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a  b  s  t  r  a  c  t

The  stiffness  of  machine  tool  supports  should  be properly  designed  for reducing  both  the  ground  disturb-
ance  vibration  and  the  drive  disturbance  vibration.  However,  the stiffness  cannot  be easily  calculated  from
the geometry  and  material  properties  of  the  support.  In  this  paper,  a  3D  stiffness  model  of  a machine
tool  support  is  proposed  using  contact  stiffness.  The  stiffness  in  each  direction  is  assumed  to  be  deter-
mined  by  the  contact  stiffness  at the  interfaces  and  the  bulk  stiffnesses  of  the  supports  and  the  floor.  The
contact stiffness  model  proposed  by Shimizu  et  al.  is expanded  to determine  the contact  stiffness  in  the
normal  and  tangential  directions  of  an  interface.  In  the  proposed  model,  the  contact  stiffness  is  obtained
by multiplying  the  unit  contact  stiffness  by the  real contact  area.  The  contact  stiffness  of  concrete  is
experimentally  investigated  to  estimate  the  stiffness  between  machine  tool  supports  and  the  floor,  and
it was  observed  to  be  the  primary  determinant  of  the  stiffness  of  interfaces  between  metal  and  concrete.
Moreover,  the  unit  contact  stiffness  of  concrete  is  discovered  to be less  than  1/10  of those  of  the  metals
that  were  used  for  the  study.  The  natural  frequency  and  vibration  mode  shape  of a  model  machine  tool
bed  are  also  experimentally  measured  and  used  to  verify  the  proposed  stiffness  model.  The  comparison
of the  results  obtained  from  the  two procedures  shows  that  the  natural  frequency  and  vibration  mode
shape  of  a machine  tool  bed  can  be  predicted  using  the  proposed  stiffness  model.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

There has been a demand for higher efficiency in high-precision
machining in recent times. Vibration of machine tools, such as those
that result in the relative displacement of the tool and the table,
pose a huge challenge to high-precision machining. Machine tool
vibrations are classified into two types, namely: (1) ground dis-
turbance vibration transmitted by the floor on which the machine
is installed and (2) drive disturbance vibration generated by the
feed drives. Both types of vibrations are greatly determined by the
stiffness of the machine tool supports.

Ground disturbance vibration can be reduced by using soft sup-
ports such as rubbers and air springs [1–4]. Unfortunately, soft
supports also cause the entire machine to rock, thereby increas-
ing the drive disturbance vibration [1].  The stiffness of machine tool
supports should therefore be designed by taking into consideration
the amplitudes of both types of vibration.

However, owing to the fact that the factors that determine the
stiffness of machine tool supports have not been clarified, they have
only been designed empirically by most machine tool builders.
Moreover, since the stiffness of the support cannot be easily cal-
culated from its geometry and material properties, it would have
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to be modeled on the basis of other factors to aid systematic
design.

Some studies have shown that the stiffness at the interface (con-
tact stiffness) of a support significantly affects the overall stiffness
of the support [5,6]. Hoshi particularly noted that contact stiffness
with the concrete floor is the most important factor that determines
the stiffness of a support [5].

There have actually been many studies on contact stiffness. The-
oretical models have been proposed on the basis of the Hertz theory,
and the governing equation of the contact stiffness was  derived
[7,8]. The contact stiffness has also been measured in directions
normal and tangential to the interface to verify proposed models
[9–11]. Furthermore, the influence of surface topography on con-
tact stiffness has been investigated [12]. While these experimental
studies examined contact stiffness between the same type of mate-
rials (mostly steel), machine tool supports usually involve contact
between different types of materials such as cast iron, steel, and
concrete. The contact stiffness between metals and concrete is par-
ticularly of interest because concrete is the usual material used
for the floor of workshops and factories. Shimizu et al. proposed
a simple model of the contact stiffness at the interface of different
materials and measured the stiffness normal to the interface for
several combinations of materials [13].

In this paper, a model of the stiffness of a machine tool sup-
port is proposed on the basis of Shimizu et al.’s contact stiffness
model. The model is then used to estimate the contact stiffness of
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Nomenclature

W normal load
Wpre normal preload
Wv variable normal load
F tangential load
kn normal contact stiffness
kt tangential contact stiffness
knmc normal contact stiffness between the middle speci-

men  and the lower specimen of the metal–concrete
specimen set

knmm normal contact stiffness between the middle spec-
imen and the lower specimen of the metal–metal
specimen set

ıkn unit normal contact stiffness
ıkt unit tangential contact stiffness
ıknc unit normal contact stiffness of concrete
ıknm unit normal contact stiffness of metal
ıktc unit tangential contact stiffness of concrete
ıkn1, ıkn2 unit normal contact stiffnesses of materials 1 and

2
ıkt1, ıkt2 unit tangential contact stiffnesses of materials 1

and 2
i subscript representing normal and tangential direc-

tions
Knl normal stiffness of the lower specimen
Knu normal stiffness of the upper specimen
Knmc normal stiffness between the upper specimen and

the lower specimens of the metal–concrete speci-
men  set

Knmm normal stiffness between the upper specimen and
the lower specimen of the metal–metal specimen
set

pm yield pressure
Ar real contact area
Armc real contact area between the middle specimen and

the lower specimen of the metal–concrete specimen
set

Armm real contact area between the middle specimen and
the lower specimen of the metal–metal specimen
set

dnl normal displacement of the lower specimen
dnu normal displacement of the upper specimen

interfaces between several metals and concrete in directions nor-
mal  and tangential to the interface. Finally, the estimates of the
proposed model are experimentally verified using a small model of
a machine tool bed.

2. Model of machine tool supports and contact stiffness

2.1. Stiffness model of machine tool supports

Fig. 1 shows examples of machine tool supports. Medium- and
small-sized machine tools are generally mounted on concrete floors
with the aid of screw jacks or leveling blocks. Such height adjust-
ment supports are used to ensure that the machine is leveled when
installed.

In this study, the stiffness of one support is modeled in 3D as
shown in Fig. 1(b). The stiffness in each direction is assumed to be
determined by the contact stiffness at the interface and the bulk
stiffnesses of the support and floor. Hence, the stiffness in each
direction is modeled by the bulk stiffness and the contact stiffness
connected in series, as shown in Fig. 1(c). The bulk stiffness can be
calculated from the modulus of elasticity and the geometry of the
support. In this study, the contact stiffness is treated as a linear stiff-
ness. A model of the contact stiffness is described in the following
section.

2.2. Model of contact stiffness

The contact stiffness model proposed by Shimizu et al. [13] is
modified here. Fig. 2(a) shows a schematic of two materials in con-
tact at the machine tool support. The load W acts on the interface;
kn and kt are the contact stiffnesses in directions normal and tan-
gential to the interface, respectively.

In Shimizu et al.’s model, kn is considered to be the contact stiff-
ness associated with a series of coupled springs spread over the
interface. In this study, this model is expanded to obtain kt as shown
in Fig. 2(b). ıkn1 and ıkn2 are the normal contact stiffnesses per unit
real contact area (unit normal contact stiffness) of materials 1 and
2, respectively; and ıkt1 and ıkt2 are the tangential contact stiff-
nesses per unit real contact area (unit tangential contact stiffness).
The real contact area is determined by the contacting roughness
asperity of the interface. ki (i = n, t) is given by

ki = ıki1ıki2

(ıki1 + ıki2)
Ar (1)

where Ar is the real contact area and the subscript i represents the
normal or tangential direction. Ar is given by

Ar = W

pm
(2)

where pm is the lower of the yield pressures of materials 1 and 2
[14]. In this study, the yield pressure is assumed to be equal to the
Vickers hardness.

From Eqs. (1) and (2),  we  see that ki is a nonlinear stiffness
dependent on W.  This is because the plastic deformation of the
interface increases Ar. In the machine tool support, W is determined
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Fig. 1. Machine tool support and its model. (a) Examples of machine tool support. (b) 3D stiffness model of the support. (c) 1D stiffness model involving bulk and contact
stiffness.
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