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Machine tool has to maintain its accuracy for quality control of products. After a long period of cutting
operations, obvious wear will occur on the contact surfaces of the slide and the guideway. Such a wear
will degrade the accuracy of machine tool due to the increase of Abbé errors. This research proposes
a mathematical model so that, at given cutting forces and parameters of the slide-guideway, it is able
to calculate the geometric errors of the slide due to contact deformation caused by the wear of the
guideway and then predict the positioning errors after a long-term operation. Cutting forces applied to
the worktable will cause reaction forces on contact surfaces between the slide and the guideway. Such
reaction forces can be solved by static equilibrium equations of deformed free-body diagram of the slide.
Slide-guideway The induced abrasive wear can then be estimated. A simulation study on a heavy duty machine tool with
Contact deformation slide-guideway will show the magnitude of wear on the sliding surface and the consequently caused
Wear geometric errors of the moving axis. Experimental tests show that, if modifying the wear coefficient to a
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function of sliding distance, the analytical result is in good agreement with the experimental result.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The accuracy of a machined part depends on the machining
accuracy of the machine tool. Although the machining accuracy
meets the specifications while the machine tool is new, it is unable
to guarantee that the accuracy still maintains at the acceptable tol-
erance range after a long-term operation. Positioning errors are
dynamically related to the errors of the working stage, cutting
forces induced errors, tool wear, slide-guideway wear, ambient
temperature, vibration, etc. Wear of the slide-guideway will grad-
ually increase during machining operations.

Regarding the theory of wear, Burwell and Strang [1] classi-
fied the wear behaviors to abrasive wear, adhesive wear, erosive
wear, fretting wear, corrosive wear and fatigue wear. Archard and
Hirst [2] assumed that the volume of material removed by wear
is proportional to the interface pressure, sliding distance and wear
coefficient. Many papers investigated the wear of contact compo-
nents by Archard equation, but rarely studied the machine tool
slide-guideway wear.

In the past, many researchers measured the contact pres-
sures between the slide and guideway mostly by experiments.
Masuko and Ito [3] analyzed contact pressure distribution on the
slide-guideway under mixed lubrication condition by the use of
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ultrasonic wave method. Furukawa and Moronuki [4] analyzed
the contact deformation of a machine tool slide-guideway and its
effect on the machining accuracy. They proposed a design policy
to minimize the machining error by obtaining three-dimensional
displacement of the slide caused by contact deformation. Hinduja
[5] and Back [6] investigated the deformation and pressure distri-
bution in the joints by FEM. They developed a hydrostatic plate
and spring system for modeling the contact between the fixed and
sliding joints.

This research proposes a mathematical model so that, given
known cutting forces and parameters of slide-guideway, it can cal-
culate the geometric errors of slide due to contact deformation and
the positioning errors caused by wear of the guideway after a long-
term operation. Cutting forces applied to the worktable will cause
surface deformation of the slide-guideway. Reaction forces on con-
tact surfaces between slide and guideway can be formulated by
using homogeneous transformation matrix and multiple integra-
tion method. All contact forces can be obtained by solving the static
equilibrium equations of the slide. Force induced abrasive wear can
then be estimated. Case study on a heavy duty machine tool with
slide-guideway will show the magnitude of wear on the sliding sur-
face and the consequently caused geometrical errors of the moving
slide.

2. Contact deformation of slide-guideway

Cutting force, feed force and friction force applied to the slide
will yield surface deformation of the slide-guideway and cause five
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Fig. 1. Geometric errors of the slide.

geometric errors of the slide, namely two straightness errors (dy,
8z) and three angular errors (&y, €y, £z), as shown in Fig. 1.

Considering the deformation between two contact surfaces, the
compressed volume can be represented by the shadow area in
Fig. 2. The deformed volume can be described as the enclosed space
between two contact surfaces and two side faces, and it can be
calculated by multiple integration method.

Surface compliance within the range of mean interface pressure
of machine tool slide-guideway has been analyzed based on the
experimental data to describe the relationship between the normal
pressure (P) and the deformation (A) of the surfaces [7-12].

A =cPm (1)

where A is normal deformation (in pm), P is normal pressure
(kgf/cm?), cis coefficient of normal contact flexibility, and m s coef-
ficient of non-linearity of deformations. c and m are determined by
experiments, their values are dependent on the type of material
and the condition of the contact surfaces.

2.1. Mathematical models of a single contact surface

The single contact surface model is shown in Fig. 3. The origin of
coordinate system O is located at the center of the slide. The three
explicit corner points of the slide, marked by three small red circles,
are selected as the reference points. This system is used to derive
the following mathematical model of the slide-guideway.

External cutting forces applied to the slide will cause surface
deformation of the slide-guideway yielding to slight slide geomet-
ric errors. When the deformation occurs the slide will be shifted by
(80, 820) due to straightness errors, and rotated by (&xo, €y0, £20) due
to angular errors. The coordinate system 1 is located at the center
of the deformed slide and its three axes are parallel to the sides
of the deformed slide respectively, as shown in Fig. 3. The coordi-
nate system 2 is located at the center of the contact surface, and
its three axes are parallel to the sides of the guideway respectively.
It is seen that coordinate system 2 is related to coordinate system
0 through the translation by half of the height (—d) in Z-axis and
rotation by 180° in Y-axis of coordinate system 0. The original refer-
ence points are embedded into the deformed volume, as indicated

Fig. 2. Volume of deformation (shadow part).

by dashed circles in Fig. 3. The compressed volume is represented
by the shadow area.

The homogeneous transform matrix (HTM) of coordinate sys-
tem O to coordinate system 1 is expressed by

1 —&70 Eyo 0
0 £20 1 —exo dyo
T, = 2
! —&y0  &x0 1 8z (2)

0 0 0 1

The HTM of coordinate system O to coordinate system 2 is

1 00 O cos(m) O sin(w) O
27 010 O _ 0 1 0 0
T 1o 01 -d —sin(z) 0 cos(xw) O
10 0 0 1 0 0 0 1
[ cos(w) O sin(w) O
0 1 0 0
= | =sin(w) 0 cos(w) -d (3)
. 0o 0o o 1

The HTM of coordinate system 1 to coordinate system 2 can thus
be obtained

T =27, - Ty (4)
It yields to
-1 &0 —éyo 0
20 | €0 1 —gxo dyo
1= Eyo —€z0 -1 —d — 82 (5)
0 0 0 1

The surface equation of the deformed slide can be represented
by the plane containing three reference points in coordinate system
1(Xqy, Y1), Z(1))» as shown in Fig. 3. Since the deformed volume is to
be calculated in coordinate system 2 (X(3), Y(2), Z(2)), these reference
points have to be expressed by this coordinate. Eq. (6) shows the
locations of these points in coordinate system 2 transformed from
coordinate system 1.

X(2) X1) =Xy —Zay - €vo + Y1) - €20
Yoy | _2 Ya) Y1) +8vo —Z(1) - &xo + X(1) - €20
=27,. -
Z3) Z) —d —Z1y — 820 — Y(1) - €x0 + X(1) - €vo0
1 1 1

(6)

The equation of the bottom surface of deformed volume can be
derived by these three reference points, as expressed by Eq. (7) in
which ny,, ny;, and nz, are the x, y, and z components of the normal
vector of the bottom surface n, and [Xy(y) Y1(2)Z1(2)]T is any point
of the three reference points. The normal vector of surface n, can
be derived from cross product of two vectors which are calculated
by three reference points.

_ xa(X2) — X12)) + nva(Yo) — Ya2))
—nzy

Z(2) +22) (7)

The deformed volume can be calculated by multiple integration
method, as shown in Fig. 4. For clarity in view, Z, axis is directed
upward. Fig. 5 plots a cross-sectional view showing the contact line.
The deformed volume of the slide (V;) is the zone above the X;Y>
plane and the non-deformed volume (V5) is the zone below XY,
plane. Let the volume corresponding to the infinitesimal area §A be
éV, i.e.

3V = f(8vo, 620, €x0, €Yo, €20, X(2), Y(2)) = Z(2)0A (8)

Itis seen that 6V is bound by the reference plane and the contact
surface. It is a function of five geometrical errors of the slide. The

doi:10.1016/j.precisioneng.2011.11.002

Please cite this article in press as: Fan K-C, et al. Prediction of machining accuracy degradation of machine tools. Precis Eng (2011),



dx.doi.org/10.1016/j.precisioneng.2011.11.002

G Model
PRE-5878; No.of Pages11

K.-C. Fan et al. / Precision Engineering xxx (2011) xxX-Xxx 3

Fig. 3. Coordinate systems and three reference points.
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Fig. 4. Deformed volume by multiple integration method.

integration of §V across entire X,Y, plane contains both V; and V,
volumes but in different signs, i.e.

Y2)
/ / 8V dX(z) dY(z) = V] — V2
—X(2)

Alternatively, the integration of |§V| will result in (Vq+V5).
Hence, the total deformed volume can be found as

S5 5 18vidxe v, fy> S5 avdxe)
2 T ®)

As given in Fig. 3, the slide’s contact face has length L and width
w, so the bounds of X,) and Y(,) correspond to L/2 and w/2 respec-
tively.

From Eq. (1) it is known that the amount of surface deformation
is dependent on the contact pressure. Here, the normal deformation
at point (X(2), Y(2)) is the same as Z,) of Eq. (7). According to the
material property of Turcite B [15], the normal deformation can be

V=

7

Deformed volume

Vi
VY ids X2

2
. | :
o Slide
Non-Deformed volume

Fig. 5. Definition of deformed volume.

assumed linear to the contact pressure. Therefore, setting c to be
1/K and m to be 1, the contact pressure is expressed by

P=Z3) K (10)

The reaction force (R) at contact surface is the area integration
of contact pressure P, and the friction force (f) is uR, where p is the
friction coefficient.

=//(P8A)dA=//8V-KdA=KV1 (11)

The moment around the X-axis can be expressed by

MRX=//(P5A)y dA:K//(SVydA (12)

It is clearly seen that external cutting forces and feed force
applied to the slide will cause surface deformation of the slide and
guideway yielding to geometric errors of the slide. The reaction
forces and moments on the contact surfaces are derived from the
deformed volume which is a function of dyg, 879, £xo, £yo and &z.

- ch

A
Y, Y, Y
> 0 >
vz, — IPSE
—p . <] —> :
Z Zs Zy Zs
Y, Y,

(b) Coordinate systems

Fig.6. Machine tool slide-guideway, (a) contact surfaces and (b) coordinate systems.
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Fig. 8. Defined dimensions of the slide.

2.2. Mathematical model of the slide-guideway

The actual contact between slide and guideway in a heavy duty
machine tool has more than one surface. A typical square groove
type having six contact surfaces is shown in Fig. 6a, where low-
friction material using Turcite B is usually applied to reduce the
stick-slip and wear on sliding surfaces. The Mathematical model
of the slide-guideway can be derived in a similar way as a sin-
gle contact surface. First of all it is required to establish the

SFk=0=fith+fs+fat+fs+fe-Q+F=0

ZFYZO:>—R3+R4+R5—R5—H:0
ZF2=O:>R1+R2*Fr7W=O

> Mx =0 = Mgix + Mgax + Mg3x — Mgax — Mgsx +Mgex +Ft - Cz —F; - Cy =0

Fig. 9. Free body diagram of the slide.

The dimension and the coordinate systems of the slide are
defined in Fig. 8. Its free body diagram is shown in Fig. 9. F, Fy,
and F; are cutting forces in corresponding X (radial), Y (feed), and
Z (tangential) components respectively; Cx, Cy, and Cz are the cor-
responding X, Y, and Z components of the machining point; W is
weight of slide; Q is feed force from ballscrew; Ry, R, R3, R4, Rs,
and Rg are the reaction forces on six corresponding contact sur-
faces, respectively; f1, >, f3,f4.f5, and f are corresponding frictional
forces on six contact surfaces. Let us define that:

MRg1x, Mgrox, Mg3x, Mgrax, Mgsx, and Mpgex are the moments of
respective six reaction forces about the Xy axis; Mgy and Mgy are
the moments of two reaction forces (R; and R;) about the Yy axis;
Mg1z, Mgaz, M3z, and Mg4z are the moments of four reaction forces
(R to R4) about the Zy axis; Mgy, Mpy, Mgy, My, Mgy, and Mgy
are moments of six frictional forces about the Yq axis; My z, Mpyz,
Mgz, Mpsz, Mgsz, and Mgz are the moments of six frictional forces
about the Zj axis.

This analysis supposes that the slide is moving under a con-
stant speed. At equilibrium state three force equations and three
moment equations can be formulated in Eq. (13). Since these forces
and moments are derived from the deformed volume which is a
function of 8yg, 870, £x0, Evo, £20 and Q. Hence, the six equilibrium
equations are also the functions of these variables. Six unknown
variables, which are 8yg, 820, £x0, €y0, €20, and Q, can be solved by
six equations simultaneously using Newton-Raphson method.

(13)

> My =0 = —Mg1y — Mgay + M1y + Mfay + Mysy + Myay + Mysy + Mgy + Fr - Cx + Fr - Cz =0
> Mz =0 = —Mgs3z + Mgaz + Mgsz — Mgez — Mf1z — Moz — Mysz — Mpaz — Mgsz — Mygz —Fr - Cx — F - Cy =0

coordinate systems. The coordinate system O is located at
the center of the slide, which is also the center of the
ballscrew nut, and coordinate systems 2-7 are located at the
center of each contact surface between the slide and the guide-
way, as shown in Fig. 6b. It is noted that the coordinate system 1
is located at the center of the deformed slide, and twelve corner
points of the slide are selected as the reference points, as shown in
Fig. 7. When deformed, these reference points are embedded into
the guideway, as indicated by dashed circles. Six surface equations
of the slide’s contact faces can be derived by these reference points.

The position of each reference point should be located in each
corresponding coordinate system in order to derive the six surface
equations of contact faces between the slide and the guideway.
Relationships between coordinate systems can be described by the
HTM operators, such as 2T; and 3Tj.

3. Wear of the slide-guideway and geometric errors of the
slide

3.1. Wear of the slide-guideway

It is a very complex problem to calculate the wear of the slide-
guideway. Not all of the reactive surfaces will be in contact during
the slide sliding along the guideway. The amount of wear on dif-
ferent positions of the guideway is dependent on the length of the
partbeing machined. Fig. 10 shows several different lengths of parts
that are machined. In total, the central part of the guideway has the
highest probability to be machined and the curve of wear can be
assumed in the form of normal distribution (Gaussian function).

The mathematical model to calculate the wear of sliding guides
is modified from Pronikov’s model, which assumes that the contact
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Fig. 10. Curve of wear distribution over the length of guideway.
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pressure between the slide and guideway maintains constant dur-
ing wear [13]. Since the non-uniform pressure distribution is due
to angular errors of the slide, these errors are very small in practice,
which means the slope of deformed surface containing original ref-
erence points (P1, P2 and P3) is very small. Therefore, for the ease of
computation, this research assumes that the contact pressure dis-
tribution of the slide is uniform, which is the reaction force divided
by the corresponding contact surface area. However, this uniform
pressure pattern is varied along the guideway and is a function of
the cutting position x. Based on this assumption, the slide wear will
be uniform over the contact surface, while guideway wear will be
a function of the cutting position x. Such a concept can be depicted
by Fig. 11.

Let L be the maximum slide travel; P(X) be the uniform contact
pressure pattern of slide at cutting position X; ¢(X) be the total
sliding path distribution curve; S be the sliding path traversed by
each point on the slide in the given period of time.

The contact pressure pattern P(X) can be derived by curve fitting
with series of pressure data which are reaction forces divided by
contact area, and the reaction forces are calculated from Eq. (13).

The volume of material removed by wear is proportional to the
interface pressure, sliding distance and wear coefficient. The wear
curve of the slide (Us) will be flat because the contact pressure

Uniform distribution

s Ve _

1 \

dx) Slide

Guideway

Fig. 11. Diagram for determining wear on slide-guideway.

v

Guideway

Fig. 12. Wear of guideway.

distribution is uniform, and the contact pressure is the mean of
the integral of contact pressure curve P(X).

ks [*

Us i

P(X)dX (14)
0

k, is the abrasive wear factor of slide material, namely Turcite B,
which indicates the amount of linear wear (m) at a specific pres-
sure of (1 kgf/cm?) acting over a friction path of 1 km for the given
pair of materials in the given wear conditions.

The most important factor affecting the loss of accuracy of
machine tool is the form of the worn surface of the guideway. The
wear of guideway is a cumulative phenomenon, and not all of the
reactive surfaces will be in contact during the slide sliding along
the guideway. Fig. 12 shows the cumulative phenomenon of the
guideway wear, where portion G3 experiences wear by contacting
slide segments S1,S2 and S3. The wear at position x of the guideway
is expressed by

I
Ug(x) = k¢S d(x — X)P(x — X)dX (15)

Jiy

where k; is the abrasive wear factor of the guideway material,
namely cast iron.

The limits of integration of Eq. (15) depend on which section the
guideway is under wear, as propose by Pronikov [13]. This is shown
in Table 1.

3.2. Slide geometric errors caused by guideway wear

Ekinci and Mayer [14] proposed mathematical formulae which
establish analytical relations between joint kinematic and geomet-
ric errors, as shown in Fig. 13. Joint kinematic angular error and
straightness error of a slide moving on a guideway with a geometric
error A(X) are

AX +(lo/2)) - AKX - (lo/2))

ev(X) = (16)
lo
Table 1
Limits of integration [13].
L/l Section Section limits Limits of integration
11 lz
I 0<x=ly 0 X
>1 1 lo<x=L 0 lo
11 L<x<L+lp x—L lo
I 0=x<L 0 X
<1 11 L<x<ly x—L X
11 lo=x<ZIp+L x—L Io
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w
Guideway
Fig. 13. slide-guideway configuration.
Table 2
Specifications of slide and guideway.
lp (mm) 530 d; (mm) 100
Lc (mm) 900 d, (mm) 300
W; (mm) 100 W (kgf) 550
W, (mm) 35 K (kgf/cm?-pm) 0.274
% 0.04 k1 (pm-cm?/kgf-km) 0.0191
H; (HRC) 52.9 ko (pm-cm? /kgf-km) 0.0222
H, (HRC) 45.5
Table 3
Cutting data.
F; (kgf) 150 Cx (mm) —185to 185
Fr (kgf) 100 Cy (mm) 0
F; (kgf) 100 Cz (mm) 200
AX +(lp/2)) = AX - (lo/2))
Sw(X) = 17)

2

This mathematic model is for only a single contact surface of
guideway. In general machine tool, however, each moving axis has
six contact surfaces between slide and guideway, as explained in
Fig. 6. Each straightness and angular errors of the ith contact sur-
face, denoted by y;(X) and ey;(X) respectively, can be calculated by
Egs. (16) and (17). The combined slide’s geometric errors are then
obtained from corresponding surfaces as follows.

_Swi(X) = dwa(X)

ex(X) = 2d, T W, (18)
_eviX) +eva(X)
ey(X) = — s (19)
_ey3(X) + eva(X) + eys(X) + eve(X)
&7(X) = 7 (20)
dwa(X) 4 dws(X) F <0
I e B <
=3 a0 Fowe0) L 21
- 2 =
_dwi(X) + dwa(X)
8z(X) = - (22)
0.7 [
<G 06+
2 00— 00— 00— —
@ 0.5+
© 04F
z
3 03¢ —e— Facel —=— Face2
pé 0.2 —4— Face3,Face6 Face4,Face5
S 01
0"\‘—“5—-—*‘—&‘—-—“—‘—‘—@&:
0 100 200 300 400
Distance (mm)

Fig. 14. Contact pressure on each surface.
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Angular Error (sec)

0 100 200 300 400
Distance (mm)
(a) Angular errors

09
0.8
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0.6
05 1
0.4
03
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»— Vertical

Straightness (um)

g & ® & wow e e W le®
0 100 200 300 400
Distance (mm)

(b) Straightness errors

Fig. 15. Geometric errors of slide due to contact deformation of the slide-guideway,
(a) angular errors and (b) straightness errors.

where ex(X), ey(X) and &z(X) are the roll, pitch and yaw errors of
the slide respectively over length x with 0 <x <L; §y(X) and §z(X)
are the horizontal and vertical straightness errors of the slide over
length X with 0 < X< L.

The geometric errors of the slide will be increased due to the
increase of the guideway wear. The induced positioning errors, or
called Abbé errors at cutting point, can be expressed by Eq. (23).
These errors will grow gradually and is a function of wear distance.

Ex(X) 0 —&z(X)  ey(X) 0 Cx
Ev(X)| _ | &zX) 0 —&x(X) &(X)| |[Cy
Ez(X) —ey(X)  ex(X) 0 8z(X) Cz

1 0 0 0 1 1

—&z(X)-Cy +ey(X)- (7
| &z(X) - Cx —ex(X) - Cz + 8y(X) (23)
| —ey(X) - Cx + ex(X) - Cy + 62(X)
1

where Cx, Cy and C; are Abbé offsets from the coordinate axes to
the cutting point, as given in Fig. 8.

50T & 1000km
e W 2000km
=) 01 3000km
3 30
5
o 20
=
10
L 2 3 4 5 6
Face

Fig. 16. Wear depth of slide.
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Fig. 17. Wear depth of guideway, (a) Face 1, (b) Face 2, (c) Face 3, (d) Face 4, (e) Face 5 and (f) Face 6.

4. Simulation
4.1. Parameters of slide-guideway

The dimensions of slide and guideway are provided by a
machine tool builder. The dimensions of studied slide-guideway
are listed in Table 2, where L is the length of guideway and other
parameters are defined in Figs. 8 and 9. The contact deformation
parameter (K=0.274) in Eq. (10), the friction coefficient (© =0.04)
of Turcite B-Cast iron couple, and the wear coefficient of Turcite B
(k; =0.222) are obtained from the technical specifications of Turcite
B[15].

Because the wear coefficient of cast iron coupling with Turcite
B is not able to be found in any literature, we have to make the fol-
lowing assumption. Since the wear rate of material is related to its
hardness[16], the wear coefficient of castiron coupling with Turcite

Table 4

Specifications of slide-guideway test bed.
lp (mm) 410 dy (mm) 68
Lc (mm) 660 d, (mm) 40
Wi (mm) 40 W (kgf) 10
W, (mm) 25 k1 (pm-cm?/kgf-km) 0.49
m 0.11 ko (pm-cm?/kgf-km) 0.49

B can be estimated according to the ratio of hardness between cast
iron and Turcite B. The hardness of cast iron (H;) and the hardness
of Turcite B (H,) are listed in Table 2 [15], then the wear coeffi-
cient of cast iron (k1) can be estimated as: ky =k,(H,/H1)=0.0191.
All units are indicated in Table 2.

4.2. Results of simulation

Cutting data are given in Table 3. The magnitudes of cutting
forces are based on the cutting conditions including feed rate, depth
of cut, cutter, material, etc. [4]. This study is to predict the accuracy
changes after 1000-km, 2000-km and 3000-km cutting distances.

Under known external forces acting on the slide, the contact
pressure pattern p(x) can be derived by curve fitting with series of
pressure data which are reaction forces divided by respective con-
tact areas, and the reaction forces are calculated from Eq. (13). The
contact pressure between slide and guideway is shown in Fig. 14.
Face 1 and face 2 undertake more compression than other faces
because they directly bear the slide weight and axial cutting force.
When the slide is in the middle area only faces 4 and 5 equally share
the tangential cutting force and no pressure on faces 3 and 6. When
the slide moves to both ends, the increased moment caused by the
tangential cutting force will produce yaw motion of the slide that
increases the contact pressure on faces 3, 4, 5 and 6.
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Cutting force, feed force and friction force applied to the slide
will yield elastic deformation of its contact surface and cause geo-
metric errors of the slide when it moves along the guideway.
Fig. 15a shows that the pitch and yaw errors are caused by the
moment changes because the moment arms are varied due to the
change of machining point when the slide moves. There is no roll
error because the contact pressures on face 1 and face 2 remain
constant. The straightness plot shown in Fig. 15b indicates the slide
has no lateral translation errors in vertical and horizontal directions
during the traverse on the guideway. It is because the elastic defor-
mation on corresponding faces remains constant. Compared with a
previous work [4], it can be seen that the trends of simulated pitch,
yaw, and roll are quite reasonable.

After a long period of cutting operation, the guideway will be
worn out and becomes a concave shape in both of the vertical and
horizontal planes. The slide is also worn out. The volume of material
removed by wear is proportional to the interface pressure, sliding
distance and wear coefficient, and the total sliding path distribution
curve is considered the normal distribution. Fig. 16 shows the wear
depth of the slide and Fig. 17 is the guideway. The slide has more
serious wear than guideway, because the wear coefficient of slide
(Turcite material) is larger than the guideway (Cast iron material)
and whole contact surface of slide wears over the entire cutting
distance. Contact surfaces 1 and 2 are resulted in more serious wear
because they directly bear the slide’s weight and the axial cutting
force. In addition, the wear depth of surface 2 is larger than surface
1, because the lateral cutting force causes the moment that acts on
surface 2. Surfaces 3 and 6 have the same wear depth, so are surfaces
4 and 5. However, surfaces 4 and 5 undertake more contact load,
which yields to the bending of the guideway in horizontal plane.
The wear on surfaces 3 and 6 can be neglected. It also shows the
wear form of contact surfaces 1, 2, 4 and 5 are all symmetrical to
the central point.

Fig. 18 shows the slide’s three angular errors along the guide-
way. The roll is caused by the difference in deformation between
face 1 and face 2. It remains constant because the difference is con-
stant as shown in Fig. 17a and b. The pitch and yaw gradually grow
and symmetrical to the guideway center in a form of concave shape.
Again, after the wear is formed the induced pitch, yaw and roll
errors are similar to the trend investigated by [4].

Fig. 19 shows that after the wear is generated, the amount of
wear due to the elastic deformation of slide-guideway contact sur-
face will result in only the lateral shift in both directions but no
induced straightness error of the slide’s motion.

Fig. 20 shows the induced positioning errors due to slide’s geo-
metric errors along the worn guideway. The induced positioning
errors are caused by the deformed shape of the guideway surface,
which will induce angular motion of the slide (or called the moving
carriage). Based on the Abbe principle, this angular motion will gen-
erate positioning error at the cutting point. Since the wear forms of
the 6 contact surfaces of the guideway are all symmetrical to the
respective travel centers, being a concave shape, the wear induced
positioning errors, will be larger at both ends.

5. Experiments and analysis
5.1. Experimental setup

A test bed of wear experiment on a linear stage has been built
up, as shown in Fig. 21. The dimensions of studied slide-guideway
are listed in Table 4, where L; is the length of guideway, W is the
weight of the slide, and other parameters are defined in Fig. 8. The
materials of the slide and the guideway are both FC25 cast iron. The
friction coefficient (u=0.11) and the wear coefficients (k; =0.49,
k, =0.49) of Cast iron-Cast iron couple, are obtained from [17]. Two
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Fig. 18. Slide’s angular errors due to guideway wear, (a) roll error, (b) pitch error
and (c) yaw error.

air plungers applied to the slide in vertical and horizontal direc-
tions are used to simulate the cutting forces in radial and tangential
directions respectively, as there are more effective to the wear of
the slide’s inner walls. As the maximum load of the air plunger is
limited to 50 kg, we set the applied load to 34 kg by the servo valve,
being a medium load cutting condition. A laser interferometer (HP
5529A) is equipped to measure the slide’s lateral shift (with the
straightness kit) or the angular errors along the travel (with the
angular kits). The growth of wear is to be detected by the increased
pitch error of the slide.

5.2. Measurement of deformation coefficients

Prior to the wear measurements, the relationship between the
normal pressure (P) and the deformation (A) of the contact surfaces
can be obtained by the experiment only with the side load of Fig. 21.
The lateral displacements under applied loads were measured by
the HP 5529 laser straightness interferometer. Fig. 22 shows the

doi:10.1016/j.precisioneng.2011.11.002

Please cite this article in press as: Fan K-C, et al. Prediction of machining accuracy degradation of machine tools. Precis Eng (2011),



dx.doi.org/10.1016/j.precisioneng.2011.11.002

G Model
PRE-5878; No.of Pages11

K.-C. Fan et al. / Precision Engineering xxx (2011) xxX-Xxx 9
04 20
0.35 A A Ak A A A A A A& A 15 R
~+- 1000km = —
- 03 L = 2000km 2 10 ‘ c——a
g & 3000km 3 rg
R L e B e N N 5 [ L
o B -
§ 02t o 00 el
g £ gy SR A
015 f § ST o
a e S e e e e e e S J = " =
01 ] S 12T e
0.05 | BT
0 : ‘ ‘ ' 20, 100 200 300 400
0 100 200 300 400
Distance (mm) Distance (mm)
(a) Horizontal (a) X direction
0r 9 -
—- 1000km 1 A
5k = 2000km 8 r
& 3000km T 7N %
— =,
\g‘; -10 ¢ E 6 i a P -
55 ¢ E 2, % -y
E 3 4 . £
§ _20 | | - ] - - - - - - - | ] - - - a %‘D L %
= -é‘ 3 £ - a L L
A 25 2 27 o, MK o
ch 1 i -~ : "
30 4 A A A A A A A A A A A A A A 0 I
_35 1 1 J _1 1 I I 1
0 100 200 300 400 0 100 200 300 400
Distance (mm) Distance (mm)
(b) Vertical (b)Y direction
Fig. 19. The lateral shift of the slide’s motion due to guideway wear, (a) horizontal
and (b) vertical. 0 r P 1"'—“?\
2 -".//:’ 5 7.\“‘\
results of experiment. The coefficients (c and m) of Eq. (1) can thus ?a_ P = 5 a N NG -
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of 34 kg. The analytical pitch error (eyp) is solved from Eq. (19). It
can be seen that experimental result is quite consistent with the
analysis result. Although the experimental result is slightly smaller
than the analytical result, it can be assumed that at the running-in
period the contact surfaces have some manufacturing errors.

The wear experiment of slide-guideway was then carried out.
The vertical and horizontal loads were applied by air plungers
simultaneously. The distance of each travel is 250 mm. This exper-
iment has been conducted about 10 months with around a 5-h run
per working day. The total sliding distance is accumulated to about
100 km.

In the beginning, the test bed has to be run for about 4 km of the
sliding distance in order to record the initial (reference) pitch error
at each traveling position. This is to avoid some possible surface
irregularities of the matching pair. Fig. 24(a) shows the increased
pitch errors measured at different total sliding distances relative to
the reference data. It can be seen that the guideway occurs concave
deformation and the maximum pitch error increase is at the end
position (250 mm). Therefore, the trend of increased pitch errors at
the end position was taken to analyze the wear behavior, as shown
in Fig. 24(b). The wear is a function of time or sliding distance, the

Fig. 20. The induced positioning errors due to slide’s geometric errors along the
worn guideway, (a) X direction, (b) Y direction and (c) Z direction.

progress of wear can be divided into three different periods, namely
running-in, steady-state and breakdown [18]. It is found that at
running-in period, around up to 50 km of this stage, the pitch error
(same as wear) increases rapidly, although the amount is not very
big, it then slows down. This wear effect can be explained that the
slide-guideway contact deformation comes to steady state after a
certain sliding distance. Current experiment only reaches to the
steady-state wear condition.

The wear growth is a function of sliding distance [18], and the
wear coefficient will change with sliding distance [19]. Fig. 24 ver-
ifies the same result. Therefore, further study on the actual wear
coefficient was carried out.

The pitch error of the slide moving on the worn guideway can
be calculated by Eq. (19) and is proportional to the amount of
wear, which can be calculated by Eq. (15). It is also known that,
from Eq. (15), the amount of wear is proportional to the wear
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350 |—sExp. 1 coefficient. Therefore, the angular error is also proportional to the
wear coefficient. The empirical wear coefficient kexp in this studied
slide-guideway can thus be expressed as

3T —=—Exp. 2

——- Least Squares Fitting

&v(Xexp _ Kexp
ey(X )analysis ktheory

(24)

where Kipeory is 0.49 obtained from [17], ey(X)exp is the measured

pitch error, and &y(X)anaiysis is the pitch error calculated by Eq. (16).

: . Fig. 25 shows the pitch error changing rate with the sliding
0 10 20 30 40 path fitted by an exponential function (Pitchexp(S)). The analytical
Mean Pressure (kPa) changing rate of pitch error is constant because Kgpeory is constant,

and its value is 0.0796 obtained from Eq. (19). Therefore, the wear
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Fig. 22. Relationship between the contact pressure and the deformation.
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Fig. 23. Initial pitch errors of the slide due to contact deformation of slide-guideway.

Fig. 25. Pitch error changing rate.
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2 20 .
e 1 e ot - Acknowledgements
-y L + Experiment data
2 ‘ ;
g (1} (_) --- Analysis data The authors gratefully acknowledge the financial support of this
3 0’3 work by National Science Council and ITRI of ROC.
= 0.0 ¢ :
20 40 60 80 100

Sliding Path (km)

Fig. 26. Pitch error changing of slide at position 250 mm.

coefficient should be a function of sliding path (kexp(S)) and, from
Eq. (24), expressed as

Pitchexp(S) x 0.49
0.0796
Modifying the wear coefficients (kq, k») from constant to the
function of actual sliding distance, Fig. 26 shows the comparison
of the increase of pitch errors of the slide between experimental
and analytical results. It is clearly seen that they are quite matched
quantitatively.

kexp(s) = (25)

6. Conclusions

This research proposes a mathematical model for the wear
analysis of the slide-guideway under cutting condition. Cutting
forces press each contact surface. The reaction force at each contact
face causes wear of the slide as well as the guideway and grad-
ually increases the deformed shape of the slide-guideway. Such
as deformed shape, again, increases the geometric errors, yielding
to the growth positioning errors. This is the formation of accu-
racy degradation of machine tools. This heuristic approach forms
a conceptual basis for understanding the mechanism of accuracy
degradation. Computation simulation shows that given known cut-
ting forces, dimensional parameters of the slide-guideway, and
friction and wear coefficients, the geometric errors of the slide
due to contact deformation of slide-guideway and the positioning
errors caused by wear of the guideway after a long-term operation
can all be explored. Experimental tests on a linear stage with cast
iron-cast iron contact surfaces have been conducted for around
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