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Abstract Due to the error averaging effect of pressured oil
film in hydrostatic guideways, motion straightness of the slid-
er is smaller than the profile error of guide rails. In spite of this,
structural parameters of the guideway system have dramatic
effects on the error averaging coefficient. Therefore, it is nec-
essary to investigate the relationship between the structural
parameters of the guideway system and slider motion straight-
ness. In this paper, effect of the ratio (m,) of pad center spac-
ing to guide rail profile error wavelength on motion straight-
ness was the primary focus. A static analysis model based on
the error averaging effect considering pad center spacing in
open hydrostatic guideways with four pads was established.
Linear displacement motion error of the slider with different
system structural parameters was solved, and slider motion
straightness was calculated using least-square method. A
grinding machine LGF1000 was used in experiments, and
the slider vertical motion straightness was improved to
0.98 um/600 mm from 2.08 pm/600 mm after using the lap-
ping process on a specific guide rail along the Y-axis for
change the m,. In addition, precision was improved by
52.9 %. Results show that m) has significant influence on
vertical motion straightness of the slider. Increasing the pad
center spacing m allows a reduction in motion straightness for
my, equal or lesser than 0.5. However, a decrease in the pad
center spacing is useful to decrease the motion straightness,
when m,), is equal or larger than 0.72.
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1 Introduction

Hydrostatic guideways are widely used as a vital functional
unit in ultra-precision machine tools and coordinate measur-
ing machines [1-5]. The motion straightness directly influ-
ences accuracy of the machined or measured parts [6]. The
use of pressured oil film in hydrostatic guideways results in an
averaging effect on the errors. Due to this averaging, motion
straightness of the slider is smaller than the profile error of
guide rails [7-9]. In addition, structural parameters of the slid-
er such as pad length to width ratio, number of pads, and their
configuration have an important impact on motion straight-
ness [10]. In order to improve motion straightness of the slider
used in hydrostatic guideways, the effect of error averaging
should be used as an advantage to conduct and guide precision
design of hydrostatic guideways systems.

Over the recent decades, substantial research on the rela-
tionship between guide rail profile error and motion straight-
ness of a slider to study error averaging has been carried out.
Yabe et al. [11] studied the relationship between the sliding
accuracy of an externally pressurized gas lubricated pad bear-
ing and machining error of the guide rail. They found that the
accuracy was related to the ratio of guide rail profile error
wavelength to pad length. Shamoto et al. [12] investigated
the relationship between action force of the film on a single
pad and the geometric error of a guide rail at various spatial
frequencies using finite element analysis. They decreased pro-
file error by lapping rail surfaces, which resulted in improved
motion straightness. Park et al. [13, 14] determined the trans-
fer function for a single pad and proposed a machining algo-
rithm based on reverse analysis to improve motion accuracy
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for hydrostatic table. Ekinci et al. [15, 16] analyzed motion
errors in aerostatic guideways based on geometric relationship
and static equilibrium. Based on this analysis, they established
a model for the quantitative estimation of motion accuracy.
Xue et al. [17] established a static analysis model to determine
theoretical motion error for closed hydrostatic guideways with
four pads, the effects of some design parameters on error av-
eraging effect were researched respectively, and some sugges-
tions to improve the precision in design were proposed. How-
ever, the parameters matching of hydrostatic guideways, as
the relationship between slider structural parameter and guide
rail profile errors, which affect motion straightness, needs fur-
ther research at the present stage.

A common approach to improve motion straightness
of a slider is to reduce profile error of the guide rails
using the manual lapping machining process. Shamoto
et al. proposed a method to improve guide rails using a
transfer function model, which allows the determination
of the error averaging coefficient. After which, a reverse
analysis approach based on the measured error and lap-
ping information can be used to estimate the profile error
for the guide rails [18, 19]. Hwang et al. [20] estimated
motion errors for X- and Y-stages using the static equi-
librium of an aerostatic bearing obtained from the mea-
sured profile errors for the guide rails. Similarly, motion
straightness for rolling guides can be improved by lap-
ping the guide rails [21]. However, for this situation,
motion straightness should be estimated repeatedly after
the lapping machining processes until the precision re-
quirements are met.

The lapping process for the guide rails alters the rela-
tionship between various system structural parameters
and decreases the error averaging coefficient. However,
it is important to note there are a few quantitative anal-
ysis reports specific to this area and a more detailed
analysis is required. Motion straightness is typically con-
sidered as zero when the ratio of pad center spacing to
profile error wavelength of guide rails is equal to 0.5,
1.5, 2.5... [15]. However, in real applications, the ratio
m, of pad center spacing m to profile error wavelength
of guide rails A cannot achieve the abovementioned spe-
cific values and for most cases it is located in one of the
intervals. For this reason, we need to investigate the in-
fluence of m, on motion straightness and provide theo-
retic guidelines for precision design of hydrostatic guide-
ways. Based on our previous research, a static analysis
model considering pad center spacing and guide rail pro-
file error in open hydrostatic guideways is proposed in
this study. The influence of m, on motion straightness is
investigated. Experiments were used to measure motion
straightness of the slider after the value of m), changed,
which allowed the verification of the accuracy of the
proposed model.
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2 Hydrostatic guideway static analysis model
considering pad center spacing

2.1 Model and assumption

For mathematical description of the guide rail profile error, let
us assume that the error along the width direction of the pads
does not change. So, profile error for the guide rails can be
fitted by Fourier series, and the function representing the pro-
file error can be expressed as f.(y)=Esin(27/A-y+) [7],
where E, )\, and ¢ are amplitude, wavelength, and phase angle
of guide rail profile error, respectively.

For open hydrostatic guideways, slider-guide rail structure
can be simplified as the model shown in Fig. 1, where pad 1
and pad 2 are marked numerically as 1 and 2, m is the spacing
between the centers of pad 1 and pad 2, e,(y) is linear displace-
ment motion error of the slider, and A is the profile error
wavelength of the guide rail.

2.2 Static analysis of open hydrostatic gunideways with four
pads

2.2.1 Oil film thickness calculation method considering guide
rail profile error

A pad advancing along the Y direction is shown in Fig. 2.
Plane xOy denotes a perfect guide rail without errors. z=f£.(y)
is the function of the actual guide rail with profile error. As-
suming that the profile error does not change along the width
direction of the pad, oil film thickness of the land at any
coordinate is given by h(y)=ho—£.(y).

The oil film of the land along the y direction is divided into
N equal elements with length b,,, and 4, is the area of the ith
element. Total area of land oil film is 4. For the original point
o' located at an arbitrary coordinate, the corresponding coor-
dinate of the ith element is y; and A(y;) is the oil film thickness
for this element. Therefore, average oil film thickness for the
whole land is given as

ha) =5 b4, 1)

z «— M ———» glider
éﬂ Tez(y)gb

b % .| guide rail

Fig. 1 Simplified schematic of a slider-guide rail
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Fig. 2 Guide rail profile error and pad structure. / oil film along width
direction, 2 oil film along length direction, /, pad length, /, land width
along pad length direction, /, pad width, /, land width along pad width
direction, b,, discrete unit width of oil film, /2, nominal oil film thickness,
f(v) guide rail profile error function

When o' moves, Ay is the displacement along the y
direction, and volume variations of the oil film 1 and 2
are AV, and AV, respectively. From coordinate y; to
y», the variation of average oil film thickness is given
as

1 Y2 Y2
Ah, = — J AV + J AV, (2)
A N N

Therefore, average oil film thickness for the whole land of
a single pad at coordinate y is represented by

ha(y) = ha(o) + Aha% (3)

2.2.2 Calculation method of oil film reaction force variation

The pressured oil in the pad can be assumed to be an
incompressible Newtonian fluid with a constant viscos-
ity, and the oil supply pressure can be considered as a
constant value. The flow between the land and the
guide rail is assumed as a Poiseuille flow [10]. The
nominal oil film thickness A(y) can be substituted by
the average oil film thickness. Thus, flow resistance
for the whole land is given as,

_ 31
RO}) a ha(y)3((la_lu)/4lv + (lb_lv)/4lu) (4)

When resistance of the restrictor is R (), oil pressure in the
pocket of the pad is

poy) = (5)

pS
Re(y)/R(y) +1

Therefore, the variation of film reaction force from the
original point to coordinate y is

fe) = (Po(¥)=Po(0))4e (6)

where 4, is the loading area of the oil film.

2.2.3 Calculation of oil film force considering guide rail
profile error and pad center spacing

Profile error functions for the two guide rails below pad 1 and
pad 2 and below pad 3 and pad 4 are represented as z=1,(y)
and z=f.,(y), respectively. With pressured oil being supplied,
an equivalent static model can be used to describe the open
hydrostatic guideways with four pads, as shown in Fig. 3.
Pads in the horizontal direction were not contained.

The oil film in the hydrostatic guideways is simplified as a
linear spring element, so the oil film balance force is given as

Fo;0) = 1,0)~f ;)

m n
= ki0)[ae0) + b T+ e (7)

where e.(y) is the line displacement motion error of the
slider in Z direction, 0, is the pitch angular deviation, 6,
is the roll angular deviation, f,{y) is the variation of
film reaction force for the jth pad when slider advances
along Y direction, f;(y) is the balance force for the jth
pad, and a;, b;, and ¢; are direction coefficients (j=1~
4), a=(1,1,1,1), b=(1,-1,1,-1), and c¢=(1,1,-1,-1).

2.3 Calculating the slider linear displacement motion error

The resultant force and moment of the slider must zero
when the slider moves to any coordinate. The force
equilibrium equation and the moment equilibrium equa-
tion are expressed as

4

> aif,(0)-G-W =0

J=1

4
m
=

4
n
My = ODZ ijj(y)a_W-nl =0
j=1

Substitute Eq. (7) with Eq. (8) and e, is solved as

T

4 4 4
[ :A|<Z aerj_G_W7Z berj,Z Cerj) (9)
J=1 j=1 J=1
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Fig. 3 Open hydrostatic guideways equivalent mechanical model.
k.1(v) ~k.4(v) oil film stiffness of pads, e;(v) ~e,(y) line motion error at
pad centers, f;(y) ~f4(v) pad reaction force, m pad center spacing along Y
direction, n pad center spacing along X direction, G dead load of slider, W
load of working position, m; the distance between working position and
slider center along Y direction, n; the distance between working position
and slider center along X direction

where A is the oil film stiffness coefficient matrix, 4
is the inverse matrix of A. 4;, A,, and A; are row
vectors of matrix 4 .

-4 4 4 q
SN @k > apik; Y ajeik;
=1 =1 =
4 4 4 Ay
= = =1 A3

4 4 4
Zajcjkj ijCjkj Zcikj

L j=1 =1 J=1 i

3 Experimental method

3.1 Experimental setup

The structure of the experimental setup is shown in
Fig. 4. Y-axis is composed of open hydrostatic guide-
ways, which have four pads in the vertical direction and
two pairs of opposed pads in the horizontal direction.
The Y guide rails are made of nature granite.

Parameters for the experimental setup, which con-
tain the guide rail, oil supply system, and fixed
restrictor, are listed in Table 1. An annular slit fixed
restrictor is used in the open hydrostatic guideways
[7, 22, 23].

3.2 Guide rails with different profile errors
The value of pad center spacing m remains unchanged

in the setup. This experiment aims at one part of the
whole guide rail of Y-axis. Guide rails 1, 2, and 3 with
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different profile error wavelengths were obtained using
the lapping machining process. The wavelengths for
guide rails 1, 2, and 3 are A\, \,, and A3, respectively.
It can be seen from Fig. 5 that the three guide rails
have the same length. The A;:\;:\3=3:2:1, so m/\;:m/
A:m/A3=1:2:3. The oil film thickness A, remains un-
changed for comparing slider motion straightness on
three guide rails with different profile errors.

The three guide rails shown in Fig. 5 were specific
part of Y guide rails, as shown in Fig. 6. Wherein,
guide rail 1 is the original condition. Guide rails 2
and 3 were conditions after the first and the second
lapping machining processes conducted on guide rail
1, respectively.

3.3 Measurement of motion straightness

Pad center spacing was 0.94 m along the Y direction.
The Y slider moved with a stroke of 1260 mm and ran
at a speed of 1 m/min. The measuring environmental
conditions were as follows: room temperature was con-
trolled within 21+0.1 °C, the humidity was 45.4 %, and
experimental setup stood on a 3-m-thick concrete floor
with an isolation trench. A picture of the experimental
setup is shown in Fig. 7. The experimental setup used
here was a grinding machine LGF1000. The machine
base and X/Y-axis were made of nature granite. Y-axis
was gantry type and employed open hydrostatic guide-
ways with four pads in the vertical direction. The X
beam was used as Y slider. X slider and Z axis are
integrated together. To compare the variations in motion
straightness of the slider with different guide rail profile
error wavelengths, Y slider vertical motion straightness
was measured using a laser interferometer XL80 (con-
tains Laser head, Straightness interferometer, and Re-
flector) to verify the influence of m, on motion
straightness.

For ease of comparison between the measured results for
different guide rails, the least square line of the measured data
was rotated to be coaxial with the horizontal axis. Spacing
between the envelope lines through the highest point and low-
est point is the motion straightness error.

4 Results and discussions

4.1 Comparison between theoretical and experimental
results

Under initial conditions, vertical motion straightness of the
slider along the Y-axis is 3.91 um/1260 mm. Line
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Fig. 4 Experimental setup
structural schematic

displacement motion error of the slider is shown in Fig. 8. It
can be seen that line displacement motion error of the slider
has large fluctuations within the stroke of 80~680 mm of the
guide rail. For this part of the whole guide rail of Y-axis as
guide rail 1, the corresponding vertical motion straightness is
2.08 um/600 mm.

Following the lapping machining processes as described in
the “Guide rails with different profile errors” section, the pro-
file error of guide rail 1 is changed. This changed guide rail is
now considered as guide rail 2. The corresponding vertical
motion straightness of the Y-axis slider is 1.33 um/600 mm
(red curve in Fig. 9). The slider vertical motion straightness for
guide rail 2 shows a 36.1 % increase in precision compared to
guide rail 1. Slider vertical motion straightness was 2.85 pm/
1260 mm for a full stroke along the Y-axis and shows a27.1 %
increase in precision.

Lapping was repeated for both ends of guide rail 2, and
guide rail 3 was obtained. The slider vertical motion
straightness for guide rail 3 was 0.98 pm/600 mm (blue
curve in Fig. 9), which shows a 52.9 % increase in

X slider moving direction
B —

X Beam
(Y Slider)

precision compared to guide rail 1. Correspondingly, the
slider vertical motion straightness was 1.01 pum/1260 mm
for a full stroke along the Y-axis (blue curve in Fig. 10).
The experimental results indicate that the precision of the
slider vertical motion straightness for full-stroke 3
(contains guide rail 3) increased by 74.2 and 64.6 % in
comparison to full-stroke 1 (contains guide rail 1) and
full-stroke 2 (contains guide rail 2), respectively.

Based on the model discussed in the “Hydrostatic
guideway static analysis model considering pad center
spacing” section, linear displacement motion error of
the slider at any coordinate was obtained using Eq. (9).
The obtained motion error was fitted using the least-
square method, and vertical motion straightness of the
slider was calculated. After measuring the slider vertical
motion straightness, parameters containing profile error
amplitude and wavelength of the guide rails were calcu-
lated. The amplitude and first-order wavelength of the
guide rail profile error are approximately 5 pm and
1.2 m, respectively.

Table 1  Experimental setup parameters

Parameter Value Parameter Value
Dead load of Y slider/N 40,000 Land width (length direction) /,/mm 50
Dead load of X slider and Z-axis/N 14,960 Land width (width direction) /,/mm 27.5
Pad center spacing along X-axis/m 2.55 Nominal oil film thickness A¢/pm 20
Pad center spacing along Y-axis/m 0.94 Oil supply pressure P/Mpa 14

Y slider stroke/mm 1260 Oil dynamic viscosity 7/Pa.s 0.0615
Pad length /,/mm 400 Restrictor throttle length/mm 8.9
Pad width /,/mm 80 Restrictor throttle gap/pm 40
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Fig. 5 Three guide rails with
different profile error

wavelengths m
B T
-, —» P
77777777777777 N guide rail 1
0 — —)
N <y —_L-guiderail 2 7,
(()”_—‘-’_—_ — e . e SR = : — :<:wk.\'”
-2 ——» Nguide rail 3
a—— (.75 ——»
< )\.1/2 >

Error averaging coefficient n, was defined as the ratio of
vertical motion straightness to the guide rail profile error
amplitude, and 7, is defined as the ratio of the pad length /,
to the guide rail profile error wavelength. The relationship
between n, and n, for an evaluation length, 600 mm, is
shown in Fig. 11. For n)(=0.4/1.2) in guide rail 1, the
corresponding 7, is 0.430 (red dotted line in Fig. 11). For
nx(=0.4/0.6) in guide rail 2, the corresponding 7, is 0.051
(grey dotted line in Fig. 11). For n,(=0.4/0.4) in guide rail
3, the corresponding n, is 0.002 (blue dotted line in
Fig. 11). The theoretical vertical motion straightness of
the Y-axis slider on guide rails 1, 2, and 3 are 2.15 um/
600 mm, 0.26 um/600 mm, and 0.01 pm/600 mm, respec-
tively. However, the experimental vertical motion straight-
ness of the Y-axis slider on guide rails 1, 2, and 3 were
2.08 um/600 mm, 1.33 um/600 mm, and 0.98 pm/
600 mm, and the corresponding error averaging coeffi-
cients n, were 0.417 (red solid line in Fig. 11), 0.266 (grey
solid line in Fig. 11), and 0.196 (blue solid line in Fig. 11),
respectively.

The actual profile error wavelengths of guide rails 2
and 3 were larger than the theoretical value. Conse-
quently, n, is smaller, but the corresponding #, is larger

Fig. 6 Y-axis guide rail
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than the theoretical value. This implies that the mea-
sured vertical motion straightness is larger than theoret-
ical value. This is mainly because the manual lapping
process cannot be precisely controlled. Based on the
curve in Fig. 11, actual profile error wavelengths of
three guide rails can be calculated as 1.21, 0.69, and
0.60 m.

4.2 The relationship between m, and n,

In the “Comparison between theoretical and experimental re-
sults” section, as guide rail profile error wavelength changed,
the variation in Y slider vertical motion straightness can be
observed distinctively. For constant pad center spacing, the
motion straightness can be improved significantly after the
guide rail profile error wavelength was decreased. But both
the pad center spacing and guide rail profile error wavelength
have an effect on m,_ So in the structural design process of ¥
slider, the pad center spacing should be optimized after the
precision of guide rail was designed. In Fig. 12, the relation-
ship between three different pad center spacing and n, was
shown. The three pad center spacing are 0.74, 0.94, and

, X slider
"‘ and Z axis

? Béﬁéctor
Lo .

: traightness
R interferometer

-
Y

Fig. 7 Picture of experimental setup
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Y slider linear displacement pm(
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‘ Full-stroke contain guide rail 1(3.91um/1260mm) ‘

-0.5

N

BRVAN

0.0

| —— Guide rail 1(2.08um/600mm)|
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0 200 400 600 800 1000 1200
Y stroke (mm)
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100 200 300 400 500 600 700
Y stroke (mm)

Fig. 8 Vertical motion straightness of the Y-axis slider within the full stroke and guide rail 1

1.14 m, and the corresponding values of m,, are 0.72, 0.75, and
0.77, when the maximum value of error averaging coefficients
is reached. It can be found that the larger the value of m, the
larger is the maximum value of 7,, with a larger value for the
corresponding m,. However, this increasing trend is not
obvious. From the results in Fig. 12, it can be observed
that increasing the pad center spacing is beneficial
allowing a decrease in n, when m) is equal or lesser
than 0.5, but the extent of this decrease was limited. In
addition, decreasing pad center spacing is useful to de-
crease n,, when m, is equal to or larger than 0.72. The
error averaging coefficient curve increases significantly
and sharply when 0.5<m,<0.72. So, m, should not be
located within this specific interval. As m, is equal to
0.5, 1.5, or 2.5, the local minimum value of n. can be
reached which almost equals to zero. For the hydrostatic
guideways in LGF1000, the structural parameters of
the pad can be designed after the external load is

Fig. 9 Y-axis slider vertical
motion straightness on guide rails
1,2,and 3

confirmed. In addition, since the structural parameters
of Z-axis are known, the value of m has been character-
ized. Therefore, n, can be improved through altering the
ratio of pad center spacing to guide rail profile error
wavelengths.

5 Conclusions

Effect of the ratio of pad center spacing to guide rail
profile error wavelength on the vertical motion straight-
ness of the Y-axis slider was investigated in this study.
Precision guidelines for open hydrostatic guideways are
outlined. The conclusions are as follows:

1. Ratio of pads centers spacing to guide rail profile
error wavelength has significant influence on vertical
motion straightness of the slider. When m,, is equal

4 | —— Guide rail 1(2.08pum/600mm)
—— Guide rail 2(1.33um/600mm)
—— Guide rail 3(0.98um/600mm)

Y slider linear displacement pum(n1=-600mm)
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Fig. 10 Y-axis slider vertical

motion straightness within the full
stroke

Y slider linear displacement pm(71=-600mm)

—=— Full-stroke contain guide rail 1(3.91um/1260mm)
—s— Full-stroke contain guide rail 2(2.85um/1260mm)

—— Full-stroke contain guide ra

i1 3(1.01um/1260mm)
' | ! |

0 200 400 600 800 1000 1200
Y stroke (mm)
or lesser than 0.5, an increase in the value of m 3. For values of m, equal to 0.5, 1.5, or 2.5, n, is almost
improves the vertical motion straightness, whereas a equal to zero. The results are consistent with reference [15]
decrease in the value of m reduced vertical motion and validate accuracy of the model proposed in this study.
straightness when m, is equal or larger than 0.72. 4. The slider vertical motion straightness on specific
2. Error averaging coefficient curve increases sharply parts of the guide rail of the Y-axis was improved
as 0.5<m,<0.72. Due to this, the value of m, after using the lapping process. This aided in signif-
should be designed carefully to avoid this specific icantly improving the slider vertical motion straight-
interval. ness within the full stroke.
Fig. 11 Relationship between 7, 0.6
and ny i (0.37,0.526) | — Error averaging coefﬁcient|
0.5 1 . .
guide rail 1
: T(0.333,0.430)\
04 E(0.330,0.417)
g 5 guide rail 2 E(0.553,0.266)
0.2 / guide rail 3 E(0.578,0.196)
0.1 1
1----f--¥V--- == - AL ~T(1,0.002)
1 T(0.667,0.051)
R e e T B o
0.0 0.2 0.4 0.6 0.8 1.0
.
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Fig. 12 Relationship between n1, 1.0
and n, (0.77,0.912)\
o —— m=0.74
0.75,0:752 \
08 )\Z; A ——m=0.94
I & ——m=1.14
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