated values agree well with the measured values in
both compression and tension directions.

As seen from the above examples, the program enables
accurate calculation of the rigidity of roller guides, which
was mostly ignored in the past.

2.2.2 Examples of analyzing contact pressure
distribution

One of the key issues in roller guide design is the
crowning shape of the rolling element. Crowning is the
gently slanted curve near the roller edges, for which
contact pressure distributions are calculated for rollers
with various crowning profiles (Fig. 5). Contact pressure
distribution is asymmetrical due to a tilt of the raceway
caused by slider deformation. On a roller without crowning
(Fig. 5-A), stress is concentrated on both edges. These
outstanding contact pressures concentrated on roller
edges, called edge loads, are undesirable because they may
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reduce the service life of linear guides.

Partial crowning (Fig. 5-B) or full crowning (Fig. 5-C)
can prevent edge loads. Overly long crowning, such as in
full crowning, shortens the length of contact with the
raceway and will reduce the rigidity of the roller guide.
Through detailed analytical studies of these issues, NSK
has established the optimum crowning shape for roller
guides.

We calculated the values of contact pressure distribution
on each roller in the roller guide (Fig. 6). Such calculations
were made assuming two cases: only preload is applied or
preload with 15 000 N compressive load is applied to the
slider. Results indicated that the contact pressure on each
roller could be assessed in detail with this program. Such
detailed calculation of contact pressure distribution is vital
for accurately assessing the service life of roller guides
under different load conditions in actual use.

2.2.3 Optimal design with the analysis system

In designing the roller guides, we actively used this
program to fully study and optimize component geometry.
For example, the slider component shape was determined
by using this analysis system in order to maximize its
rigidity. We compared the measured rigidities of an NSK
roller guide and those of an existing roller guide
manufactured by a competing company (Fig. 7). The NSK
roller guide, which was optimized through characteristics
analysis, achieves higher rigidity than that of the
competing roller guide.

As described above, characteristics analysis system for
roller guides can be efficiently used in developing
sophisticated products.

3. Running Accuracy Analysis for
Linear Guides

3.1 Analysis of vibration generation in linear
guides

The running accuracy of a linear guide is vital for
machine tools to improve machining accuracy and upgrade
machined surfaces. NSK has also been working on
numerical analysis of the running accuracy of linear
guides in order to develop a linear guide that can run with
high accuracy®.

The vibrations caused by the passage of rolling elements
are well known as one key factor that adversely affects the
running accuracy of linear guides. We measured the
posture changes (angular changes in the pitching
direction) in a linear guide with an autocollimator as the
slider moved at a constant speed (Fig. 8). Cyclic vibration
with a wavelength approximately twice the diameter D,, of
the rolling element was observed. This vibration is related
to the movement of rolling elements inside the linear
guide, which NSK refers to as ball passage vibration.
Vibration also occurs in the translational direction, in
addition to the angular changes shown here.

Ball passage vibration in an actual machine might be as
small as 1 zm or less, but it causes cyclic fluctuation that
may lead to the degradation of machined surfaces.
Accordingly, reducing ball passage vibration is extremely
important for linear guides used in machine tools.

NSK has succeeded in clarifying the mechanism of ball
passage vibration and has established a quantitative
analysis method as illustrated in the diagram below (Fig.
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Fig. 5 Contact pressure distribution of rollers with various crowning profiles (Model size #45, preloaded)
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9), which also shows calculated ball passage vibration. The
mechanism of ball passage vibration is briefly described here.
The arrangement of balls inside a slider changes as the
slider moves. Usually, preload is applied to the balls and
load distribution on the balls changes as they move. This
change in load distribution changes the slider posture. As

a result, ball passage vibration occurs.

Fig. 9 illustrates the arrangements of balls inside the
slider, as well as the load distribution on the balls, at
points A and B in the diagram. To balance the internal
load, the slider tilts clockwise at position A (left figures)
and counterclockwise at position B (right figures). Thus,
the slider constantly changes in posture as it moves in the
longitudinal direction. In addition to the above
displacement in the pitching direction, displacements of
the slider also occur in the vertical, horizontal, rolling, and
yawing directions.

Ball passage vibration can be calculated using equations
considering both external and internal loads on a linear
guide. We compared the results of measured and

calculated values of ball passage vibration of several linear
guides of different sizes (Fig. 10, A). The calculated values
matched well with the measured values, which confirms
the effectiveness of our analysis.

A similar calculation method is applicable to calculating
ball passage vibration in a table built with a combination of
multiple linear guides. We compared the results of
calculated and measured values of ball passage vibration in
several tables composed of two rails and four sliders using
linear guides of different sizes (Fig. 10, B). The calculated
values again agree well with the measured values.

As described above, NSK has succeeded in
quantitatively analyzing ball passage vibration.

3.2 Application of running accuracy analysis to
product development
The above analysis method was used to establish design
guidelines for reducing ball passage vibration. We
compared the calculated values of ball passage vibrations
with a varying number of balls that were loaded in each

A. Preload only

B. Preload with 15 000 N compressive load

Fig. 6 Contact pressure distribution of rollers (Model size #45, preloaded)
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Fig. 9 Mechanism of vibration caused by ball passage (Model size #30, ball diameter D,,=4.76 mm, medium preload)

groove (effective number of balls) assuming that the elastic
deformation of each ball under the preload was constant
(Fig. 11). As the effective number of balls increased, ball
passage vibration decreased. When the effective number of
balls exceeded a certain limit, however, vibration was not
efficiently reduced. Increasing the effective number of
balls requires a longer slider and prevents the size
reduction of the unit. The effective number of balls
suitable for this example is approximately 30.

Raceways in the slider have a gently slanted curve near
both ends of the groove. This slanted portion is called
crowning. The crowning shape is another key design issue

affecting the magnitude of ball passage vibration.

We compared the calculated values of ball passage
vibration caused by conventional crowning and NSK’s
developed crowning (Fig. 11). Results show that NSK’s
unique crowning design effectively suppresses ball passage
vibration.

Using the results discussed above, NSK moved forward
and developed the HA series of NSK Linear Guides™
(Fig. 12). The HA series is based on the LA series, which
has six grooves, and currently enjoys proven success in
machine tool applications. In the HA series linear guide,
assorted design specifications have been adopted to
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improve running accuracy, in addition to measures to
reduce ball passage vibration and specially designed bolt
holes for minimizing deflection of the rail caused by

tightening bolts.

We made a comparison of the measured values of ball
passage vibration of actual HA and LA series tables
composed of multiple linear guides (Fig. 13). For this
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measurement, we had to equal the amount of rigidity of
the tables by using eight sliders of the LA series and four
sliders of the HA series. Both tables have the same outer

dimensions. Displacement components due to the profile

been removed in order

NSK

accuracy of the base components and other factors have

to show only the measured values

of ball passage vibration.



Fig. 12 NSK HA series of linear guides

We can see that ball passage vibration of the HA series
linear guide has been reduced to approximately one-third
that of conventional guides (Fig. 13). This demonstrates
that the HA series linear guide provides higher running
accuracy while preserving the same table dimensions and
rigidity as conventional guides.

HA series linear guides are enjoying great popularity
and being used in high-precision machining equipment in
which high machining precision and high-grade machined
surfaces are vital, as well as for precision tables, which
have traditionally used air sliders. As described above,
NSK has efficiently achieved an optimal design by using

knowledge obtained through analysis of running accuracy.

4, Conclusion

This article briefly introduced some of our analysis
technologies with a focus on linear guides for machine
tools. NSK has been conducting characteristics analysis
for all of our products, in addition to the products
described in this article. We look forward to using our
analysis results in furthering the development of new and
better products.

We will further upgrade our analysis technologies and
provide more sophisticated products anticipating future
market needs.

Motion & Control No. 16 (August 2004)
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Fig. 13 Ball passage vibrations (Model size #30, medium preload)
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High-Speed Precision An

gular Contact

Ball Bearings—Spinshot™ 11

High-speed bearings can be found in a variety of
applications including jet engine bearings and machine
tool spindle bearings. In machine tool spindle bearings,
some of the more critical properties required are high
rigidity, high-speed reliability, and low temperature rise.

In integral motorized spindle applications, bearings that
are highly resistant to temperature fluctuations are in
high demand. NSK has responded to such demand by
developing and marketing its ROBUST series of ultra
high-speed angular contact ball bearings for machine tool
spindles. Up until now, users requiring ultra-high-speed
rotation capabilities have had no choice but to adopt jet
lubrication or under-race jet lubrication for their
applications. However, there is a trade-off for the gains
made in higher speed capability. Jet lubrication requires
bulky lubrication equipment, consumes large amounts of
oil, and due to churning, power consumption is high; thus
requiring use of a high-output motor.

NSK’s successful development and commercialization of
the ROBUST series Spinshot™ II bearings, which use an
oil-air lubrication system, provide customers with higher
speeds, quieter operations, and less demand for

Spinshot™ II Conventional oil-air

/Tl C
e | )

Fig. 1 Spinshot™ II and conventional oil-air lubrication
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Fig. 3 Temperature data of Spinshot™ IT

Motion & Control No. 16 (August 2004)

compressed air. Details of NSK’s Spinshot™ II bearings
are provided in this article.

1. Bearing Structure

Typically, high-speed operations of bearings in an ultra
high-speed motor spindle are hampered by limitations of
the lubrication system. In conventional lubrications
systems, high-speed operations create an air curtain,
which prevents conventional oil-air lubrication systems
(Fig. 1) from injecting oil precisely into the bearing
interior. This condition hinders proper lubrication, which
ultimately results in bearing seizure.

NSK’s ROBUST series Spinshot™ II bearings are
designed with an inner ring that is tapered on the front
face side and extends beyond the width of the outer ring
(Fig. 1). Lubrication oil, with the assistance of compressed
air, is sprayed from the outer ring spacer to the outside
surface of the inner ring (Fig. 2). The Spinshot™ II system
employs a combination of centrifugal force, airflow, and
surface tension to direct oil flow into the bearing interior
as bearing speed increases.

<= Centrifugal force

== Airflow
<@==Surface tension

Oil drop

Fig. 2 Principle of Spinshot™ II lubrication system
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2. Features

2.1 High speed

NSK’s ROBUST series Spinshot™ II bearings achieve
high-speed operations by incorporating two primary
proprietary technologies. The Spinshot™ II lubrication
system works to control temperature rise for greater
stability at high operating speeds by ensuring adequate
lubrication to the balls for improved reliability. Bearing
tests using the Spinshot™ II system under conditions of
position preload and cooled housing (Fig. 3) achieved a
limiting speed of 2.5 x 10° d ,n. High-speed reliability is
further achieved by incorporating NSK’s ROBUST series
design. ROBUST bearings further ensure durability at
high speeds by using a special bearing structure that
includes ceramic balls, and SHX steel for the inner and
outer rings.

2.2 Low noise

The ROBUST series Spinshot™ II bearings provide
machine tool spindle operators with a much quieter
working environment. By using the Spinshot™ II
lubrication system, the flow of air is redirected in such a
way to eliminate the more direct approach found in
conventional systems (Fig. 1). The result is a much quieter
working environment that is free of the typically harsh
high-pitched noise found in conventional oil-air lubrication
systems running at high-speeds (Fig. 4).

2.3 Excellent cost performance

Excellent cost performance of the ROBUST series
Spinshot™ II bearings is achieved by reducing the
required amount of compressed air by 60 % in comparison
to that of conventional oil-air lubrication systems.
Conventional oil-air lubrication systems require higher air
pressure at high-speeds because an air curtain, which is
naturally formed at high-speed rotation, disrupts the oil
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supply. This condition made it difficult to reduce
compressed air requirements.

The Spinshot™ II system directs the flow of lubrication
oil along the inner ring to ensure a reliable supply of
lubricant directly to the bearing interior. This unique
system reduces the amount of compressed air required to
ensure a steady flow of lubricant to the bearing interior to
as little as 10 L/min (Normal) per nozzle. Furthermore,
temperature rise at high speeds is almost the same as that
found in conventional oil-air lubrication systems (Fig. 5).
Users can thus be assured of stable performance while
enjoying the benefits of reduced operational costs.

3. Applications

NSK’s ROBUST series Spinshot™ II bearings are best
suited for high-speed machine tool spindles used in
high-speed machining centers and high-precision milling
spindles in multi-task machines. Using our ultra
high-speed ROBUST series cylindrical roller bearings,
users can further achieve a simplified main shaft structure
with high rigidity that can be operated at ultra-high speeds.

4. Summary

Machine tool spindle bearings using conventional oil-air
lubrications systems have limited high-speed applications.
NSK’s ROBUST series Spinshot™ II bearings make it
possible to achieve ultra high-speed operations with low
temperature rise, less noise for a quieter working
environment, and excellent cost performance. The superior
high-speed performance of these bearings and lubrication
system are the perfect match for high-speed machining
applications. From a standpoint of performance and cost
benefit, we are confident that NSK’s ROBUST series
Spinshot™ II bearings will prove to be indispensable for
machine tool makers and end users alike.



New Products

Super Precision Sealed Angular Contact

Ball Bearings

Environmentally friendly and clean technologies for
machine tool spindle bearings have attracted considerable
attention throughout the machine tool industry. This has
created strong demand for sealed bearings that are
prepacked with grease. NSK has responded to such
market needs with newly developed super precision sealed
angular contact ball bearings (Photo 1) for both the NSK
Standard series and the NSK ultra high-speed ROBUST
series.

1. Features
1.1 Improved workability

Prepacked bearings eliminate the need to pack grease
into the bearing when assembling the main spindle.

b=

Fig. 1 Bearing construction and seal location
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1.2 Environmentally friendly
Seals keep the grease inside and prevent leakage (Fig. 1).

1.3 Flexible arrangement
Standard stock of interchangeable universal
arrangement (SU) bearings.

1.4 High speed

High-speed operations are achieved through the use of a
non-contact seal (Fig. 2) that has been manufactured using
nitrile rubber. This material was chosen for its superior oil
and wear-resistant qualities, and its superior mechanical
properties.

Photo 1 Super precision sealed angular contact ball bearings

30 I~ Combination: DB

©
[0}
L
o 25 I preload at mounting: 430 N
g oo | Axial rigidity: 140 N/um
S Grease: MTS
SE_Q 15 System: Belt drive
= Cooling: N/A
T 10 f
9]
5
o 5 L
0 1 1

Bearing No.: 7014A5TRV1VSULP3

Preload: Constant position preload

—— With seal
—&— Without seal
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Fig. 2 Rotational speed test results
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2. Specifications

2.1 Different cages are available to best meet
the needs of user applications (Fig. 3).

e Outer-ring-guided cage: Outer-ring-guided phenolic
resin cage provides superior high-speed stability. Two
types of cages are available: The T cage is designed for
the ROBUST series, and the TR cage is designed for
the Standard series.

e Ball-guided cage: NSK’s original ball-guided
polyamide resin cage (TYN) reduces cage noise,
reduces bearing wear at low-speed operations, and
improves grease life. The TYN cage is designed for H
and S types of ROBUST series bearings.

2.2 Dimensions
Standard boundary dimensions are available (Table 1).

Please contact NSK for other dimensions.

2.3 Limiting speed
A wide range of limiting speed is available to meet the
needs of various applications (Fig. 4).
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Table 1 Boundary dimensions

NSK

Series Dimension series gr?g;lteag; Bearing bore
BNR10, BNR19 18
ROBUST series
BER10, BER19 25
$#30-¢100*
70xxC, 79xxC 15
Standard series
70xxA5, 79xxA5 25
*Contact NSK for availability of other sizes.
Type code
Material
0 Type ; :
2 Inner and outer rings Rolling element
[0]
@ High-speed, .
% X heat-resistant steel (SHX) Ceramic (SisN.)
3 H Bearing steel (SUJ2) Ceramic (SisN,)
- S Bearing steel (SUJ2) Bearing steel (SUJ2)
Standard series Bearing steel (SUJ2) Bearing steel (SUJ2)

3. Applications

NSK’s super precision sealed angular contact ball
bearings are primarily optimized for superior performance
in machining centers and lathes.

4. Summary

NSK has responded to the needs of our customers with
the development and marketing of super precision sealed
angular contact ball bearings for NSK’s ROBUST series
and Standard series. We will continue to work on newer
developments to meet the future needs of our customers.



New Products

Sealed Angular Contact Thrust Ball
Bearings for Ball Screw Supports

Usually the angular contact thrust ball bearings provide
support to the shaft end of a ball screw where they are
mounted in the support units and equipped with oil seals.
When used in machine tool applications, the high accuracy
and rigidity of these bearings become critical factors in
ensuring superior machine tool performance. These
bearings provide added value for machine tool applications
by preventing the intrusion of cutting oil or metal chips
into the bearing by incorporating seals on both sides of the
bearing (Fig. 1). Recent trends toward smaller and more
compact machine tools require that ball screw support
units also respond with even greater compactness. NSK
has responded with the development of our TAC series of
sealed angular contact thrust ball bearings for ball screw
supports.

1. Features

1.1 Contact seals

From among the types of seals currently in use, we chose
a low-torque seal with minimal contact in consideration of
the high-speed requirements of machine tool applications.
To ensure sealing performance, we adopted the DDG
labyrinth seal (Table 1), which is positioned between the
seal lip and seal groove of the inner ring. The DDG seal
has an excellent performance record in bearings used for
engine accessories and related automotive components. By
inserting contact seals in both ends of the bearing,
intrusion of foreign matter is prevented. An additional

Conventional TAC series Sealed TAC series

Fig. 1 Cross section of TAC series
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benefit is that grease leakage is restrained, which helps
ensure a clean and safe working environment. The seals
are also color-coded to ensure mounting in the proper
direction, which has proven to be an effective means of
preventing mounting errors in the field.

1.2 WPH grease
NSK adopted WPH lubricating grease for these bearings

for a variety of reasons. This grease has proven itself to be

a highly effective lubricant in automotive water pump

bearings where performance demands are even greater

than those of machine tool applications. WPH grease
consists of polyalphaolefin (PAO) base oil for superior
oxidation stability, and urea compound, which provides
superior heat and water resistance, acts as a thickener,
and includes additives for ensuring high quality
performance. Additional features of WPH grease include:

A. Maintains firmness in harsh environments to prevent
grease outflow and to prevent ingress of coolant, which
achieves extended lubricating performance and
prevents bearing flaking.

B. High-temperature durability prevents deterioration and
bearing seizure under extreme temperature-rise
conditions.

C. Excellent rust prevention ensured even if water or
coolant enters the bearing.

1.3 Interchangeable with TAC series

NSK’s new sealed angular contact thrust ball bearings
for ball screw supports have the same boundary
dimensions (bore diameter, outside diameter, and width)
and load rating as the current TAC series. Customers can
easily replace their current bearings with this product
without having to make any changes to the shaft or
housing. As this bearing uses a universal combination,
which is standard for this series, and maintains tolerance
of the bore and the outside diameter stricter, customers
can make any combination using this bearing.

Table 1 Seal type and performance

N Newly
Conventional

Seal type developed

DDU DDW DDG
Seal structure
Torque Not as good| Superior Superior
Water proof Good Good Superior
Grease sealing capability Good Superior Superior
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Fig. 5 Test rig

3. Application

Sealed angular contact thrust ball bearings for ball
screw supports provide optimum performance for ball
screw supports of machine tools operating under harsh
environments where exposure to cutting oil and metal

chips present a potential threat to conventional bearings.
4. Summary

Our sealed angular contact thrust ball bearings for ball
screw supports are available in standard dimensions and
compact sizes for complete interchangeability with
superior bearing performance to better meet the needs of

Photo 1 Test rig

2. Performance

Comparisons of starting torque, temperature rise, and
waterproofing of the sealed angular contact thrust ball
bearings for ball screw supports are shown in Fig. 2, 3,
and 4. A drawing and a photo of the test rig used for
evaluating performance are also provided (Fig. 5 and
Photo 1). These evaluations show that the performance of
NSK’s newly developed sealed angular contact thrust ball
bearings for ball screw supports are superior to the
current units with oil seals.
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our customers and end users alike.



New Products

High-Performance Cylindrical Roller

Bearings

—Double Row Cylindrical Roller
Bearings & Ultra High-Speed Single
Row Cylindrical Roller Bearings

NSK has developed and marketed a new type of High
Rigidity series of double row cylindrical roller bearings
and a new type of ROBUST series of ultra high-speed
single row cylindrical roller bearings. These cylindrical
roller bearings were designed to provide customers
high-performance functionality with a special focus on high
rigidity and high-speed operations for main shaft spindles.

1. High Rigidity Series of Double Row
Cylindrical Roller Bearings

1.1 Background
An increasing number of recent models of lathes are

High-Performance Cylindrical Roller Bearings

incorporating machining center functions into their
designs. With the new functions of these complex
machines come higher speed capability requirements. In
fact, the maximum rotating speed of main shaft spindles
with grease lubrication have risen to as much as 8 x 10°
dnn. As is the case with any main shaft spindle, increased
speeds equate to an increase in temperature rise of the
bearings and motor, thermal displacement of the shaft,
and the resulting problems of diminished processing
accuracy. NSK has successfully solved these problems
with a newly developed High Rigidity series of double row
cylindrical roller bearings. These bearings were developed
with NSK’s proprietary technologies resulting in a product

-Double Row Cylindrical Roller Bearings & Ultra High-Speed Single Row Cylindrical Roller Bearings

High performance

High Rigidity Series
Double Row Cylindrical
Roller Bearings:

High-performance series

ROBUST Series RXH Type
Ultra High-Speed Single Row
Cylindrical Roller Bearings:

Highest performance for optimum seizure

resistance during ultra high-speed

operation

@Inner and outer ring material: SHX heat
resistant steel

© Ceramic rollers

© Outer-ring-guided PEEK cage

ROBUST Series RX Type
Ultra High-Speed Single Row
Cylindrical Roller Bearings:

High performance with wear and seizure

resistance during ultra high-speed

operation

@Inner and outer ring material, and rollers:
SHX heat-resistant steel

© Outer-ring-guided PEEK cage

with a newly developed

polymer cage

®Inner and outer ring
material, and rollers:
bearing steel

© Roller-guided PPS cage or
roller-guided brass
machined cage
(Selection based on
application requirements)

ROBUST Series RS Type
Ultra High-Speed Single Row Cylindrical
Roller Bearings:

Designed to deliver cost-effective, high-

speed performance

@Inner and outer ring material, and rollers:
bearing steel

© Outer-ring-guided PEEK cage

Standard series
Single Row Cylindrical Roller Bearings:

Standard-type bearing with brass machined cage
@Inner and outer ring material, and rollers: bearing steel
®Roller-guided brass machined cage

ﬁ High speed

Fig. 1 High performance cylindrical roller bearings
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that shows drastically longer life, quieter operation, higher
operational speeds, less temperature rise, all these while
maintaining high-accuracy.

1.2 Features
1.2.1 Longer life

Cage wear at initial operation was reduced and grease
life extended by using PPS cage material, which has
superior heat resistance and is highly rigid.

1.2.2 Quiet operation

In comparison to the brass-machined MB cage, our
newly designed TB cage reduced the level of contact noise
generated between the rollers and the cage when
operating under insufficient lubricant conditions.

1.2.3 High-speed operations and low temperature rise
The molded cage has a simpler shape and higher

accuracy. Deformation due to centrifugal force was further

reduced while maintaining rotating stability. We achieved

Fig. 2 High rigidity series double row cylindrical roller bearings
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Fig. 4 Temperature rise with grease lubrication
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NSK

a higher limiting speed of 1 x 10° d,,n, which was not
possible with the conventional resin cage under grease
lubrication.
1.2.4 Higher accuracy

By combining highly accurate cylindrical rollers, where
the out-of-roundness and diameter differences are strictly
controlled, we were able to achieve higher accuracy of
center axis runout, which was difficult to achieve when
using conventional JIS Class 4 bearings.

1.3 Specification

The TB cages are applicable for NN3006 to NN3024
(bore 30 mm to 120 mm). The limiting speed of a bearing
using the TB cage is shown in Fig. 5.

1.4 Application
Double row cylindrical roller bearings are best suited for
machine tool spindles that require high rigidity.

High-strength roller-guided PPS cage (TB)
© High-temperature resistance up to 220°C
@ Highly resistant against most acids, alkalis, and organic solutions

© Superior to conventional polyamide cages in terms of strength,
toughness, and wear and fatigue resistance

Fig. 3 TB cage for double row cylindrical roller bearings
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Fig. 5 Limiting speed



1.5 Summary

Customers and end users can benefit from longer life,
quieter operations, higher speeds, less temperature rise,
and higher accuracy for lathe main shaft applications by
taking advantage of NSK’s highly functional double row
cylindrical roller bearings with TB cages.

2. ROBUST Series of Ultra High-Speed
Single Row Cylindrical Roller
Bearings

2.1 Background

Recent trends in machining centers have seen an
increase of integral motorized spindles that provide users
with machine tool spindles capable of 15 000 rpm. Most
designs consist of grease lubrication or oil-air lubrication
with a small amount oil lubrication being used for the
main spindle. Whereas such configurations cannot use

Fig. 6 Robust series ultra high-speed single row cylindrical
roller bearings
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Fig. 8 Temperature rise with oil-air lubrication

Table 1 Types of ultra high-speed single row cylindrical roller bearings

Material
Type
Inner and outer rings Rollers
RS Bearing steel (SUJ2) Bearing steel (SUJ2)
RX Heat-resistant steel (SHX) | Heat-resistant steel (SHX)
RXH Heat-resistant steel (SHX) Ceramics (SizN,)

cylindrical roller bearings, combination angular contact
ball bearings became most commonly used for such
applications.

Unlike angular contact ball bearings, cylindrical roller
bearings can absorb heat expansion of the shaft. If
high-speed operations were possible with cylindrical roller
bearings on the rear side, the structure of the machine tool
spindle could also be simplified by working in combination

Outer-ring-guided PEEK cage with ultra-high temperature
resistance (TP)

© High-temperature resistance up to 240 °C

© Excellent wear resistance with minimal lubrication

@ Physical properties include high strength, toughness, and wear and
fatigue resistance

© Dimensional stability results in minimal deformation during high-speed
operations

Fig. 7 TP cage for ultra high-speed single row cylindrical
roller bearings
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Fig. 9 Limiting speed
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with angular contact ball bearings and position preload.
NSK has turned such a theory into a reality with its
newly developed ROBUST series of ultra high-speed single
row cylindrical roller bearings. These bearings achieve
ultra-high speeds, low temperature rise, and incredibly
improved performance (seizure resistance) by
incorporating NSK’s new and proprietary technologies.

2.2 Features

2.2.1 Ultra-high speeds and low temperature rise
The ROBUST series bearings take advantage of a heat-

resistant polyether ether ketone (PEEK) resin material for

the cage. Design of internal configuration of the bearing

and configuration of the cage was focused on temperature

robustness, resulting in achieving low temperature rise

and ultra-high speed rotation with oil-air lubrication

(3 x10°dn).

2.2.2 Improved seizure resistance

Using NSK’s specially developed SHX steel, seizure
resistance was improved. RX type (SHX rollers) provides
greater cost performance in comparison to RXH type
(ceramic rollers).
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2.2.3 Specification

TP cages are available for N1009 to N1017 bearings
with a bore ranging from 45 mm to 85 mm. Three types of
bearings are available (Table 1). RXH type bearings (with
ceramic rollers) are recommended for maximum speed
specifications. Limiting speed information is available in
Fig. 9.

2.3 Application

Ultra high-speed single row cylindrical roller bearings
are suitable for machine tool spindles used in high-speed
operations.

2.4 Summary

Customers and end-users can achieve high-speed
operations and higher reliability for their machine tool
spindle applications by using ROBUST angular contact
ball bearings with position preload on the front side, and
ultra high-speed single row cylindrical roller bearings on
the rear side. We are confident that this combination of
NSK bearings will become the global standard for
machining centers in the future.



New Products

NSK RA Series Roller Guide

In the early 1980s, NSK developed and marketed the LY
series precision linear guides for machine tool
applications, which was followed with development of the
LA series as a new series for machine tools. In response to
demand for higher speed and higher accuracy of machine
tools, such as in machining centers, the LA series
incorporates features that were inherited from the LY
series, and has demonstrated enhanced performance with
well-balanced load capacity, rigidity, and friction force,
which are achieved by increasing the number of raceways
for rolling elements.

Recently, the demand for higher rigidity and greater
load capacity of linear guides is continually increasing for
the feed mechanism of machine tools. In response, roller
linear guides adopting rollers as rolling elements have
been increasing in applications such as lathes that have
been mainly using slide ways for system rigidity, and for
machine tools equipped with linear motors whose main
drawback is attraction force created by strong magnets.
Furthermore, increased application in machine tools is
reinforced by the idea that the use of rollers gives a
machine a more expensive look.

While functional requirements for machine tool guides,
such as high capacity and high rigidity, are undoubtedly
important, we cannot ignore the importance of greater

motion accuracy and higher operating characteristics, in
addition to greater resistance to contamination under
harsh operating conditions. NSK responded to such
concerns by successfully developing and marketing the RA
series roller guides; a new type of linear guide for machine
tools with higher load capacity and greater rigidity than
any other roller guide found in the market.

1. Features

The RA series (Photo 1) was developed with the same
mounting dimensions as the LA series and other
commercially available roller guides for full
interchangeability. Other primary features of the RA
series are provided in greater detail here.

1.1 High capacity

Load capacity of the RA series is superior to that of the
LA series and other existing roller guides. This was
achieved by maximizing roller diameter and roller length,
while minimizing the chamfers at the end of the rollers.

1.2 High rigidity
An optimum cross section was implemented by optimal
positioning of circulation holes in the roller slide body,

Photo 1 NSK RA series roller guide
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setting rollers in a DB configuration instead of a DF
configuration (Fig. 1), and by implementing internal detail
dimensions in consideration of opening deformation of the
roller slide body quantitatively. The end result is a roller
guide with greater rigidity that is at least equal to or
better than that of the LA series or other existing roller
guides. FEM analysis of the RA series roller guide during

DB configuration DF configuration

Fig. 1 Roller configurations Fig. 2 Analysis of roller slide rigidity
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Fig. 4 Comparison of vibration caused by roller passage

the developmental stage was performed to determine the
extent of roller slide deformation due to load. Analytical
results (Fig. 2) proved noteworthy and invaluable in
designing an optimal cross section of roller slide in
addition to determining the raceway specifications.

We measured and compared the rigidity of NSK’s RA35
roller guide with that of roller guides currently available
in the marketplace (Fig. 3). Design specification of the
RAS35 roller guide performed as expected. Higher rigidity
than the competition both in compression direction (roller
slides pushed towards the rail) and tensile direction (roller
slides pulled away from the rail) was achieved.

1.3 High motion accuracy

By designing optimum crowning at both ends of the
rolling surface of the roller slide, we were able to restrain
vibrations caused by roller passage, and were able to
achieve high motion accuracy. We measured motion
accuracy of the roller slide in a RA35 roller guide and that
of current roller guides manufactured by the competition
(Fig. 4). Results showed that vibration caused by roller
passage was converted (magnified) to the displacement at
the point of 100 mm overhang, and vibration caused by
roller passage in the NSK roller guide was drastically
reduced by half in comparison to vibrations found in
competing products.

1.4 High operating characteristics

Skew motion, which is peculiar to rollers, was restrained
by inserting retaining pieces between the rollers, thus
achieving high operating characteristics. Furthermore,
rollers with retaining pieces showed significantly
improved retention in comparison to existing roller guides.
In fact, there was no need to make large chamfers at the
roller ends, which proven to be an advantage in regards to
load capacity, rigidity, and cost.

1.5 High dust resistance

We achieved superior dust resistance under
contaminated conditions by installing dustproofing seals
around the rolling surface of the roller slide. A cover for
the upper-rail surface supplies additional protection
against harsh working environments.

2. Product Specifications

The RA series is currently available in three sizes RA35,
RA45, and RA55 (from small to large cross sectional
dimensions). They are classified into a high-capacity type
(standard long roller slides) and a super high-capacity type
(long roller slides), and each type is available with a
square roller slide or flanged roller slide. Outside
dimensions and mounting dimensions are interchangeable
with LA35, LA45 and LA55 of the LA series and other
roller guides found in the marketplace. In addition, RA
series accuracy conforms to that of the LA series. Since the
RA roller guide is inherently very rigid, differences in
preload do not clearly affect overall guide rigidity, and
thus roller slides in the RA series are all set in only one
preload class to ensure sufficient rigidity.

3. Summary

NSK has successfully developed and marketed RA series
roller guides to meet the demand for higher capacity and
greater rigidity of machine tool guides. Our next goal is to
make the RA25, RA30, and RA65 models available in an
expanded product line, and to enhance their functions to
meet or exceed the expectations of our customers.
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EPS Control Technology

Shuji Endo and Hideyuki Kobayashi
NSK Steering Systems Co., Ltd.

ABSTRACT

In this paper, we will discuss NSK’s approach to electrical power steering (EPS) design by utilizing information related
to road surface conditions. Information regarding varying road surface conditions includes both pertinent information and
ineffective information, which can be separated by frequency. These frequencies can be utilized in designing an EPS
system more effectively, in comparison to a conventional hydraulic power steering system. NSK has achieved a means of
combining EPS design with information based on road surface conditions to create a robust EPS system. Furthermore, for
this purpose, mechanical element designs such as a reduction gear, rack and pinion, and torque sensor are also described.
The feasibility of our approach to design is also confirmed by experiments.

1. Introduction

Electrical power steering (EPS) systems have recently
become more powerful than before, insomuch that it is
now possible to expand their application to C-platform
vehicles. At the same time, with applicable types of
vehicles expanding, requirements related to steering
performance are becoming more demanding. It is under
these circumstances that NSK has developed EPS systems
to serve as the ideal human-and-machine interface. The
purpose of power steering is not only to provide powered
assistance to the driver, but also to provide a means of
conveying information to the driver of vehicle motion and
road conditions. Based on the concepts and technologies
we have developed thus far, NSK has further advanced
developments in designing an EPS system that is able to
achieve a proper sensitivity of road-surface information?,
which has since been deployed in EPS systems for vehicles
in the European market where we have acquired a
favorable reputation for serving the driver’s need for
precise and responsive steering. In this article, we will
introduce NSK’s latest development for achieving superior
steering performance for EPS systems in the European
market. Information related to NSK’s earlier
achievements in EPS systems? are available on the Web
at: http://www.nsk.com/eng/journal/mc06/

2. Road Information

Road information, which is the force generated by tires
depending on the driving conditions, is transmitted to the
driver via the steering mechanism. In order to maintain a
safe and comfortable driving experience, the steering
system must be designed to transmit desirable road
information to the driver. For example, road information
should be transmitted sufficiently to the driver, and
flutter, which is due to unbalanced wheels, or steering
vibration, synchronized with resonance of suspension,
should be small.

In order to achieve these objectives, conventional
hydraulic power steering systems use components such as
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steering dampers. However, the frequency domain method
can be adopted for designing EPS. Desirable and
undesirable road information are distinguishable from
each other in the frequency domain.

Table 1 shows the ranges of frequency of road
information. The frequency of reaction force related to
vehicle motion, which is most important to a steering
system, is less than 10 Hz. Conversely, the frequencies of
vibrations, which should be attenuated to a certain level
for steering the automobile, are over 10 Hz. Such
vibrations exceeding 10 Hz are referred to as flutter
(shimmy), certain steering vibrations (related to resonance
of suspension), and large reaction torque from the road
surface (kickback torque).

Table 1 Frequency ranges of road information

Road information Frequency

Resonant frequency of EPS mechanical

components 10 Hzto 13 Hz

Resonant frequency of suspension 13Hz to 17Hz

Shimmy 15 Hzto 25 Hz

0 Hzto 10 Hz

Reaction force of vehicle motion (Main range)

Therefore, the sensitivity to road information can be
designed using 10 Hz as a border frequency to distinguish
between desirable and undesirable road information.

3. Road-Surface Information
Sensitivity

Fig. 1 shows a simplified configuration of an EPS
system. Road-surface information is transmitted from the
tires through the EPS mechanism to the steering wheel
and finally to the driver. Therefore, transfer
characteristics from the tires to the steering wheel can be
used to discuss road-information sensitivity. In Fig. 1, the
motor, which generates power assist, is located at the
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Fig. 1 EPS system configuration

midpoint of the transmitting path of the EPS system.
Therefore, using motor torque to manipulate steering
torque, which is detected by a torque sensor, sensitivity
of road-surface information can be adjusted in this
mechanism.

Fig. 2 shows a linear block diagram of the steering
system shown in Fig. 1. We utilized a general design
method for sensing disturbances in the block diagram
(Fig. 2) to design road-information sensitivity. In an
actual design, it is necessary to consider the influence of
nonlinear elements such as friction, which is described
later. We will discuss the transfer characteristics from
d(s) to t(s).

Fig. 2 can be regarded as an angle control system, which
compensates angle errors generated up and down the
torsion bar, which has been simplified in Fig. 3. In Fig. 2,
blocks inside the dotted line are defined as control

C(s)

ﬁC(s[—A)'lB+D <
Vehicle model

instruments C(s), the steering mechanism outside of the
torsion bar is defined as Plant P(s), and road information
is defined as disturbance d(s). From Fig. 3, the transfer
characteristics of road information is

is)
d(s) ~

P(s)
1+C(s) P(s)

and when divided by torsion bar stiffness K, it agrees
with the complementary sensitivity function of the system
shown in Fig. 3 as shown below:

C(s)P(s)
T®) = 1. C)P(s)

Therefore, by using 7'(s), it is clear that a design
considering robust stability of a control system and
road-surface information sensitivity design is possible. An
example of the desired complementary sensitivity function
from the viewpoint of road-surface information sensitivity
design is shown in Fig. 4. In the complementary
sensitivity function, which is defined as its gain close to 1,
the disturbance is regulated, and as its gain becomes lower
than 1, disturbances pass through without being
regulated. Therefore, judging from the values in Table 1,
the characteristics shown in Fig. 4 are desired. As a result,
the design task of the control system is to seek out C(s),
which can stabilize the system in Fig. 3, and becomes
closer to the complementary sensitivity characteristics
shown in Fig. 4. For the task described above, C(s) is
obtained as a sufficient condition by using a design
method of the robust control system, such as H infinity
design. Based on the C(s) obtained here, a method for fine
tuning of C(s) is used according to the requirements of
improving steering performance. In order to achieve the
above design method, it is best to eliminate nonlinear
elements, such as friction, as much as possible in the plant
shown in Fig. 3. Next, we will discuss the elements of
design technology used to utilize this design method
effectively.

1
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Fig. 2 Linear block diagram of EPS system
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Fig. 4 Desired complementary sensitivity function

Fig. 6 Rolling support rack and pinion

4. EPS Element Technology for Road-
Surface Information Sensitivity
Design

4.1 Rubber damper for EPS reduction speed gear

Fig. 5 shows a worm reduction gear used as a damping
mechanism of the motor. Rubber dampers are inserted in
the supporting sections of the worm gear where the rubber
damper deforms elastically or where motor torque is small
so that the motor shaft and the column shaft can move
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Fig. 5 EPS reduction gear
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Fig. 7 Conventional rack and pinion

individually. Under straight driving conditions with very
little power-assist requirements, the rubber dampers
perform the role of a clutch mechanism; the influence of
motor friction or inertia does not affect the column shaft.
Therefore, the road-surface information sensitivity design
works effectively and improves the on-center feeling.

4.2 Rolling support rack and pinion
To make this design more effective, the adoption of a
rolling support rack and pinion is recommended. In Fig. 6,



a rolling support rack and pinion is shown, and in Fig. 7,
a conventional rack and pinion with pressure pad is also
shown. As shown in Fig. 8, compared to conventional rack
and pinions, rolling support rack and pinions are superior
in transfer characteristics especially with the small axial
force of the rack. By using this, the transmitting loss of
the road-surface information becomes smaller and brings
the road-surface information sensitivity design method
into play.

4.3 Non-contact torque sensor

Regarding torque sensor design, the width of detected
hysteresis, in particular, is taken into consideration. Fig. 9
shows the relation between steering torque ripple, which

90

Efficiency, %

i

can be compensated, and torque sensor hysteresis. It is
necessary to reduce torque ripple to certain degree so that
the driver feels enhanced smoothness of operation. In Fig.
10, a non-contact torque sensor is shown. By measuring
torsion angle of the torsion bar with a non-contact
structure, the hysteresis characteristics of less than 0.2
N-m can be realized.

5. Experimental Results

Here, validation results of the effects of road information
sensitivity design method are described.

Initially, in order to confirm the effect of this design
method, the measurement result of transfer
characteristics from the rack load (almost equivalent to

/—‘Rolling support type

Efficiency (pinion to rack axis)

----- Efficiency (rack axis to pinion)

2500

Rack axis force, N

Fig. 8 Efficiency of rolling support and conventional rack and pinion

Streering torque ripple, N-m

Torque sensor hysteresis

Fig. 9 Torque sensor hysteresis and steering torque ripple
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Fig. 11 Frequency response from rack load to steering torque

the torque generated at tires) to the steering torque is
shown. In order to obtain the measurements, sinusoidal
waves are input from the rack shaft, and the output torque
generated at the torsion bar was measured. The result is
shown in Figure 11.

According to Figure 11, it is understood that the transfer
characteristics are the same as characteristics of a low-
pass filter to attenuate the component of rack load
exceeding 10 Hz.

In Figures 12 and 13, the effects of road information
sensitivity design method on the steering wheel vibration
related to resonance of suspension were verified. The
steering torque of driving on a Belgian road was
measured, and the power spectrums of hydraulic power
steering and EPS were compared. In case of the hydraulic
power steering, a 17 Hz peak was observed (resonant
frequency of suspension). In case of the EPS, the height of
the peak was one-fourth that of the hydraulic power
steering system, and the characteristics of less than 10 Hz
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Fig. 12 Power spectrum of steering torque (EPS)

were almost the same as that of the hydraulic power
steering system.

In Figures 14 and 15, the effects of road information
sensitivity design method on flutter were verified. The
evaluation was done by steering torque hysteresis of the
characteristics of steering angle and steering torque when
a vehicle was driven at a speed of 120 km per hour with
unbalanced front wheels. As a result, flutter was observed
and steering feel was poor in the hydraulic power steering.
In the EPS system, flutter was almost never observed.
Since both Lissajous figures are very similar, except for
flutter, we understand that the reaction force of vehicle
motion is transmitted well by EPS as well as by hydraulic
power steering.
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Fig. 15 Steering angle vs. steering torque characteristics
(Hydraulic power steering)

6. Conclusion

The road-surface information sensitivity design method
was introduced as a function that brings the feature of
EPS into play, and the effect of it was compared with
conventional hydraulic power steering and verified
experimentally.
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New Products

Step-and-Repeat Proximity Align

er for

Production of Large-Sized LCD Glass

Substrates

NSK has been manufacturing and selling step-and-repeat
proximity aligners for the production of substrates for LCD
color filters, using a single-axis step method in BM and
RGB processes for the black matrix and the color layer of
color filters of LCD glass substrates (730mm x 920mm) up
to the fourth generation.

Since the color filter substrates are formed into liquid
crystal panels by laminating with TFT substrates, it was
essential to secure the accuracy of exposure positioning
(total pitch).

However, it was more difficult to secure the total pitch of
the larger glass substrates.

Since BM forms the base of a color filter substrate, it is
especially necessary to acquire higher accuracy exposure
technology than that of RGB.

Therefore, from the fifth generation, large glass
substrates (1 300 mm x 1 300 mm) are manufactured
using highly accurate aligners that scan using mirrors and
lenses.

However, typical scan-type aligners are more expensive
than step-type proximity aligners, resulting in the
skyrocketing of capital investment.

In conventional single axis step proximity aligners,
substrate-supporting parts of conventional mask holding
mechanisms interfere with the work. This has made it
necessary to use a larger mask, which extends beyond the
short side of the glass substrates (Fig. 1), resulting in
steeper running costs.

In order to reduce these costs, NSK succeeded with the
development of an X-Y axes step-and-repeat proximity
aligner for the production of large LCD glass substrates

(fifth generation) by improving the design of the mask
holding mechanism, and modifying the alignment
mechanism.

l

Photo 1 RZ-800HX—Step-and-repeat proximity aligner
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NSK’s new aligner (Photo 1) provides customers with an
inexpensive and smaller mask in comparison to
conventional single-axis step aligners, which helps meet
the needs of larger substrates. Customers can further
benefit from increased flexibility in exposure pattern
layouts, and accurate exposure capability.

1. Outline

Maintaining a certain gap between the mask and the
resist by leveling glass substrates to the mask, an
illuminator (ultra-high pressure mercury arc lamp)
exposes the photoresist by proximity printing.

In RGB exposure, the aligner has an automatic
alignment mechanism for each color, that monitors the
alignment mark on a glass substrate and the alignment
mark on a mask for every exposure step.

In BM exposure, alignment of the mask to a standard
mark is carried out beforehand.

Using this mask as the standard, the laser interference
control system ajusts yaw components and step movement
of a stage, and then the aligner exposes without
alignment.

By incorporating these functions, total pitch accuracy of
the exposure pattern on a substrate is improved, despite
the movement of the stepper stage.

Our newly developed aligner includes the following:

e Aperture mechanism for limiting the exposure area at

each step movement

e Automatic mask changing unit

¢ Glass substrate loading unit

¢ Glass substrate pre-alignment unit

Glass substrates

A/ \A
2 shot 3 shot
Exposure
2 shot pattern ﬂ
1

1 shot 4 shot

W y
Conventional single axis step  \1qk X-Y axes step

Fig. 1 Step method



Table 1 Specifications

Maximum substrate size

1 300 mm x 1 300 mm,

t=0.7 mm, 1.1 mm

Total pitch accuracy +3 um

Alignment accuracy <+0.5 um

Exposure tact

First layer (6 shot) 81.9s

Second layer (4 shot) 59.3s

(Amount of exposure 150 mJ/cm? 12)

Gap setting (sensor lower face) <+5 um

Body mass 14 000 kg

Footprint 6 000 mm x 7 000 mm
Mask size 920 mm x 800 mm,

t=10 mm

Thermal chamber standard option

Temperature setting +0.1 °C,

Class 10, (over 0.1 ym)

Light source
Effective exposure site
Uniformity

Minimum exposure amount

10 kW, two lamps
830 mm x 730 mm
+4 %

30 mJ/cm?

2. Main Specification

The main specifications of NSK’s step-and-repeat
proximity aligner for the production of large LCD glass
substrates (RZ-800HX) are shown in Table 1.

3. Summary

With the growing trend for even larger LCD monitors
and flat panel displays, development of substrates for real-
world applications is also growing. The trend is towards
greater market share of wall-mounted flat panel displays.

NSK is working hard to continue with further
developments that will meet the needs of our customers
(with quality products that offer good cost performance).
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