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Abstract 

The stiffness of machine tool supports should be properly designed for reducing both 

the ground disturbance 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 determined 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. 
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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 specimen and the lower specimen 

of the metal–concrete specimen set 

knmm normal contact stiffness between the middle specimen and the lower specimen 

of the metal–metal specimen set 

δkn unit normal contact stiffness 

δkt unit tangential contact stiffness 

δknc unit normal contact stiffness of concrete 

δknm unit normal contact stiffness of metal 

δktc unit tangential contact stiffness of concrete 

δkn1, δkn2 unit normal contact stiffnesses of materials 1 and 2 

δkt1, δkt2  unit tangential contact stiffnesses of materials 1 and 2 

i subscript representing normal and tangential directions 

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 specimen 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 

 



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 disturbance 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 supports such as rubbers 

and air springs [1-4]. Unfortunately, soft supports also cause the entire machine to rock, 

thereby increasing 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 

calculated from its geometry and material properties, it would have to be modeled on 

the basis of other factors to aid systematic design. 

Some studies have shown that the stiffness at the interface (contact 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. Theoretical models have 

been proposed on the basis of the Hertz theory, and the governing equation of the 

contact stiffness were 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 contact stiffness has been 

investigated [12]. While these experimental studies examined contact stiffness between 

the same type of materials (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 particularly 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 support is proposed on the 

basis of Shimizu et al.’s contact stiffness model. The model is then used to estimate the 

contact stiffness of interfaces between several metals and concrete in directions normal 

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 

Figure 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 adjustment 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 stiffness. 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. Figure 

2(a) shows a schematic of two materials in contact at the machine tool support. The load 

W acts on the interface; kn and kt are the contact stiffnesses in directions normal and 

tangential to the interface, respectively.  

 In Shimizu et al.’s model, kn is considered to be the contact stiffness 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). δkn1 and δkn2 are the normal contact 

stiffnesses per unit real contact area (unit normal contact stiffness) of materials 1 and 2, 

respectively; and δkt1 and δkt2 are the tangential contact stiffnesses 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 

Fig. 1 Machine tool support and its model 

 

Fig. 2 Model of contact stiffness 
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where Ar is the real contact area and the subscript i represents the normal or tangential 

direction. Ar is given by 

m

r
p

W
A          (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 Eq.1 and Eq.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 by the steady load corresponding to the weight of the machine 

tool and the variable load corresponding to the drive disturbance caused by the drives of 

the machine. Considering that the steady load is generally much greater than the 

variable load, the latter can be neglected and the contact stiffness is treated as a linear 

stiffness. 

3. Estimation of unit contact stiffness for concrete 

  δkn and δkt are required to estimate the contact stiffness using the proposed model. In 

our previous work, δkn and δkt were given for several metals usually used for machine 

tool support [15]. In this study, δkn and δkt are experimentally measured for concrete. 
 

3.1 Estimation method 

Figure 3 shows the specimen set used for the measurement. The set comprised upper, 

middle, and lower specimens. The contact stiffness values between the middle specimen 

and the other two specimens can be measured at two interfaces. Different materials are 

used for the specimens in order to estimate the contact stiffness for different 

combinations of materials. The dimensions of the middle specimen were chosen such 

that the real contact area would be less than the nominal contact area under a normal 

load of 10 kN, which was considered typical of the load on the supports of a small 

machine tool. 

The contact stiffness of the specimen set is obtained from the stiffness between the 

Fig. 3 Specimen set used in the measurement 
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upper and lower specimens. As described in the following section, the stiffness between 

the upper specimen and the lower specimen consists of contact stiffness and bulk 

stiffness. The contact stiffness is typically determined by comparing the stiffness of the 

specimen set with that of a monolithic specimen that has no interface [15]. However, 

because it is difficult to produce a monolithic specimen from brittle concrete, a different 

method is used in this study. 

The different combinations of the specimen materials that are used are shown in Fig. 

4. Measurements are taken for a metal–concrete specimen set in which the lower 

specimen is made of concrete (Fig. 4(a)) and a metal–metal specimen set comprising 

specimens of the same kind of metal (Fig. 4(b)). Measurement results for these 

specimen sets are compared to determine the contact stiffness between the middle 

specimen and the lower specimen of the metal–concrete specimen set. The details of the 

procedure used to obtain δkn are given below. 

 

3.1.1 Measurement with metal–concrete specimen set 

The normal stiffness Knmc between the upper and lower specimens of the 

metal–concrete specimen set is measured. A schematic of the measurement is shown in 

Fig. 5. A steady normal load Wpre is preloaded on the upper specimen and the normal 

displacements dnl and dnu of the lower and upper specimens are measured while the 

normal load Wv is cyclically loaded and unloaded on the upper specimen. The stiffness 

Knl of the lower specimen is calculated from the relationship between dnl and Wv. The 

relationship between dnl and Wv during the unloading is used to eliminate the effect of 

plastic deformation of the specimens. Similarly, the stiffness Knu of the upper specimen 

is calculated from dnu and Wv. Knmc is then calculated using 

nunl

nlnu
nmc

KK

KK
K


        (3) 

3.1.2 Measurement with metal–metal specimen set 

Knmc is the resultant stiffness of the contact stiffness at the two interfaces and the bulk 

stiffness of the specimens. Therefore, the stiffness Knmm between the upper and lower 

specimens of the metal–metal specimen set is obtained to determine the contact stiffness 

between the middle specimen and the lower specimen of both specimen sets. A similar 

method as explained in Section 3.1.1 is used to obtain Knmm. 

 

Fig. 5 Schematic of measurement in the normal direction 
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3.1.3 Calculation of contact stiffness 

The contact stiffness between the middle specimen and the lower specimen of both 

specimen sets is determined using the following relation: 

nmmnmcnmmnmc kkKK

1111
       (4) 

where knmc and knmm are the normal contact stiffnesses between the middle specimen and 

the lower specimen of the metal–concrete and the metal–metal specimen sets, 

respectively. By substituting Eq.1 into Eq.4, we get the unit normal contact stiffness 

δknc of concrete as 
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where δknm is the unit normal contact stiffness of the metal, Armc is the real contact area 

between the middle specimen and the lower specimen of the metal–concrete specimen 

set, and Armm is the real contact area between the middle specimen and the lower 

specimen of the metal–metal specimen set. Strictly speaking, δknc determined from this 

experiment include the difference between the bulk stiffnesses of concrete and metal. 

The unit tangential contact stiffness δktc of concrete is obtained through a procedure 

similar to that described in Sections 3.1.1–3.1.3. Wpre is initially preloaded on the upper 

specimen, but a tangential load F is loaded instead of Wv. The tangential displacements 

of the upper and lower specimens are measured. 

 

3.2 Measurement device and experimental conditions 

 Figure 6 shows the setup of the experiment. The specimen is mounted on the 

compression testing machine (SHIMADZU) to apply a normal load. The normal load is 

applied through a steel ball to minimize the tilting of the specimen. The normal load is 

measured using a load cell installed on the testing machine. 

In the measurement in the normal direction shown in Fig. 6(a), the normal 

displacement of the specimen is measured with an electric micrometer mounted with a 
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(a) Measurement in the normal 
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(b) Measurement in the tangential 

direction 
 Fig. 6 Schematic of measurement setup 
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magnetic stand on the jig below the specimen. The stiffness is measured on the left and 

right sides of the middle specimen and the average value is used to minimize the effect 

of tilting of the specimen.  

In the measurement in the tangential direction shown in Fig. 6(b), a tangential load is 

applied through a bolt, which is measured using a force sensor (Kistler). The tangential 

displacement of the specimen is measured with a capacitive displacement sensor (Lion 

Precision). Block gauges are fixed to the specimens as targets for the sensor. The 

specifications of the measuring instruments are listed in Table 1. 

  Carbon steel S50C, low alloy steel SS400, and cast iron FC250 are used as the metal 

specimens. Their specifications are given in Table 2. The values of δkn and δkt obtained 

in a previous work [15] are also given for the three metal specimens. The surface 

roughness of the specimens was measured with a contact-type surface roughness 

measuring machine. The surface of the concrete specimen was ground and polished. 

Since the Vickers hardness of the mortar in the concrete specimen was lower than that 

of the gravel in it, Armc is calculated using the Vickers hardness of mortar. All the 

surfaces of the specimens are cleaned with ethanol in preparation for the experiment. 

To eliminate the effect of plastic deformation, a normal load of 10 kN is applied on 

the specimens for about 10 min. before measurements are performed. While measuring 

in the normal direction, a Wpre of 9 kN and Wv of ±1 kN are applied on the specimen 

sets. While measuring in the tangential direction, the maximum value of F is set to 1 kN 

for a Wpre of 10 kN. The cyclic process of loading and unloading are repeated five times. 

The sampling frequency of the measurement is set to 100 Hz.  

 

Table 2 Specifications of specimens 

Material S50C SS400 FC250 Concrete 

Longitudinal elastic modulus GPa 205 206 127 25–40 

Measured Vickers hardness kgf/mm
2
 230 180 230 

56 (mortar) 

1470 (gravel) 

Measured surface roughness Rz μm 4.0 1.1 1.5 3.6 

Unit normal contact stiffness δkn N/mm/mm
2
 

1.4 × 

10
7
 

1.8 × 

10
7
 

1.0 × 

10
7
 

Not measured 

Unit tangential contact stiffness δkt N/mm/mm
2
 

1.6 × 

10
6
 

1.6 × 

10
6
 

2.0 × 

10
6
 

Not measured 

 

Table 1 Specifications of measuring instruments 

Force sensor 
Measuring range ±5 kN 

Accuracy ±1% 

Load cell 
Measuring range ±10 kN 

Accuracy ±0.02% 

Capacitive 

displacement 

sensor 

Measuring range ±250 μm 

Accuracy ±1% 

 



3.3 Experimental result  

Figure 7 shows the relationship between the normal load, comprising Wpre and Wv, 

and the normal displacement of the left side of the metal–concrete specimen set, in 

which S50C is the metal. A nonlinear relationship is observed in all the relationships for 

preloading. The nonlinearity is due to the increase in the real contact area resulting from 

the elastic deformation of the interface. Thornley et al. also reported a similar 

relationship in their article [12]. Because the relationship is approximately linear for 

values of Wv, Knu and Knl were obtained by the least-squares fitting method. 

Figure 8 shows the relationship between the tangential load and the tangential 

displacement for the metal–concrete specimen set. A linear relationship is observed here 

because the real contact area did not change when loading in the tangential direction. 

The tangential stiffnesses of the upper and lower specimens were therefore also 

obtained by the least-squares fitting method. As can be observed, the curve of the first 

loading of the upper specimen differs from those of subsequent loading and unloading, 

which is the result of the plastic deformation of the interface after the first loading. 

Although the normal preload that primarily determined the real contact area was 

constant, there was still a small increase in the contact area as a result of the tangential 

load. Tangential displacements of 2 μm and 0.5 μm resulting from plastic deformation 

are observed in the upper and lower specimens, respectively.  

Fig.7  Relationship between normal 

displacement and load for the 

metal–concrete specimen set. The 

material of the metal specimen is S50C. 

Fig.8  Relationship between tangential 

displacement and load for the 

metal–concrete specimen set. The 

material of the metal specimen is S50C. 
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  Results similar to those shown in Figs. 7 and 8 were also observed when SS400 and 

FC250 were used for the metal specimen. These results were used to determine the 

stiffness between the upper and lower specimens for all the specimen sets. Figure 9 

shows a comparison of the normal stiffnesses Knmm and Knmc, and Fig. 10 shows a 

comparison of the tangential stiffnesses between the upper and lower specimens. In both 

figures, the stiffness of the metal–concrete specimen set is observed to be lower than 

those of the metal–metal specimen sets. Moreover, the stiffness is almost the same when 

different materials were used for the upper and middle specimens of the metal–concrete 

specimen set. This indicates that the stiffness of a metal–concrete interface is primarily 

determined by concrete. 

  Figures 11 and 12 show the values of δknc and δktc, respectively, for the 

metal–concrete specimens. As is the case with the metals listed in Table 2, the values of 

δknc is about 10 times those of δktc, although the respective values are smaller than those 

of the metals. The values of δknc are in the range of 1/67–1/23 of those of the metals, 

while those of δktc are in the range of 1/79–1/68. The large difference between the 

observed stiffness of concrete and those of metals can be partly attributed to the fact that 

the values of δknc and δktc obtained from this experiment were affected by the difference 

Fig. 9 Comparison of normal stiffness 

between the upper and lower specimens 

Fig. 11 Unit normal contact stiffness of 

concrete 
Fig. 12 Unit tangential contact stiffness 

of concrete 
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between the bulk stiffness of concrete and that of the interfacing metal. As a result, δknc 

and δktc are slightly higher when the lower specimen is FC250, since its elastic modulus 

is lower than those of S50C and SS400. 

 

4. Experimental verification of the stiffness model 

4.1 Model of a machine tool bed used for verification 

  An experiment is performed to verify the stiffness model proposed above. The natural 

frequency and vibration mode shape of a small model of a machine tool bed are 

estimated and compared with experimental results. 

Figure 13 shows the machine tool bed model, a block of FC250, that was used for the 

experiment. The mass of the block is about 23 kg. The block is freely mounted on the 

concrete floor atop three cylindrical supports made of SS400. The supports are 

positioned as illustrated in Fig. 14. To simplify the calculation of the normal preload on 

each, the supports are positioned symmetrically about the center of gravity of the 

machine tool model. 

All the interfaces of the model and floor are ground and cleaned with a cleaning fluid. 

The surface roughnesses of the interfaces were measured by a contact type surface 

roughness measuring machine (Mitutoyo). In particular, the surface roughness of the 

floor was measured by a portable type surface roughness measuring machine. The 

surface roughness of the bed was estimated from the measurement with a plate of 

FC250 ground similarly to the bed because the bed is too large for the measuring 

machine. The surface roughnesses of the support and bed are 3.9 μmRz and 9.6 μmRz, 

respectively. The surface roughness of the floor ranges from 46 μmRz to 99 μmRz 

depending on the measurement position. 

  Using the stiffness model described in Section 2.1, the stiffness of each support is 

calculated from the five components shown in Fig. 15. The contact stiffness is 

Fig. 13 Model of a machine tool bed Fig. 14 Position of supports 

Fig. 15 Stiffness model of supports 
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calculated from the normal preload and the unit contact stiffness. The unit contact 

stiffness given in Section 3 is used. The bulk stiffness is determined using analytical 

formulas of the axial stiffness and bending stiffness of a cylinder. Table 3 lists the 

calculated values. For both normal and tangential directions, the contact stiffness of 

concrete is found to be less than 1/10 of the others and primarily determines the overall 

stiffness of the supports. 

 

4.2 Method of vibration mode shape analysis by estimation and experiment 

  The rigid body model is used to estimate the natural frequency and vibration mode 

shape. Figure 16 shows the developed model. The block is approximated by a rigid 

cuboid with six degrees of freedom. The block is coupled to the inertial system by three 

3D stiffnesses corresponding to the supports. The calculation is conducted with a 

software for rigid body simulation, Axis Construction Kit [16]. 

  An impulse hammer (PCB Piezotronics) is used to conduct an impact test to 

experimentally analyze the vibration mode shape. The block is excited at its center in 

the Y and Z directions. To obtain a 3D vibration mode shape, a 3D accelerometer (PCB 

Piezotronics) is used to measure the acceleration at four corners, P1-P4, shown in Fig. 

13. The frequency response between the excitation force and acceleration is computed 

with a portable FFT-analyzer (Ono Sokki). Then, the frequency response between the 

excitation force and displacement is obtained by integration. The sensitivities of the 

impulse hammer and the accelerometer are 2.3 mV/N and 50 mV/m/s
2
, respectively. 

The measurement frequency range is set to 500 Hz, and the number of sample points is 

2048. The number of averaging is five. 

 

Table 3 Estimated stiffness of supports 

 

Normal direction Tangential direction 

Support 1 
Supports 

2 and 3 
Support 1 

Supports 

2 and 3 

Contact stiffness of FC250  N/mm 6.3×10
5
 3.1×10

5
 1.3×10

5
 6.6×10

4
 

Contact stiffness of SS400  N/mm 1.1×10
6
 5.6×10

5
 1.0×10

5
 5.0×10

4
 

Bulk stiffness of SS400  N/mm 2.2×10
6
 2.2×10

6
 1.8×10

5
 1.8×10

5
 

Contact stiffness of SS400  N/mm 3.6×10
6
 1.8×10

6
 3.2×10

5
 1.6×10

5
 

Contact stiffness of concrete  N/mm 6.6×10
4
 3.3×10

4
 4.3×10

3
 2.2×10

3
 

Total stiffness of the support  N/mm 5.5×10
4
 2.8×10

4
 3.9×10

3
 2.0×10

3
 

 

Z Y

X

Bed

Support

Fig. 16 Rigid body model used in the estimation 



4.3 Experimental result 

  The measured frequency responses between the excitation force and displacement are 

shown in Figs.17 and 18. In Fig.17 which shows the result in the Y direction, three 

resonance peaks are observed at 60 Hz, 83 Hz, and 117 Hz. In Fig.18 which shows the 

result in the Z direction, two resonance peaks are seen at 312 Hz and 382 Hz. These five 

resonance peaks correspond to the first five vibration modes of the model. 

 

4.4 Comparison of experimentally measured and estimated vibrations 

  Table 4 presents a comparison of the natural frequency and vibration mode shape of 

the first five vibration modes. In the table, the natural frequencies estimated considering 

only the bulk stiffness of the support are also shown for comparison. Although the 

Table 4  Comparison of natural frequency and vibration mode shape 

Mode 

No. 

Estimation with the proposed 

model 
Experiment 

Estimation 

considering only 

the bulk stiffness 

Natural 

frequency Hz 

Mode shape 

description 

Natural 

frequency 

Hz 

Mode shape 

description 

Natural 

frequency Hz 

Mode 1 93 
Translation in 

the X direction 
60 

Translation in the 

diagonal direction 

in the XY plane 

729 

Mode 2 93 
Translation in 

the Y direction 
83 

Translation in the 

diagonal direction 

in the XY plane 

765 

Mode 3 122 
Rotation around 

the Z direction 
117 

Rotation around the 

Z direction 
1104 

Mode 4 350 
Translation in 

the Z direction 
312 

Translation in the Z 

direction 
2444 

Mode 5 381 
Rotation around 

the Y direction 
382 

Rotation around the 

Y direction 
3377 
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Fig. 17 Frequency response between the 

excitation force in the Y direction and 

the displacement in the Y direction 
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natural frequency considering only the bulk stiffness is almost 10 times that of the 

experimental value, the estimation with the proposed model is comparable to the 

experiment. 

The difference in the vibration mode shapes of modes 1 and 2 can be attributed to 

two factors. The first is that the normal load distribution was uneven due to the flatness 

of the concrete floor, which caused the normal preload on Support 2 to be less than 

those on supports 1 and 3. In order to verify the effect of the normal load distribution, 

the support should have a function to measure the normal load. The second is that the 

concrete of the specimen of Section 3 was not the same as that of the floor of Section 4. 

In the light of this, and considering that the contact properties of the floor differ from 

place to place, it would be necessary to consider the unit contact stiffness of the floor of 

the particular workshop in which a machine tool bed is to be installed. 

The observations of the experiment show that the contact stiffness of the supports 

significantly determined the vibration of the block. The normal preload of the 

experiment was less than what is usually encountered in actual cases because the mass 

of the block model was less than that of real machine tool beds. Consequently, the 

influence of the contact stiffness in the experiment was greater than what is obtained in 

actual cases. However, even if the mass of the experimental block had been 100 times 

that of what was used, the contact stiffness of the concrete floor could not be ignored, 

since it would still be equal to the bulk stiffness (see Table 3). On the basis of the results 

of this study, it is proposed that the contact stiffness between the supports of a machine 

tool bed and the concrete floor primarily determines the vibration properties of the 

machine. 

 

5. Conclusions 

A 3D stiffness model of a machine tool support was proposed in this study using 

contact stiffness. The stiffness in each direction was assumed to be determined by the 

contact stiffness at the interfaces and the bulk stiffness between the supports and the 

floor. The contact stiffness model proposed by Shimizu et al. was 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 was 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 was 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 were also experimentally measured 

and used to verify the proposed stiffness model. The comparison of the results obtained 

from the two procedures showed that the natural frequency and vibration mode shape of 

a machine tool bed can be predicted using the proposed stiffness model.  
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Table 1 Specifications of measuring instruments 

Force sensor 
Measuring range ±5 kN 

Accuracy ±1% 

Load cell 
Measuring range ±10 kN 

Accuracy ±0.02% 

Capacitive 

displacement 

sensor 

Measuring range ±250 μm 

Accuracy ±1% 

 



Table 2 Specifications of specimens 

Material S50C SS400 FC250 Concrete 

Longitudinal elastic modulus GPa 205 206 127 25–40 

Measured Vickers hardness kgf/mm
2
 230 180 230 

56 (mortar) 

1470 (gravel) 

Measured surface roughness Rz μm 4.0 1.1 1.5 3.6 

Unit normal contact stiffness δkn N/mm/mm
2
 

1.4 × 

10
7
 

1.8 × 

10
7
 

1.0 × 

10
7
 

Not measured 

Unit tangential contact stiffness δkt N/mm/mm
2
 

1.6 × 

10
6
 

1.6 × 

10
6
 

2.0 × 

10
6
 

Not measured 

 



Table 3 Estimated stiffness of supports 

 

Normal direction Tangential direction 

Support 1 
Supports 

2 and 3 
Support 1 

Supports 

2 and 3 

Contact stiffness of FC250  N/mm 6.3×10
5
 3.1×10

5
 1.3×10

5
 6.6×10

4
 

Contact stiffness of SS400  N/mm 1.1×10
6
 5.6×10

5
 1.0×10

5
 5.0×10

4
 

Bulk stiffness of SS400  N/mm 2.2×10
6
 2.2×10

6
 1.8×10

5
 1.8×10

5
 

Contact stiffness of SS400  N/mm 3.6×10
6
 1.8×10

6
 3.2×10

5
 1.6×10

5
 

Contact stiffness of concrete  N/mm 6.6×10
4
 3.3×10

4
 4.3×10

3
 2.2×10

3
 

Total stiffness of the support  N/mm 5.5×10
4
 2.8×10

4
 3.9×10

3
 2.0×10

3
 

 



Table 4  Comparison of natural frequency and vibration mode shape 

Mode 

No. 

Estimation with the proposed 

model 
Experiment 

Estimation 

considering only 

the bulk stiffness 

Natural 

frequency Hz 

Mode shape 

description 

Natural 

frequency 

Hz 

Mode shape 

description 

Natural 

frequency Hz 

Mode 1 93 
Translation in 

the X direction 
60 

Translation in the 

diagonal direction 

in the XY plane 

729 

Mode 2 93 
Translation in 

the Y direction 
83 

Translation in the 

diagonal direction 

in the XY plane 

765 

Mode 3 122 
Rotation around 

the Z direction 
117 

Rotation around the 

Z direction 
1104 

Mode 4 350 
Translation in 

the Z direction 
312 

Translation in the Z 

direction 
2444 

Mode 5 381 
Rotation around 

the Y direction 
382 

Rotation around the 

Y direction 
3377 

 



Fig. 1 Machine tool support and its model 
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Fig. 2 Model of contact stiffness 
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Fig. 3 Specimen set used in the measurement 
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Fig. 4 Material combinations of the specimen set 
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Fig. 5 Schematic of measurement in the normal direction 
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Fig.7  Relationship between normal displacement and 

load for the metal–concrete specimen set. The material 

of the metal specimen is S50C. 
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Fig.8  Relationship between tangential displacement and 

load for the metal–concrete specimen set. The material of the 

metal specimen is S50C. 
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Fig. 9 Comparison of normal stiffness between the upper and 

lower specimens 
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Fig. 10 Comparison of tangential stiffness between the upper 

and lower specimens 
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Fig. 11 Unit normal contact stiffness of concrete 
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Fig. 12 Unit tangential contact stiffness of concrete 
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Fig. 13 Model of a machine tool bed 
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Fig. 14 Position of supports 
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Fig. 15 Stiffness model of supports 
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Fig. 17 Frequency response between the excitation force in the 

Y direction and the displacement in the Y direction 
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Fig. 18 Frequency response between the excitation force 

in the Z direction and the displacement in the Z direction 
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