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DYNAMIC CHARACTERISTICSOF LINEAR ROLLING BEARINGS
FOR MACHINE TOOLS

The present paper proposes a method for evalutiténdynamic characteristics of a single linearimglbearing
subjected to a radial force and a bending momentrdier to evaluate the damping of a rail-carriagstem,

a rectangular column with a flange is fixed to tlaeriage by bolts, and the free end of the colusnexcited by
an impulse hammer in the horizonta),(lateral §), and radial %) directions. The response is detected by
an accelerometer mounted to the flange of the coliBoth force and acceleration are input to an BRalyzer,
and the frequency response function (FRF) is caledl The damping capacity in each direction isuastad as

a modal damping ratio, which is calculated basedhenFRF. As a result, the damping ratio of theration
mode in the feedxf direction is higher than those of the other il modes. In addition, the influence of the
nonlinearity of the linear rolling bearings on tthgnamic characteristics is investigated. The res@teal that
the dynamic characteristics of the linear rollirgatings depend on the excitation direction.

1. INTRODUCTION

Linear rolling bearings with low friction and higitcuracy are suitable for guideways
for high-speed, high-precision feed drive mechasiamd are widely used in machine tools.
When rolling bearings are applied to guideways,citare standardized in an 1SO standard
[1], they facilitate the design, assembly and nemiahce of machine tools. Thus, linear
rolling bearings are essential in the feed driveclma@ism. However, the linear rolling
bearings of guideways of machine tools are graguading replaced by sliding bearings,
which have high damping capacity. The high dampoagacity of sliding bearings is
desirable because the chatter vibration in the mamh process can be avoided if the
guideway has high damping capacity.

Numerous studies on linear rolling guideways haxeer@ned the life distribution and
reliability of roller-based linear rolling bearind2],[3] the sound and vibration of the
recirculating linear ball bearings [4], and the dgmnic analysis of a single carriage of linear
rolling bearings [5]. Experimental and simulatioasults have demonstrated that the
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damping capacity of a sliding bearing is highemtkizat of a linear rolling bearing and that
chatter vibration can be prevented by increasirgdAmping capacity of the guideways.
Bode [6] invented a damping element which is cae@haevith a rail and that can increase
the damping capacity of a linear bearing. Rahmaal.€f7] tried to improve the damping
capacity of the feed drive mechanism using a daghpiriage constructed of polymer
concrete. Powalka et al. [8] attempted to imprdwe damping capacity of a linear rolling
bearing by sandwiching resin thin films between thé¢ and the base. Although the
damping capacity of feed drive mechanisms has le@&tuated, the damping capacity
of a single linear rolling bearing was not discussethe above studies.

Several methods for evaluating the damping capadity single linear rolling bearing
have been proposed by IKO [9], NSK [10], and Brecke al. [11]. IKO and NSK
conducted experiments to measure the damping agpzica single linear rolling bearing
using a dedicated jig that was fixed to a base bgma of bolts. Figure 1 shows the typical
experimental setup for measuring the damping oflitresar rolling bearings. As shown in
this figure, a linear rolling bearing was exciteging an impulse hammer parallel to the feed
direction and the damping ratio is calculated frihv impulse response of the acceleration
detected by an accelerometer mounted to the sid@eofig. IKO showed that the free
vibration curve of a roller-based linear rollingaloeg decays faster than that of a linear ball
bearing [9]. NSK showed that the damping capaditg bnear ball bearing increases with
increasing preload [10]. However, the fixed comatis of the jig shown in Fig. 1 may affect
the vibration damping of the linear ball bearingdgse the bolted joint used to fix the jig to
the base may govern the measured damping. Ontiee lo&and, Brecher et al. evaluated the
damping ratio of a roller-based linear rolling begrthrough comparison with a reference
dummy with comparable stiffness to that of the tedling linear bearing [11]. They
determined the damping ratio by comparing the feegy response function (FRF)
of a linear rolling bearing and its reference dumshpwn in Fig. 2. They showed that the
damping ratio of the linear rolling bearing dependshe preload in the radial direction and
yaw direction. However, this is an indirect mettaddneasuring the damping ratio because
they compared two test results.

Carriage Jig
Accelerometer \ Excitation

O

Rail

Base

Fig. 1. Experimental setup for measuring the dagpina single linear guide
(http://www.jp.nsk.com/services/pm_techreport/m@.html)

As mentioned above, only two methods to determime damping ratio of linear
rolling bearings have been reported. However, ihesessary to determine the damping
ratios in three directions in order to apply theaswwed damping ratios to the analysis of the
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dynamic performance of machine tools. A method dfasuring the damping ratios
of a linear rolling bearing that is not affectedthg fixed conditions of the test jig must be
developed.

The present paper proposes a method for directlgluating the dynamic
characteristics of a single linear rolling beariddnis method can evaluate the dynamic
characteristics of a linear rolling bearing undending moments by using a column. The
column is not fixed on the surfaces excluding tbp surface of a carriage. Thus the
evaluated dynamic characteristics are not infludrme the boundary conditions. The FRF
of a linear rolling bearing is measured using theulse response method, and the damping
capacity is evaluated based on the modal dampitig, rahich is calculated based on an
FRF. The evaluation results indicate that thera direction dependency in the dynamic
characteristics of a linear rolling bearing. Thasen for the existence of this direction
dependency was investigated. Since the carriageliokar rolling bearing is supported by
rolling elements, Hertzian contact is generateavben the raceways and rolling elements.
Therefore, nonlinearity is considered to exist e tvibration characteristic of a linear
rolling bearing. The relationship between the dymacharacteristic and the magnitude
of the excitation force is examined, and the resuldicate that the nonlinearity of the linear
rolling bearing influences its dynamic charactésst

Vertical excitation Vertical excitation
Horizontal Horizontal
excitation excitation
Linear roller Reference
guide Adaptor plates dummy
(a) Linear roller guide (b) Reference dummy

Fig. 2. Experimental setup used by Brecher etld]] [

2. EXPERIMENTAL SETUP

A column used to measure the dynamic charactesissictightly fixed to the top
surface of the carriage of a linear rolling bearrygmeans of six bolts. The column applies
the bending moment and the radial force to theiager Figure 3 shows the experimental
setup for measuring the dynamic characteristicee @hmensions of the linear rolling
bearing and column are also shown in Fig. 3. An O®&385 roller-based linear rolling
bearing (preload grade: T2) (IKO Nippon Thompson, Ctd.) was used for the experiment.
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The T2 preload grade, which is also referred tareslium preload grade, is generally
chosen for machine tools. The carriage, rail, aiéns were washed with kerosene so that
the lubricant oil film on the raceway would notlugnce the dynamic characteristics of the
linear rolling bearing. The column was bolted te tbp surface of the carriage by means
of a long stick wrench.

The column was excited in tixeandy directions as shown in Fig. 3 in order to apply
the bending moment to the carriage and was exaitéae z direction in order to apply the
radial force to the carriage. While applyinge bending moment and radial force to the
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Fig. 3. Schematic illustration of experimental getunit: mm)

carriage, the FRF between the top of the columnthedop surface of the carriage was
measured. Some resonance peaks exist in the médsFes, and the modal damping ratios
in each resonance peak were calculated to evaluatéamping capacity of a linear rolling
bearing. Figure 4 shows the experimental setuprfeasuring an FRF between the top of
the column and the top surface of the carriagelwiear rolling bearing. As shown in Fig. 4,
the rail is fixed to the base by bolts, and theebasfixed to a stone surface plate (mass:
540kg, length: 1,000mm, width: 1,000mm, and heig@®0mm), which is supported by air
dampers. Since the mass of the stone surface iplgteater than that of the carriage, the
stone surface plate can be assumed to be a riglg. I#ince the stone surface plate is
supported by air dampers, the experimental setupbeaisolated from floor vibration.
Moreover, since the base is designed for use ieed firive mechanism, two rails can be
mounted to the base. However, one rail and theiacgs, which are not needed for
measurement, are removed from the base in ordemialify the experimental setup. Figure
5 shows the FRF measurement system.



Dynamic Characteristics of Linear Rolling Bearirigs Machine Tools 133

Accelerometer Impulse hammer
Column
Carriage (Mass: 2.2 kg)
G
T Rail
Base
1000

.
>

o
‘OE;I Stone surface plate (Mass:550 kg)

—
Air damper (Unit : mm)

Fig. 4. Experimental setup for measuring frequamsponse function
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Fig. 5. Measuring system of frequency response

The FRF between the top of the column and the tofase of the carriage is
calculated based on the excitation force generdtgdan impulse hammer and the
acceleration detected by an accelerometer mountélettop surface of the carriage. The
excitation force is detected by a force transdubeilt into an impulse hammer.
The accelerometer is mounted in the location inclvtihe response amplitude is largest in
the excitation direction. The excitation points atetection points for each direction are
shown in Fig. 3. Output signals detected by a fdreaesducer and an accelerometer are
input to an FFT analyzer through a signal condé@roand a charge amplifier, respectively.
An FRF is output from an FFT analyzer to a persaonahputer (PC). The FRF averaged 16
times in the frequency domain is used to evalulage damping ratio of a linear rolling
bearing. Therefore, the number of averaging isséie 16. As will be discussed later, the
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dynamic characteristic of a linear rolling bearinthanges with the magnitude
of an excitation force. Thus, the magnitude ofdékeitation force remains small.

In machine tools, the carriage is fixed in thelirection by the ball screw or linear
motor with the control system in practice. Andntluences on the dynamic characteristics
of the linear rolling bearing. For excluding théluence of the ball screw, the linear motor
and the control system, tlairection is not fixed.

3. VIBRATION OF LINEAR ROLLING BEARINGS

3.1. FREQUENCY RESPONSE

The FRFs generated when forces are applied i,theandz directions are shown in
Fig. 6. The FRFs are displayed as Bode diagrams.phlase is shown from -18 180,
and the compliance is shown on a logarithm scale.

As shown in Fig. 6a, predominant peaks appearéaaidd 2.6kHz when the excitation
force is applied in thg direction. In the following, the vibration modesthe x direction are
referred to as the first and second modes in arfligrcreasing frequency.

As shown in Fig. 6b, predominant peaks appear &t D5, and 1.6kHz when the
excitation force is applied in thedirection. In the following, the vibration modes they
direction are referred to as the first throughdhimodes in order of increasing frequency.
Since the second mode and third mode exist in adjdtequencies, the possibility exists
that one resonance peak was divided into two peaks.

Figure 6c shows that predominant peaks appeadaPl, 2.1, 2.3, and 2.5kHz when
the excitation force is applied in taalirection. In the following, the vibration modesthe
z direction are referred to as the first througthfihodes in order of increasing frequency.
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3.2. MODE SHAPES

The mode shape of the carriage to which the colusnfixed is measured using
an experimental modal analysis method in orderlaoifg the vibration state when the
carriage is excited in each direction. The modepsbaare measured by reading
the amplitude and phase of an FRF. Although théadi@n point is fixed for each direction
as shown in Fig. 3, the detection point of accéienas varied as shown in Fig. 7. A single-
axis accelerometer is replaced on each detection. po

In order to measure the mode shapes of the topcdf the carriage, accelerometers
are attached in a reticular pattern on the flanigthe column at nine points. In order to
measure the mode shapes of the side surface oblhen and carriage, accelerometers are
attached to the side surfaces of the column arthgarin thex andy directions. When the
top surface of the column is excited by an impuiaenmer in thex, y, andz directions,
acceleration is detected by an accelerometer dt pamt. The FRF from the top of the
column to the detection point of acceleration isaswged. The mode shapes are measured
by reading the compliance and phase of FRFs. Thdenshape is normalized so that
the amplitude may become 1 by dividing with maximuatues of the compliance of each
modes, and the amplitude in thdirection is scaled to be 200 times larger andliththey
direction is scaled to be 20 times larger. The n&ltpes in the, y, andz directions are
shown in blue, green, and red, respectively.
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Fig. 7 Measurement point for experimental modalysisa

The mode shapes of the first and second modes teeoolumn is excited in the
x direction are shown in Fig. 8. Since the amplitudéey direction is smaller than that in
other directions, the mode shapes are shown or-zhglane. In Fig. 8a, the motion of the
carriage in the first mode is rotational about yhaxis and translational in thedirection.
The motion of the column appears to be similah®rigid bar.

As shown in Fig. 8b, the motion of the carriagegha second mode is the rotational
motion about theg axis, and the motion of the column appears toitndas to the bending
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mode of a beam. The vibration amplitude of the di@ional motion of the carriage in

the first mode is larger than that in the secondlenddowever, the vibration amplitude

of the rotational motion of the carriage in thesfimode is lower than that in the second
mode. This means that the translational motionrézi@minant in the first mode, and the
rotational motion is predominant in the second mdékcause the carriage is not fixed in
the x direction, the carriage moves in tikedirection in first mode. Thus, the vibration

in the first mode is considered not to be causedhbyelastic contact between the rollers
and the raceways.

!

]

Translatonal motion

a)*1 mode b)" mode

Fig. 8 Mode shape (Excitation directiondirection)

a) 1 mode b) ¥ mode c)8mode

Fig. 9. Mode shape (Excitation direction: y direo)

Figure 9 shows the mode shapes of the first thrabhgtd modes when the carriage is
excited in they direction. The mode shapes are displayed onythelane because the
vibration amplitude in the direction is smaller than that in other directioAs shown in
Fig. 9a, the motion of the carriage of the firstdmas not only a translational motion in the
y direction but also a rotational motion about thaxis, and the motion of the column
appears to be similar to the rigid bar. Figure Bovwgs the mode shape of the second mode.
As shown in Fig. 9b, the motion of the carriagehaf second mode is a translational motion
in they direction and an uplift motion in the direction, and the motion of the column
appears to be similar to the bending mode of a b&&e motion of the carriage of the third
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mode (Fig. 9c) is similar to that of the second mdBased on this result, the second and
third modes are considered to be the same vibratimate.

Uplift Uplift

motion

Uplift
motion

d) 4" mode e) 8" mode

Fig. 10. Model shape (Excitation direct: z diren)io

Figure 10 shows the mode shapes of the first thrdifith modes when the carriage is
excited in thez direction. The mode shape of the first mode iswshan Fig. 10a. The
motion of the carriage is a translational motiorthe z direction, and that of the column
appears to be similar to the bending mode of a heatime x direction. As shown in Figs.
10b and 10c, the motions of the carriage in thersg@@nd third modes are similar to that in
the first mode. However, the motion of the colunppears to be similar to the bending
mode of a beam in thedirection. Therefore, the motions of the columrthed second and
third modes are different from that of the firstaeo

Comparison of the mode shapes of the second ardl tiwdes indicates that these
modes are similar, and these modes are consideeesame vibration mode divided. The
mode shapes of the fourth and fifth modes are shiowfigs. 10d and 10e, respectively.
The phase of the FRF in the fourth and fifth modegpposite that in the first through third
modes. The motions of the carriage in the fourth féth modes are translational motions in
thez direction, and motions of the column in the fouatid fifth modes appear to be similar
to the bending mode of a beam in thandy directions, respectively. Although the fourth
and fifth modes appear in adjacent frequencies,ntloeéle shapes differ. Therefore, the
fourth and fifth modes are independent modes. Asvahabove, the vibration state of each
mode became clear upon measuring the mode shape.

At the first mode in th& andy direction, the column vibrates as a rigid bar. Sthese
first modes seem to be caused by the rigid bodyamaif the carriage. These modes are
especially important when dealing in the vibratimina table of machine tools which is
supported by linear rolling bearings. In higher m®dnx andy directions, the column
vibrates with bending mode. Hence the column imfags on the dynamic characteristics
in these modes.
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4. EVALUATION OF DAMPING RATIO

The damping capacity of the linear rolling bearifog each vibration mode was
evaluated based on the modal damping ratio catmllay the half power method. In this
method, the modal damping ratfas calculated using the frequencfeandf, (f; <f,), the
amplitudes of which are 3 dB less than the maximamplitude, and the resonance
frequencyf,. The modal damping is calculated using the follaywquation:

1 @)

The relationship between the modal damping ratieath vibration mode and the
resonance frequency is shown in Fig. 11, which shithat the modal damping ratio of each
vibration mode is approximately 0.01. However, thedal damping ratio of the first mode
in thex direction is noticeably higher than those of thieeo modes. Therefore, the reason
the damping capacity in the first mode is highanththat in other modes is investigated
by focusing on the vibration mode and the carriagehanism.
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Fig. 11. Relationship between modal damping ratid @sonance frequency

5. GENERATION MECHANISM OF VIBRATION AND DAMPING

5.1. GENERATION MECHANISM OF VIBRATION

The motions of the carriage in the rotational dicet they direction, and the
z direction are fixed by the elastic contact compurué the raceway and the rolling element.
Since the elastic contact component acts as agsphe carriage vibrates in the rotational
direction, they direction, and the direction. The mode shapes shown in Figs. 9 and 10
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indicate that the carriage vibrates in #)g, and rotational directions when the carriage is
excited in they andz directions.

Hence, the vibration of the carriage was expecteédmbe generated in thxedirection
because the motion of the carriage is not fixethex direction. Nevertheless, the carriage
vibrates in thex direction shown in Fig. 8a. Rolling friction is mgrated when the carriage
moves in thex direction. In generally, the rolling friction fagcincreases proportional to
displacement in the microscopic displace region],[13]. This relation is called as the
nonlinear spring characteristics of rolling frigtioSince the displacement of the carriage
generated by an impact excitation is very smadl,ftiction force is considered to reveal the
spring characteristics in the microscopic regiohjolw cause the vibration of the carriage i
n the x direction. As shown above, the carriage vibrateshie x, y, z, and rotational
directions. However, the generation mechanism efwuibration in thex direction differs
from that of the vibrations in other directions.dtiner words, the vibration of the carriage in
the x direction is generated by friction, and the vilmas of the carriage in other directions
are generated by the elastic contact component.

5.2. MECHANISM OF DAMPING GENERATION

Next, we investigate why the damping capacity @f finst mode in thex direction is
higher than that of the other modes. In the linedling bearing considered herein, the
rollers are held in the carriage by a resin compbhaving a flange, as shown in Fig. 12.
Since the end face of the roller and the carriagmecin contact, a large friction force is
generated when the carriage vibrates inxhgirection. Therefore, the damping capacity
of the first mode in which the carriage vibrateshe x direction is larger than that of the
other modes. The damping capacity of the carriagihe feed direction increases because
a large friction force is generated. On the othard) with the exception of that of the first
mode in thex direction, vibration damping is generated by the&raslip between
the carriage and the rolling surface of the roller.

Carriage

. Contact
.~ surface
A

Fig. 12. Structure of a carriage for retainingesl

However, the vibration damping generated by theonstip is less than that generated
by the rolling friction because the carriage igtixn all but thex direction.
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6. NONLINEARITY OF DYNAMIC CHARACTERISTICS

The carriage of a linear rolling bearing is fixeldstically by the roller. Since the
relationship of the elastic deformation of the =aye and the force is nonlinear, the dynamic
characteristics of a linear rolling bearing varnthwihe magnitude of the exciting force. In
order to investigate the influence of the nonlingaof the carriage, the FRF of the linear
rolling bearing was measured for forces of thredéeint magnitudes. Since the impulse
response method was used, the magnitude of th&aganiforce could not be controlled.

In order to qualitatively investigate the influenafethe nonlinearity, small, moderate,
and large forces were applied. Fig. 13 shows a Iygliagram of the first and second
modes obtained as for the three excitation fordesshown in Fig. 13, the diameter of the
circle differs according to the magnitude of thecigation force, which indicates that
the damping capacity decreases as the diameteiraé encreases. Thus, the damping
capacity of a linear rolling bearing changes witle imagnitude of the excitation force.
Fig. 14 shows Nyquist diagrams of the first throtlgind modes in thg direction obtained
for the three excitation forces.
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Fig. 15 Also shows Nyquist diagrams of the firsptigh fifth modes in the direction
obtained for the three excitation forces. The di@mand shape of the Nyquist diagram
changes with the magnitude of the excitation fofideen, the resonance frequency and the
magnitude of the excitation force are examined. E§shows the relationship between the
resonance frequency and the magnitude of the éwcitdorce. As shown in Fig. 16,
the resonance frequency decreases as the magmfuebkcitation force increases. This
figure indicates that there is nonlinearity in tdgnamic characteristics, including the
stiffness and damping capacity. Moreover, the ntagei of the excitation force influences
the resonance frequency of the first mode inxtdeection more than those in other modes.
In general, the stiffness of rolling friction forée the microscopic displacement region
decreases with increasing the displacement [13],[TBis displacement dependency
of rolling friction causes the large decrementefanance frequency at the first mode in the
x direction.
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Fig. 16. Influence of magnitude of excitation force

7. CONCLUSION

The present paper proposes a method for evaluditengamping capacity of a single
linear rolling bearing subjected to a bending motraerd a radial force. The column used
for measurement was fixed to the top surface ofcdmeiage of a linear rolling bearing.
The bending moment was applied to the carriage whernop of the column was excited.
The magnitude of the excitation force was variedriter to investigate the influence of the
nonlinearity of the linear rolling bearing.

The conclusions of the present study are summaagddllows.
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(1) From the evaluation of the results, the dampingaciy of the vibration mode for
which the carriage moves in tikalirection is the greatest. Moreover, the influence
of the magnitude of the excitation force on theonesice frequency of the first
mode in thex direction is greater than in other modes.

(2) The vibration in thex direction might be caused by nonlinear friction in
a microscopic region consisting of a few microm&t&ince the end face of the
roller and the carriage come into contact, higttivn damping is generated in the
x direction.

(3) The nonlinearity of the linear rolling bearing idinces its dynamic characteristics.
The resonance frequencies decrease as the magmfuttee excitation force
increases.

The damping ratio is influenced by the column mass damping coefficient should
be calculated to exclude the influence of the colunass. And the dynamic characteristics
are sensitively changed by the magnitude of theitai@n force. Hence the force
dependency of dynamic characteristics including mlag coefficient will be investigated
in the future work.
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