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a  b  s  t  r  a  c  t

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
achine tool
ccuracy degradation
lide-guideway
ontact deformation
ear

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.
The induced  abrasive  wear  can  then  be  estimated.  A  simulation  study  on  a heavy  duty  machine  tool  with
slide-guideway  will  show  the  magnitude  of wear  on  the  sliding  surface  and  the  consequently  caused
geometric  errors  of  the  moving  axis.  Experimental  tests  show  that,  if modifying  the  wear  coefficient  to  a
function  of  sliding  distance,  the  analytical  result  is  in  good  agreement  with  the  experimental  result.
. Introduction

The accuracy of a machined part depends on the machining
ccuracy of the machine tool. Although the machining accuracy
eets the specifications while the machine tool is new, it is unable

o guarantee that the accuracy still maintains at the acceptable tol-
rance range after a long-term operation. Positioning errors are
ynamically related to the errors of the working stage, cutting
orces induced errors, tool wear, slide-guideway wear, ambient
emperature, vibration, etc. Wear of the slide-guideway will grad-
ally increase during machining operations.

Regarding the theory of wear, Burwell and Strang [1] classi-
ed the wear behaviors to abrasive wear, adhesive wear, erosive
ear, fretting wear, corrosive wear and fatigue wear. Archard and
irst [2] assumed that the volume of material removed by wear

s proportional to the interface pressure, sliding distance and wear
oefficient. Many papers investigated the wear of contact compo-
ents by Archard equation, but rarely studied the machine tool
lide-guideway wear.

In the past, many researchers measured the contact pres-
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

ures between the slide and guideway mostly by experiments.
asuko and Ito [3] analyzed contact pressure distribution on the

lide-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.
ining accuracy degradation of machine tools. Precis Eng (2011),

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

dx.doi.org/10.1016/j.precisioneng.2011.11.002
dx.doi.org/10.1016/j.precisioneng.2011.11.002
http://www.sciencedirect.com/science/journal/01416359
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Fig. 1. Geometric errors of the slide.

eometric errors of the slide, namely two straightness errors (ıY,
Z) and three angular errors (εX, εY, εZ), as shown in Fig. 1.

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

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

 = cPm (1)

here � is normal deformation (in �m),  P is normal pressure
kgf/cm2), c is coefficient of normal contact flexibility, and m is coef-
cient of non-linearity of deformations. c and m are determined by
xperiments, their values are dependent on the type of material
nd the condition of the contact surfaces.

.1. Mathematical models of a single contact surface

The single contact surface model is shown in Fig. 3. The origin of
oordinate system 0 is located at the center of the slide. The three
xplicit corner points of the slide, marked by three small red circles,
re selected as the reference points. This system is used to derive
he following mathematical model of the slide-guideway.

External cutting forces applied to the slide will cause surface
eformation of the slide-guideway yielding to slight slide geomet-
ic errors. When the deformation occurs the slide will be shifted by
ıy0, ız0) due to straightness errors, and rotated by (εx0, εy0, εz0) due
o angular errors. The coordinate system 1 is located at the center
f the deformed slide and its three axes are parallel to the sides
f the deformed slide respectively, as shown in Fig. 3. The coordi-
ate system 2 is located at the center of the contact surface, and

ts three axes are parallel to the sides of the guideway respectively.
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

t is seen that coordinate system 2 is related to coordinate system
 through the translation by half of the height (−d) in Z-axis and
otation by 180◦ in Y-axis of coordinate system 0. The original refer-
nce points are embedded into the deformed volume, as indicated

Fig. 2. Volume of deformation (shadow part).
 PRESS
ering xxx (2011) xxx– xxx

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

The homogeneous transform matrix (HTM) of coordinate sys-
tem 0 to coordinate system 1 is expressed by

0T1 =

⎡
⎢⎣

1 −εZ0 εY0 0
εZ0 1 −εX0 ıY0

−εY0 εX0 1 ıZ0
0 0 0 1

⎤
⎥⎦ (2)

The HTM of coordinate system 0 to coordinate system 2 is

2T0 =

⎡
⎢⎣

1 0 0 0
0 1 0 0
0 0 1 −d
0 0 0 1

⎤
⎥⎦ ·

⎡
⎢⎣

cos(�) 0 sin(�) 0
0 1 0 0

− sin(�) 0 cos(�) 0
0 0 0 1

⎤
⎥⎦

=

⎡
⎢⎣

cos(�) 0 sin(�) 0
0 1 0 0

− sin(�) 0 cos(�) −d
0 0 0 1

⎤
⎥⎦ (3)

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

2T1 = 2T0 · 0T1 (4)

It yields to

2T1 =

⎡
⎢⎣

−1 εZ0 −εY0 0
εZ0 1 −εX0 ıY0
εY0 −εZ0 −1 −d − ıZ

0 0 0 1

⎤
⎥⎦ (5)

The surface equation of the deformed slide can be represented
by the plane containing three reference points in coordinate system
1 (X(1), Y(1), Z(1)), as shown in Fig. 3. Since the deformed volume is to
be calculated in coordinate system 2 (X(2), 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)
Y(2)
Z(2)
1

⎤
⎥⎦ = 2T1 ·

⎡
⎢⎣

X(1)
Y(1)
Z(1)
1

⎤
⎥⎦ =

⎡
⎢⎣

−X(1) − Z(1) · εY0 + Y(1) · εZ0
Y(1) + ıY0 − Z(1) · εX0 + X(1) · εZ0

−d − Z(1) − ıZ0 − Y(1) · εX0 + X(1) · εY0
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 nX2, nY2, and nZ2 are the x, y, and z components of the normal
vector of the bottom surface n2, and [X1(2) Y1(2) Z1(2)]T is any point
of the three reference points. The normal vector of surface n2 can
be derived from cross product of two  vectors which are calculated
by three reference points.

Z(2) = nX2(X(2) − X1(2)) + nY2(Y(2) − Y1(2))
−nZ2

+ Z1(2) (7)

The deformed volume can be calculated by multiple integration
method, as shown in Fig. 4. For clarity in view, Z2 axis is directed
upward. Fig. 5 plots a cross-sectional view showing the contact line.
The deformed volume of the slide (V1) is the zone above the X2Y2
plane and the non-deformed volume (V2) is the zone below X2Y2
plane. Let the volume corresponding to the infinitesimal area ıA be
ıV, i.e.
ining accuracy degradation of machine tools. Precis Eng (2011),

ıV = f (ıY0, ıZ0, εX0, εY0, εZ0, X(2), Y(2)) = Z(2)ıA (8)

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

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 3. Coordinate systems and
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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 ıY0, ıZ0, εX0, εY0 and εZ0.
Fig. 4. Deformed volume by multiple integration method.

ntegration of ıV across entire X2Y2 plane contains both V1 and V2
olumes but in different signs, i.e.

Y(2)

−Y(2)

∫ X(2)

−X(2)

ıV dX(2) dY(2) = V1 − V2

Alternatively, the integration of |ıV| will result in (V1 + V2).
ence, the total deformed volume can be found as

1 =

∫ Y(2)
−Y(2)

∫ X(2)
−X(2)

|ıV |dX(2) dY(2)

2
+

∫ Y(2)
−Y(2)

∫ X(2)
−X(2)

ıV dX(2) dY(2)

2
(9)

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

ively.
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

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

Fig. 5. Definition of deformed volume.
 three reference points.

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 = Z(2) · K (10)

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

R =
∫ ∫

(PıA)dA =
∫ ∫

ıV · K dA = KV1 (11)

The moment around the X-axis can be expressed by

MRX =
∫ ∫

(PıA)y dA = K

∫ ∫
ıVy dA (12)

It is clearly seen that external cutting forces and feed force
applied to the slide will cause surface deformation of the slide and
ining accuracy degradation of machine tools. Precis Eng (2011),

Fig. 6. Machine tool slide-guideway, (a) contact surfaces and (b) coordinate systems.

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 7. Reference points of slide.
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Fig. 8. Defined dimensions of the slide.

.2. Mathematical model of the slide-guideway

The actual contact between slide and guideway in a heavy duty
achine tool has more than one surface. A typical square groove

ype having six contact surfaces is shown in Fig. 6a, where low-
riction material using Turcite B is usually applied to reduce the
tick-slip and wear on sliding surfaces. The Mathematical model
f the slide-guideway can be derived in a similar way as a sin-
le contact surface. First of all it is required to establish the

oordinate systems. The coordinate system 0 is located at
he center of the slide, which is also the center of the
allscrew nut, and coordinate systems 2–7 are located at the
enter of each contact surface between the slide and the guide-
ay, as shown in Fig. 6b. It is noted that the coordinate system 1

s located at the center of the deformed slide, and twelve corner
oints of the slide are selected as the reference points, as shown in
ig. 7. When deformed, these reference points are embedded into
he guideway, as indicated by dashed circles. Six surface equations
f the slide’s contact faces can be derived by these reference points.

The position of each reference point should be located in each

∑
FX = 0 ⇒ f1 + f2 + f3 + f4 + f5 + f6 − Q + Ff∑
FY = 0 ⇒ −R3 + R4 + R5 − R6 − Ft = 0∑
FZ = 0 ⇒ R1 + R2 − Fr − W = 0∑
MX = 0 ⇒ MR1X + MR2X + MR3X − MR4X − M∑
MY = 0 ⇒ −MR1Y − MR2Y + Mf 1Y + Mf 2Y +∑
MZ = 0 ⇒ −MR3Z + MR4Z + MR5Z − MR6Z − 
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

orresponding coordinate system in order to derive the six surface
quations of contact faces between the slide and the guideway.
elationships between coordinate systems can be described by the
TM operators, such as 2T1 and 3T1.
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. Fr, Ff,
and Ft 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; R1, R2, R3, R4, R5,
and R6 are the reaction forces on six corresponding contact sur-
faces, respectively; f1, f2, f3, f4, f5, and f6 are corresponding frictional
forces on six contact surfaces. Let us define that:

MR1X, MR2X, MR3X, MR4X, MR5X, and MR6X are the moments of
respective six reaction forces about the X0 axis; MR1Y and MR2Y are
the moments of two  reaction forces (R1 and R2) about the Y0 axis;
MR1Z, MR2Z, MR3Z, and MR4Z are the moments of four reaction forces
(R1 to R4) about the Z0 axis; Mf1Y, Mf2Y, Mf3Y, Mf4Y, Mf5Y, and Mf6Y
are moments of six frictional forces about the Y0 axis; Mf1Z, Mf2Z,
Mf3Z, Mf4Z, Mf5Z, and Mf6Z are the moments of six frictional forces
about the Z0 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 ıY0, ıZ0, εX0, εY0, εZ0 and Q. Hence, the six equilibrium
equations are also the functions of these variables. Six unknown
variables, which are ıY0, ıZ0, εX0, εY0, εZ0, and Q, can be solved by
six equations simultaneously using Newton-Raphson method.

+ MR6X + Ft · CZ − Fr · CY = 0
Y + Mf 4Y + Mf 5Y + Mf 6Y + Fr · CX + Ff · CZ = 0
− Mf 2Z − Mf 3Z − Mf 4Z − Mf 5Z − Mf 6Z − Ft · CX − Ff · CY = 0

(13)

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
part being machined. Fig. 10 shows several different lengths of parts
that are machined. In total, the central part of the guideway has the
ining accuracy degradation of machine tools. Precis Eng (2011),

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

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 10. Curve of wear distribution over the length of guideway.

ressure between the slide and guideway maintains constant dur-
ng wear [13]. Since the non-uniform pressure distribution is due
o angular errors of the slide, these errors are very small in practice,
hich means the slope of deformed surface containing original ref-

rence points (P1, P2 and P3) is very small. Therefore, for the ease of
omputation, this research assumes that the contact pressure dis-
ribution of the slide is uniform, which is the reaction force divided
y the corresponding contact surface area. However, this uniform
ressure pattern is varied along the guideway and is a function of
he cutting position x. Based on this assumption, the slide wear will
e uniform over the contact surface, while guideway wear will be

 function of the cutting position x. Such a concept can be depicted
y Fig. 11.

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

The contact pressure pattern P(X) can be derived by curve fitting
ith series of pressure data which are reaction forces divided by

ontact area, and the reaction forces are calculated from Eq. (13).
The volume of material removed by wear is proportional to the

nterface pressure, sliding distance and wear coefficient. The wear
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

urve of the slide (Us)  will be flat because the contact pressure

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

Us = k2S

L

∫ L

0

P(X)dX (14)

k2 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/cm2) 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

Ug(x) = k1S

∫ l2

l1

�(x − X)P(x − X)dX (15)

where k1 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
ining accuracy degradation of machine tools. Precis Eng (2011),

error �(X) are

εV (X) = �(X  + (l0/2)) − �(X − (l0/2))
l0

(16)

Table 1
Limits of integration [13].

L/l0 Section Section limits Limits of integration

l1 l2

>1
I 0 � x � l0 0 x
II  l0 � x � L 0 l0
III L � x � L + l0 x − L l0

<1
I 0 � x � L 0 x
II  L � x � l0 x − L x
III l0 � x � l0 + L x − L l0

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 13. slide-guideway configuration.

Table 2
Specifications of slide and guideway.

l0 (mm)  530 d1 (mm)  100
LG (mm)  900 d2 (mm)  300
W1 (mm) 100 W (kgf) 550
W2 (mm) 35 K (kgf/cm2-�m) 0.274
�  0.04 k1 (�m-cm2/kgf-km) 0.0191
H1 (HRC) 52.9 k2 (�m-cm2/kgf-km) 0.0222
H2 (HRC) 45.5

Table 3
Cutting data.

Ft (kgf) 150 CX (mm)  −185 to 185

ı

g
s
F
f
E
o

ε

ε

ε

ı

ı

Ff (kgf) 100 CY (mm)  0
Fr (kgf) 100 CZ (mm)  200

W (X) = �(X  + (l0/2)) − �(X − (l0/2))
2

(17)

This mathematic model is for only a single contact surface of
uideway. In general machine tool, however, each moving axis has
ix contact surfaces between slide and guideway, as explained in
ig. 6. Each straightness and angular errors of the ith contact sur-
ace, denoted by ıWi(X) and εVi(X) respectively, can be calculated by
qs. (16) and (17). The combined slide’s geometric errors are then
btained from corresponding surfaces as follows.

X (X) = ıW1(X) − ıW2(X)
2d2 + W1

(18)

Y (X) = εV1(X) + εV2(X)
2

(19)

Z (X) = εV3(X) + εV4(X) + εV5(X) + εV6(X)
4

(20)

Y (X) =

⎧⎨
⎩

ıW4(X) + ıW5(X)
2

, Ft ≤ 0
ıW3(X) + ıW6(X)

, Ft > 0
(21)
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

2

Z (X) = ıW1(X) + ıW2(X)
2

(22)

Fig. 14. Contact pressure on each surface.
Fig. 15. Geometric errors of slide due to contact deformation of the slide-guideway,
(a) angular errors and (b) straightness errors.

where εX(X), εY(X) and εZ(X) are the roll, pitch and yaw errors of
the slide respectively over length x with 0 � x � L; ıY(X) and ıZ(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)
EY (X)
EZ (X)

1

⎤
⎥⎦ =

⎡
⎢⎣

0 −εZ (X) εY (X) 0
εZ (X) 0 −εX (X) ıY (X)

−εY (X) εX (X) 0 ıZ (X)
0 0 0 1

⎤
⎥⎦ ·

⎡
⎢⎣

CX

CY

CZ

1

⎤
⎥⎦

=

⎡
⎢⎣

−εZ (X) · CY + εY (X) · CZ

εZ (X) · CX − εX (X) · CZ + ıY (X)
−εY (X) · CX + εX (X) · CY + ıZ (X)

⎤
⎥⎦ (23)
ining accuracy degradation of machine tools. Precis Eng (2011),

1

where CX, CY and CZ are Abbé offsets from the coordinate axes to
the cutting point, as given in Fig. 8.

Fig. 16. Wear depth of slide.

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 17. Wear depth of guideway, (a) Face 1, (b)

. Simulation

.1. Parameters of slide-guideway

The dimensions of slide and guideway are provided by a
achine tool builder. The dimensions of studied slide-guideway

re listed in Table 2, where LG is the length of guideway and other
arameters are defined in Figs. 8 and 9. The contact deformation
arameter (K = 0.274) in Eq. (10), the friction coefficient (� = 0.04)
f Turcite B-Cast iron couple, and the wear coefficient of Turcite B
k2 = 0.222) are obtained from the technical specifications of Turcite

 [15].
Because the wear coefficient of cast iron coupling with Turcite
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

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

able 4
pecifications of slide-guideway test bed.

l0 (mm)  410 d1 (mm)  68
LG (mm) 660 d2 (mm)  40
W1 (mm) 40 W (kgf) 10
W2 (mm) 25 k1 (�m-cm2/kgf-km) 0.49
� 0.11  k2 (�m-cm2/kgf-km) 0.49
, (c) Face 3, (d) Face 4, (e) Face 5 and (f) Face 6.

B can be estimated according to the ratio of hardness between cast
iron and Turcite B. The hardness of cast iron (H1) and the hardness
of Turcite B (H2) are listed in Table 2 [15], then the wear coeffi-
cient of cast iron (k1) can be estimated as: k1 = k2(H2/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
ining accuracy degradation of machine tools. Precis Eng (2011),

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.

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Cutting force, feed force and friction force applied to the slide
ill yield elastic deformation of its contact surface and cause geo-
etric errors of the slide when it moves along the guideway.

ig. 15a  shows that the pitch and yaw errors are caused by the
oment changes because the moment arms are varied due to the

hange of machining point when the slide moves. There is no roll
rror because the contact pressures on face 1 and face 2 remain
onstant. The straightness plot shown in Fig. 15b indicates the slide
as no lateral translation errors in vertical and horizontal directions
uring the traverse on the guideway. It is because the elastic defor-
ation on corresponding faces remains constant. Compared with a

revious work [4],  it can be seen that the trends of simulated pitch,
aw, and roll are quite reasonable.

After a long period of cutting operation, the guideway will be
orn out and becomes a concave shape in both of the vertical and
orizontal planes. The slide is also worn out. The volume of material
emoved by wear is proportional to the interface pressure, sliding
istance and wear coefficient, and the total sliding path distribution
urve is considered the normal distribution. Fig. 16 shows the wear
epth of the slide and Fig. 17 is the guideway. The slide has more
erious wear than guideway, because the wear coefficient of slide
Turcite material) is larger than the guideway (Cast iron material)
nd whole contact surface of slide wears over the entire cutting
istance. Contact surfaces 1 and 2 are resulted in more serious wear
ecause they directly bear the slide’s weight and the axial cutting
orce. In addition, the wear depth of surface 2 is larger than surface
, because the lateral cutting force causes the moment that acts on
urface 2. Surfaces 3 and 6 have the same wear depth, so are surfaces

 and 5. However, surfaces 4 and 5 undertake more contact load,
hich yields to the bending of the guideway in horizontal plane.

he wear on surfaces 3 and 6 can be neglected. It also shows the
ear form of contact surfaces 1, 2, 4 and 5 are all symmetrical to

he central point.
Fig. 18 shows the slide’s three angular errors along the guide-

ay. The roll is caused by the difference in deformation between
ace 1 and face 2. It remains constant because the difference is con-
tant as shown in Fig. 17a  and b. The pitch and yaw gradually grow
nd symmetrical to the guideway center in a form of concave shape.
gain, after the wear is formed the induced pitch, yaw and roll
rrors are similar to the trend investigated by [4].

Fig. 19 shows that after the wear is generated, the amount of
ear due to the elastic deformation of slide-guideway contact sur-

ace will result in only the lateral shift in both directions but no
nduced straightness error of the slide’s motion.

Fig. 20 shows the induced positioning errors due to slide’s geo-
etric errors along the worn guideway. The induced positioning

rrors are caused by the deformed shape of the guideway surface,
hich will induce angular motion of the slide (or called the moving

arriage). Based on the Abbe principle, this angular motion will gen-
rate positioning error at the cutting point. Since the wear forms of
he 6 contact surfaces of the guideway are all symmetrical to the
espective travel centers, being a concave shape, the wear induced
ositioning errors, will be larger at both ends.

. Experiments and analysis

.1. Experimental setup

A test bed of wear experiment on a linear stage has been built
p, as shown in Fig. 21.  The dimensions of studied slide-guideway
re listed in Table 4, where LG is the length of guideway, W is the
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

eight of the slide, and other parameters are defined in Fig. 8. The
aterials of the slide and the guideway are both FC25 cast iron. The

riction coefficient (� = 0.11) and the wear coefficients (k1 = 0.49,
2 = 0.49) of Cast iron-Cast iron couple, are obtained from [17]. Two
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 (�) of the contact surfaces
ining accuracy degradation of machine tools. Precis Eng (2011),

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

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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ig. 19. The lateral shift of the slide’s motion due to guideway wear, (a) horizontal
nd  (b) vertical.

esults of experiment. The coefficients (c and m)  of Eq. (1) can thus
e obtained from the least-squares fitting.

.3. Experimental results, analysis and discussions

The vertical load applied to the slide will cause the pitch error
f the slide during motion. This pitch error can be measured by the
P 5529 laser angular interferometer. The increased wear of the
uideway can be reflected by the increased pitch errors. In order to
erify the analytical solution, therefore, the pitch errors under load
re firstly measured. Fig. 23 shows the comparison of experimental
nd simulated initial pitch errors of slide caused by a vertical load
f 34 kg. The analytical pitch error (εY0) is solved from Eq. (19). It
an be seen that experimental result is quite consistent with the
nalysis result. Although the experimental result is slightly smaller
han the analytical result, it can be assumed that at the running-in
eriod the contact surfaces have some manufacturing errors.

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

In the beginning, the test bed has to be run for about 4 km of the
liding distance in order to record the initial (reference) pitch error
t each traveling position. This is to avoid some possible surface
rregularities of the matching pair. Fig. 24(a) shows the increased
itch errors measured at different total sliding distances relative to
he reference data. It can be seen that the guideway occurs concave
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

eformation and the maximum pitch error increase is at the end
osition (250 mm).  Therefore, the trend of increased pitch errors at
he end position was taken to analyze the wear behavior, as shown
n 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
ining accuracy degradation of machine tools. Precis Eng (2011),

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

dx.doi.org/10.1016/j.precisioneng.2011.11.002
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Fig. 21. Photo of test bed.
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Fig. 22. Relationship between the contact pressure and the deformation.
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Fig. 24. The increase of pitch error due to wear: (a) the increased pitch errors mea-

sured at different total sliding distances and (b) the trend of increased pitch errors
at the end position.

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

εV (X)exp

εV (X)analysis
= kexp

ktheory
(24)

where ktheory is 0.49 obtained from [17], εV(X)exp is the measured
pitch error, and εV(X)analysis is the pitch error calculated by Eq. (16).

Fig. 25 shows the pitch error changing rate with the sliding
path fitted by an exponential function (Pitchexp(S)). The analytical
ining accuracy degradation of machine tools. Precis Eng (2011),

changing rate of pitch error is constant because ktheory is constant,
and its value is 0.0796 obtained from Eq. (19). Therefore, the wear

y = 0.1174e-0.031x
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Fig. 25. Pitch error changing rate.
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Fig. 26. Pitch error changing of slide at position 250 mm.

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

exp(S) = Pitchexp(S) × 0.49
0.0796

(25)

Modifying the wear coefficients (k1, k2) from constant to the
unction of actual sliding distance, Fig. 26 shows the comparison
f the increase of pitch errors of the slide between experimental
nd analytical results. It is clearly seen that they are quite matched
uantitatively.

. Conclusions

This research proposes a mathematical model for the wear
nalysis of the slide-guideway under cutting condition. Cutting
orces press each contact surface. The reaction force at each contact
ace causes wear of the slide as well as the guideway and grad-
ally increases the deformed shape of the slide-guideway. Such
s deformed shape, again, increases the geometric errors, yielding
o the growth positioning errors. This is the formation of accu-
acy degradation of machine tools. This heuristic approach forms

 conceptual basis for understanding the mechanism of accuracy
egradation. Computation simulation shows that given known cut-
ing forces, dimensional parameters of the slide-guideway, and
riction and wear coefficients, the geometric errors of the slide
Please cite this article in press as: Fan K-C, et al. Prediction of mach
doi:10.1016/j.precisioneng.2011.11.002

ue to contact deformation of slide-guideway and the positioning
rrors caused by wear of the guideway after a long-term operation
an all be explored. Experimental tests on a linear stage with cast
ron–cast iron contact surfaces have been conducted for around

[

[
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100 km sliding distance lasting 10 months. The wear growth is
expressed by the increase of pitch errors, which can be measured by
the laser interferometer. It is found that the wear coefficient should
be modified to the function of sliding distance so that the analytical
results will be consistent with the experimental results.
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