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ABSTRACT 
This article deals with placement of machine tools on a 
foundation. Special attention is paid to the levelling adjustment 
process for machines with a self-supporting frame that are free-
standing on a foundation. These machines are normally placed 
on a foundation in a statically indeterminate way. Consequently, 
the machine levelling adjustment process is not repeatable. This 
paper presents an analysis of the current state of alignment, 
highlights the shortcomings of the standard alignment process 
and demonstrates them with measurements. The paper also 
presents a new method that allows alignment of the machine to 
the desired geometry while also ensuring a defined distribution 
of the machine weight, respectively the distribution of 
gravitational forces on the individual levelling elements (feet). 
The presented method uses machine alignment on so-called 
smart feet and subsequent unique transfer to standard feet. The 
method has been successfully verified in the alignment of a 
standard machine tool. 
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1 INTRODUCTION 

Placing a machine tool on a foundation means laying it freely or 
anchoring it to the existing floor or a separate foundation. The 
floor is usually made of concrete, while the foundation is made 
of reinforced concrete. There are adjusting elements (levelling 
elements) between the machine and its foundation. In some 
cases, the interaction at the foundation joint, i.e. the interface 
between the foundation and its base, is also important. An 
example of this would be the settlement of the foundation. 
The key process of placing a machine tool on a foundation is 
alignment. This means aligning the machine so that its internal 
geometry (the relative positions during movements between the 
tool and workpiece) is close to the geometric ideal. This must be 
achieved to the degree that may be influenced by the alignment 
of the machine on its levelling elements. 
Machine tool placement on a foundation forms a very important 
part of the machine installation at the customer's site. 
Particularly with machines with a non-self-supporting frame, this 
arrangement directly influences the entire range of the 
machine's utility characteristics, especially the static rigidity 
between the tool and workpiece and its modal properties. The 
quality of the foundation, the placement of the machine and the 
alignment of its internal geometry therefore affect properties 

such as machine accuracy, productivity, reliability and service 
life. 
The method of placing a machine tool on its foundation is 
influenced by a number of factors. One of the most important is 
the size and weight of the machine. This article focuses on 
medium-sized machine tools, i.e. machines with a maximum 
floor plan dimension of a few metres and a total weight of up to 
20 tons. These machines are usually installed as free-standing 
units without anchoring to the existing floor of the production 
facility, using screw or wedge feet that can be adjusted in height. 
The placement of a machine tool on its foundation, or more 
generally the interaction of the machine tool with its foundation 
and the underlying substrate, is also addressed in the literature, 
e.g. [Rivin 1999], [Hazem 2003]. Machine tool feet are likewise 
addressed in the literature [Law 2015], [Liu 2019], as are 
inclination measurements (not only in the machine tool domain), 
see [Meier 2010], [Tsvetkov 2017], [Torng 2013], [Hun 2006]. 
The notion of "levelling" an object on its base is addressed in the 
literature [Lui 2013], [Fang 2012], [Bartkowiak 2019], [Mori 
2018], [Mori 2019]. The listed publications are concerned with 
the machine tool industry but research from other sectors 
(automotive, agrotechnical, construction, aerospace) is also 
worth mentioning; see e.g. [Gang 2013], [Hurban 2019], [Liu 
2015], [Velosa 2018], [Sun 2020], [Wang 2019a], [Chen 2020], 
[Wang 2019b]. Different approaches/physical principles 
(mechanical, hydraulic, optoelectric, etc.) are used for 
alignment. 
In the machine tool domain, all professional publications agree 
that setting up the machine is one of the most important steps 
during installation. It is a crucial process for extremely precise 
machining or large machine tools. In these applications, the 
internal geometry of the frame may change due to the relatively 
higher compliance of the bed. This is mainly due to the load from 
the workpiece (the variability of its weight and centre of gravity 
position), or to the moving masses of parts of the supporting 
structure. The authors of the relevant articles also agree that 
insufficient alignment of the machine on the foundation leads in 
particular to a loss of machine geometric accuracy. Other 
consequences, such as changes in modal properties, possible 
reduction in service life or premature wear of certain moving 
parts of the machine, are also mentioned. Alignment of the 
machine tool on the base is usually a one-off job, where the 
angular deviation of reference horizontal or vertical surfaces 
(e.g. machine axis guide surfaces) is monitored. Machine 
alignment is carried out using commonly available levellers, e.g. 
wedge mounts levellers. In the vast majority of cases, this type 
of levelling depends on the experience of the staff performing it. 
A digital spirit level is used most often as a measuring device. A 
secondary reason for levelling the machine on the foundation 
may be the geometric inaccuracy of the machine axis guide 
surfaces or the imperfection of the concrete foundation surface. 
In some cases, the levelling process may need to be carried out 
much more frequently (it may be continuous in fact), often in an 
automated process. This applies to machines for extremely 
precise machining, as well as particularly large machines with 
long travels or machines with a large variation in workpiece 
weight. 
The contemporary situation in common industrial practice can 
be summarized as follows. There is currently no sophisticated 
method in use for placing and aligning a machine tool on its 
foundation. In most cases, this process depends entirely on the 
experience of the workers performing it. This is especially true if 
the machine is mounted on more than three feet, making the 
machine statically indeterminate on the foundation. For 
machines with a relatively rigid bed, these circumstances lead to 
an ambiguous and non-repeatable method of placing and 
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aligning the machine on the foundation. Alignment of the 
machine, or alignment of its geometry, means levelling certain 
key parts of the machine, e.g. the table or the guiding surfaces 
of the horizontal or vertical machine axes. This is also the case 
when the machine axes are moving within their full stroke. At 
the same time, optimum and controlled force loading of each 
foot should also be achieved (defined distribution of the 
machine mass on the foundation). 
The main disadvantage at present is therefore the ambiguity and 
non-repeatability of the process of placing and aligning the 
machine tool on the foundation. The solution to this deficiency 
is to use a more sophisticated method, where the next input 
variable would be the actual force loading of the individual 
adjustment elements (feet), and possibly also the measurement 
of their stroke. The motivation for the research described in this 
paper is to address these shortcomings.  
This paper is structured as follows. In the introductory section, 
an analysis of the state of placement of machine tools on a 
foundation in a conventional adjustment process is carried out. 
The section includes a determination of the area of interest for 
a specific category of machines. A procedure for determining the 
optimum mass distribution of the machine on the basic feet 
(target condition) is discussed. For greater clarity, the proposed 
procedure is applied to a specific machine tool (case study 1). 
The results are compared to measurements of actual loads when 
machine placement and levelling adjustment are performed in a 
conventional process. The results confirm expectations about 
the ambiguity and non-repeatability of this machine setup. In the 
next part of the paper, a unique method is presented that allows 
alignment of the machine to the desired geometry while also 
ensuring a defined weight distribution of the machine on the 
alignment elements. The presented method has been 
successfully verified and demonstrated in a machine tool 
alignment process (case study 2). The method enables clear and 
repeatable placement of the machine tool on the base.   

2 ANALYSIS OF MACHINE TOOL PLACEMENT USING A 
CONVENTIONAL ALIGNMENT PROCESS  

2.1 Determining the area of interest - machine categories 

This paper is primarily concerned with free-standing, medium-
sized self-supporting machines with more than three feet 
(footings, levelling elements) on a foundation. The machines are 
not anchored to the foundation. The foundation is considered to 
be absolutely rigid and free of microscopic imperfections at the 
concrete grain size level. The contact of the levelling element 
with this foundation is therefore considered to be absolutely 
rigid. Macroscopic imperfections of the foundation (floor 
curvature, different floor heights at the leveling elements) are 
compensated either by a spherical surface inside the footing or 
by adjustment of footing height. An example of this type of 
machine is shown in Fig. 1. Similar machines exhibit an 
ambiguous and non-repeatable condition in terms of feet 
loading. This is especially true if the alignment of the machine on 
the base is carried out in a standard process, i.e. only in terms of 
machine geometry. 

 

Figure 1. Sample medium-sized milling machine with self-supporting 

frame, placed on the foundation on 6 feet   

 
A method of calculation (or estimation) of the optimum loading 
of the machine feet will be presented in this chapter. The 
optimum force load only applies to the corner feet (No. 1, 2, 5 
and 6 in Fig. 1). The inner feet (No. 3 and 4 in Fig. 1) are used 
primarily to ensure straight movement of the tool or workpiece 
during feed axis positioning (for this category of medium-sized 
machines with a self-supporting frame). The inner feet therefore 
compensate mainly for gravitational effects or geometric 
machine frame inaccuracies that occur during manufacturing or 
assembly. Internal feet loading calculations would have to take 
into account the specific machining method of the individual 
parts of the machine frame as well as the assembly procedure. 
Therefore, it is preferable not to include inner feet in the basic 
machine mass distribution design. The machine layout under 
consideration without inner feet is shown in Fig. 2. 

 

Figure 2. Considered scheme for placing the machine on 4 feet 
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2.2 Determining the optimal load of corner feet 

Knowledge of the optimal load of each foot is necessary to 
ensure the correct weight distribution of the machine on the 
foundation. For the type and size of machines considered (Fig. 
1), either moment equilibrium equations or the Finite Elements 
Method (FEM) can be used to determine the optimum force load 
on the corner feet (Fig. 2). The procedure for determining the 
optimum machine corner footing load is schematically indicated 
in Fig. 3. FEM can be used if there is a digital machine model. 

 

Figure 3. Procedure for determining optimal load of corner feet (see Fig. 

2) 

 
If an FEM model of the machine exists, an estimate of the forces 
in the corner feet can be calculated. However, the model usually 
does not include the machine’s entire mass. Covers, aggregates, 
switchboards, etc. are usually missing. Therefore, the estimated 
forces are given with index n (as a numerical value). This permits 
the ratio of forces F1n : F2n : F3n : F4n to be determined 
relatively accurately from the FEM model, but not their exact 
values. However, the mass of machine parts not included in the 
FEM model is usually distributed evenly on the machine. With 
some simplification, it can be assumed that it does not affect the 
force ratio significantly. Once the actual mass of the machine has 
been determined, the absolute magnitudes of the forces 
determined from the FEM model can be corrected to calculate 
the optimal values of the forces in the corner feet (F1 - F4). In 
practice, the actual weight of the machine can be determined, 
for example, by using a crane with a scale, or after loading on a 
truck (if a road scale is available), or by placing the machine on 
so-called smart feet. These will be described in Chapter 3 and 

can be used even if there is no FEM model. At this point, these 
smart feet can be seen purely as load-measuring feet (force 
gauge feet). 
 

2.3 Analytical calculation of the optimal force loading of 
corner feet 

Moment equilibrium equations are used to determine the 
optimal load of the corner feet. First, the position and size of the 
centre of gravity (COG) must be determined. Neither the number 
nor the position of the feet used in this measurement has a 
significant effect on the determined COG position. For this 
measurement, the machine does not even need to be exactly 
aligned. For example, when the machine is placed as shown in 
Fig. 4, the machine lies on 3 force gauge feet (1-3) in which the 
load forces are measured. 
 

 

Figure 4. Scheme for determining COG (description of axes per specific 
machine) 

 
Equations of moment equilibrium to X- and Y-axis: 

𝑋 ∶ 𝐹1𝐶 + 𝐹2𝐶 − 𝐹3𝐷 = 0                                                            (1) 
𝑌 ∶ 𝐹1𝐴 + 𝐹3𝐴 − 𝐹2𝐵 = 0                                                            (2) 

where F1, F2 and F3 are the reactions in the respective feet. 

Since it is possible to measure the distance of the feet, i.e. the 
sum of A+B and C+D, the position of the COG can be calculated 
from equations (1) and (2). Care must be taken to ensure that 
the COG is within the triangle F1F2F3. In case of doubt, it is 
possible to activate foot 4 and adjust equations (1) and (2) 
accordingly. Given the resolution of the force transducer, this 
may have no negative effect on the accuracy of the COG position 
determination. When measuring forces, foot 4 is present for 
safety reasons but is not normally loaded. 
In the next step (using Fig.2), the distribution of the weight from 
the COG into Plane 1 (the vertical plane passing through feet 1 
and 2) and Plane 2 (the vertical plane passing through feet 3 and 
4) is carried out. In this model case, the loads in COG1 and COG2 
can be determined using relations (3) and (4). 

𝐶𝑂𝐺1 = 𝐶𝑂𝐺 
𝐷

𝐶 + 𝐷
 [𝑁]                                                                (3) 

𝐶𝑂𝐺2 = 𝐶𝑂𝐺 
𝐶

𝐶 + 𝐷
 [𝑁]                                                                (4) 

The distribution of the respective parts of the machine weight 
(from a COG1, COG2) into the individual feet can then be 
determined from relations (5) to (8). 

𝐹1 = 𝐶𝑂𝐺1 
𝐵

𝐴 + 𝐵
 [𝑁]                                                                   (5) 

𝐹2 = 𝐶𝑂𝐺1 
𝐴

𝐴 + 𝐵
 [𝑁]                                                                   (6) 

Machine tool
(studied

categories)

FEM?

YES

NO

Measuring of 
parameters

(A + B), (C + D)

Calculation of 
F1, F2, F3, F4
from known 
parameters

Solution of 
F1n:F2n:F3n:F4n

ratios

Solution of COG 
position

Weighing
machine (real)

Measuring of 
forces in smart

feet

POZICE MNOŽSTVÍ NÁZEV - ROZMĚR POLOTOVAR - MODEL MATERIÁL VÝCHOZÍ HMOTNOST

  SESTAVA   PODOBNOST   STARÝ VÝKRES

  MĚŘÍTKO   KRESLIL

  ZMĚNIL

  ZMĚNA Č.

  OD VÝR. Č.

  Č. ŽÁD.

KOVOSVIT MAS
Machine Tools, a.s.

  3D MODEL

  NÁZEV   ČÍSLO VÝKRESU

  CHRÁNĚNO PODLE ISO 16016

LISTŮ

LIST

FORMÁT

 

 Error: No reference  Error: No reference  

 

 Error: No reference   Error: No reference

 

 Error: No reference

 Error: No reference

 

 

     
 
 

 Error: No reference

 Error: No reference  Error: No reference
 

1

A3

COG

B
A

C D

F1 F3

F2 (4)

Y
X



 

 

MM SCIENCE JOURNAL I 2022 I OCTOBER 

5804 

 

𝐹3 = 𝐶𝑂𝐺2 
𝐵

𝐴 + 𝐵
 [𝑁]                                                                   (7) 

𝐹4 = 𝐶𝑂𝐺2 
𝐴

𝐴 + 𝐵
 [𝑁]                                                                   (8) 

where F1, F2, F3 and F4 are the optimal reactions in the 
respective feet. 

 

2.4 Calculation for a specific machine - case study 1 

A medium-sized MCV-800 vertical machining centre, with an 
open type "C" support structure (see Fig. 1), was chosen for this 
case study. The machine weight is 3.3 tonnes and the stroke of 
the main horizontal X-axis is 800 mm. The frame is made of grey 
and ductile cast iron castings. The machine is equipped with six 
bolted support feet. The foot is equipped with a spherical surface 
to compensate for the angular imperfections of the foundation. 
The machine is not anchored; it is free-standing on the 
foundation. For the purpose of this case study, all feet are 
equipped with load cells to measure their force load, see Fig. 5. 
It should be noted that it should be possible to anchor even a 
medium-sized machine to its foundation (for the machine in case 
study 1 - the screw foot is hollow for possible anchor 
installation). However, anchoring the machine to the foundation 
would greatly complicate the issue addressed in this article. 

 

 

Figure 5. Standard foot with load cell 

 
Specifically, RLC-10t-C3 load cells from Vishay Precision Group 
are used. Each load cell contains a full strain gauge bridge. The 
measurements were performed using an NI cRIO-9067 computer 
with NI-9237 and NI-9217 measurement modules. The LabVIEW 
software environment was used. The electronic inclinometers 
for the table tilt measurements are from Wyler (BlueLEVEL type). 
The inclinometers are shown in green on the machine table in 
Fig. 1. A schematic of the measuring apparatus is shown in Fig. 
6. 
 

 

Figure 6. Measurement scheme  

 
Analytical calculation of the optimal force loading of corner feet 

The calculation is based on Fig. 1 to Fig. 4, and relations (1) to 
(8). For the above mentioned MCV-800 machine, A+B = 0.49m, 
C+D = 1.282m (the values have been measured) and the weight 
of the whole machine is 32819 N. This value is the sum of the 
loads of the individual force gauge feet when the machine is 
placed according to Fig. 4 (feet 3 and 4 correspond to feet 5 and 
6 according to Fig. 1):  

 
F1 = 2200 N 
F2 = 18069 N 
F5 = 12550 N 
F3 = F4 = F6 = 0 N 
 
From moment equilibrium equations (1) and (2), the position of 
the COG can be calculated as: A = 0.27m, B = 0.22m, C = 0.49m, 
D = 0.792m. 
Thus, after substituting into equations (3) to (8), the optimum 
reactions in corner feet 3 and 4 with unloaded inner feet are: 
 
F1 = 9103 N 
F2 = 11172 N 
F5 = 5632 N 
F6 = 6912 N 
 
The analytical calculation of the optimum corner feet forces is 
further verified by the FEM method; see below. 

 
Numerical calculation of the optimal force loading of corner feet 
The CAD model of the frame of the tested machine is simplified 
and the model is meshed. All necessary boundary conditions 
(replacement of linear guides and ball screws, replacement of 
the feet, definition of limiting motion conditions, definition of 
gravity, etc.) are applied to this model. For the result of the force 
loading of the corner feet, see Fig. 7. The estimated force values 
are: 

F1n = 7593 N 
F2n = 9555 N 
F5n = 4984 N 
F6n = 5551 N 

C RIO 9067

load cell 1 
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load cell 3 

load cell 4 
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environmental
temperature
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- 6 feet



 

 

MM SCIENCE JOURNAL I 2022 I OCTOBER 

5805 

 

 

Figure 7. FEM analysis of forces in feet 

 
It should be noted that the analytical calculation worked with the 
weight of the whole machine (32819 N), which in this case is 
approximately 1.2 times higher than in the FEM model (27683 
N). The FEM model respects only the modelled mass which 
includes, in this case, the mass of the frame and several 
dominant parts of the machine (gearbox, tool magazine, spindle, 
etc.). For example, the mass of enclosures, wiring, liquid fillings, 
etc. is neglected. Knowing the ratio between the actual weight 
and the FEM model weight (i = 1.1855), the FEM method gives 
the following optimal forces in the corner feet: 
 
F1n´ = 9002 N 
F2n´ = 11328 N 
F5n´ = 5909 N 
F6n´ = 6580 N 
 
The comparison shows that both approaches (analytical and 
numerical) yield similar results and therefore both are applicable 
to practice. The FEM model will probably give less accurate 
values in this case, but its error is still acceptable in practice (the 
deviations between the actual forces and the optimal forces, 
with the standard machine placement process, are large – see 
the next section). 
In addition, it should be noted that a FEM calculation including 
the internal feet (numbers 3 and 4 in Fig. 1) would give incorrect 
results. As these feet are closest to the centre of gravity of the 
machine, they would naturally be loaded the most. However, 
this is not normally the case in practice. 
 

2.5 Measurement of the force load on the feet during 
standard machine alignment - case study 1 

The initial condition of the experimental alignment is the 
intentional placement of the machine on only three corner feet 
(statically determinate placement). These feet were chosen 
randomly, and the chosen initial feet were changed for the each 
repetition of the experiments. Even this extreme case (initial 
support on only three feet) is possible in practice. 
The levelling alignment of the machine follows a standardized 
procedure. The aim is to achieve the best possible table level, at 
least according to the requirements of ISO 10791-2 (position G4 
and G5), i.e. within an inclination tolerance of 60 μm/m. The 
level measurement is carried out using two electronic spirit 
levels placed on the table (perpendicular to each other, shown 
in green in Fig. 1). All machine axes are at the centre of their 
strokes and are standstill. The adjustment of the height of each 
foot is based on the experience of the operators. First, the 
machine is placed on all corner feet (feet 1, 2, 5 and 6), i.e. in this 
case, foot 5 is "activated". Once the table has reached the best 
possible degree of levelling (at least in terms of ISO 
requirements), the axes (here the Y-axis) start to move and the 
inner feet (feet 3 and 4) are activated. By adjusting primarily 
these inner feet, the table nivell level spread is minimized. The 

force load on the feet is not monitored in this conventional 
machine alignment method. For this reason, the measurement 
of the force load of each foot is not visible to the operator during 
the entire levelling process. The time course of the machine 
levelling alignment is shown in Fig. 8. The numbers of the feet in 
the graph correspond to the labels in Fig. 1. 
 

 

Figure 8. Machine tool alignment process 

 

Before the start of the travel in the Y-axis, i.e. before the 
activation of the inner feet (time approx. 1500 s in Fig. 8), the 
table nivell level (its inclination) was less than 1um/m. The actual 
load values and their comparison with the optimum forces 
according to the calculation are summarized in Table 1.   
 

 Optimal 

[N] 

Measured 

[N] 

Difference 

[N] 

Difference 

[%] 

F1  9103 12100 2997 33 

F2  11172 7450 -3722 -33 

F5 5632 2600 -3032 -54 

F6  6912 10500 3588 52 

Table 1. Table of corner feet loads. The values of optimal loads, 

measured loads and their differences compared to the optimal values 
are given. The values are without the involvement of the inner feet (No. 
3 and 4 in Fig. 1). 

 

Table 1 shows the discrepancy between the analytical prediction 
and the actual results in a standard machine adjustment process. 
In the final state of alignment on 6 feet, the table was aligned 
within an inclination tolerance of 22μm/m, i.e. within the 
allowable tolerance of the relevant standard. However, the load 
distribution was found to be extremely uneven across the feet. 
The ratio between the most loaded foot (No. 1) and the least 
loaded foot (No. 5) is greater than 10.  
This measurement was repeated several times. The initial 
conditions, e.g. the number and selection of the feet used for the 
initial state of the machine, were also varied. The results of all 
measurements are very similar in terms of uneven load 
distribution among the feet. Some feet were always overloaded 
and some were only minimally loaded. 
The consequences of such an uneven distribution of forces are 
both an overloaded foot and an underloaded foot, which may 
even become detached from the foundation during machine 
operation. This effect was also achieved during the experiment 
where the feet load was measured during the machine’s 
emergency stop (as shown in Fig. 9 - red circle). 
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Figure 9. Loss of contact between the foot and the floor during machine’s 

emergency stop (rapid traverse in Y-axis) 

 
In this experiment requirements close to the velocity setpoint 
step of all three machine axes are met. Technically, they are 
implemented by activating the Central Stop during the rapid 
traverse of a given axis. Fig. 9 shows, for example, the Y-axis 
emergency stopping process with dynamic forces in each 
footing, including the short-term loss of contact between one of 
the feet and the foundation (marked in the figure). The 
emergency stop was always activated in the middle of the stroke 
of the respective axis. Measurements were taken several times, 
for all three axes, for both stroke directions. 
Further aggravation of the uneven distribution of forces among 
the feet is caused by the travel of the machine axes. This causes 
a change in the position of the COG. The situation is illustrated 
in Fig. 10. Here the travel of the table is shown in the horizontal 
plane, i.e. in the XY plane. 

 

 

Figure 10. Changing of forces in footings by stroke of the machine axis 

 
 

2.6 Partial summary of the standard machine alignment 
process  

Statically indeterminate machine placement may be inadequate 
when the machine is aligned in a standard way. Alignment based 
on knowledge of the geometry (table level) alone and without 
knowledge of the magnitude of the forces in each foot can be 
considered a conventional (standard) method. The actual values 
of the load on each foot may differ significantly from the 
expected values in this alignment method. Some of the feet may 
be overloaded, while others may be almost unused. Various 
problems can then occur during machine operation, such as loss 
of contact between the feet and the foundation. Some machine 
parameters (e.g. stiffness within the working space) are not 

given unambiguously and repeatably due to the machine 
placement. These observations are confirmed by case study 1. A 
proposal for a possible solution is described in the following 
chapter. 

3 CONCEPT OF MACHINE ALIGNMENT USING SMART FEET 

3.1 Basic description of the solution 

As already mentioned, repeatable and unambiguous placement 
of the machine on the foundation is simply not possible if the 
force load data of each foot is not available. Standard, 
commercially available feet do not normally have force load 
measurements. These feet would be excessively expensive for 
normal machine operation. The force measuring gauge would 
only be used during the machine placement and alignment 
process. Further complications (technical and financial) would 
be the transfer of data from the feet to the measuring unit, 
power supply to the feet, ensuring the robustness of the feet – 
overload, shock, degree of protection, etc. For all of these 
reasons, it is advantageous to use standard feet for permanent 
(final) machine installation. Exceptions are made for very precise 
or very large machine tools, which are not the subject of this 
study. 
This summary leads to two requirements: measuring the loading 
of the feet during machine alignment and implementing the final 
installation of the machine on standard feet. The authors of this 
paper propose solving the problem by temporarily using two sets 
of feet. The first set consists of standard feet placed in 
permanent (final) machine bed locations. The second set of feet 
consists of more sophisticated force gauge feet (“smart feet”) 
placed in close proximity to the standard feet. The machine bed 
must be prepared for this 'double' placement. It must have 
machined and sufficiently load-bearing surfaces close to the 
standard feet locations which can be used to set the machine on 
the smart feet. Alignment of the machine on the foundation then 
takes place only on these smart feet. Therefore, each smart foot 
is also equipped with a mechanism (or actuator) for adjustment 
of its stroke level. And it is also equipped with a sensor of the 
actual stroke, i.e. a contact or non-contact measurement of the 
vertical distance of the bed (close to the foot) from the ground, 
see Fig. 11.  
 

 

Figure 11. Scheme of the smart foot 

 
The reason for measuring the change in bed-to-ground distance 
is the use of a unique method of transferring the aligned 
machine from the smart feet to the standard feet, without 
significantly disturbing the machine geometry and without 
fundamentally changing the force load at each foot location. 
This article presents only the smart foot concept and its use in 
machine alignment. For the purpose of verifying this concept, 
the use of a standard adjustable foot with an additional force 
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gauge and external position measurement is fully sufficient. The 
design of the smart foot prototype is not directly addressed by 
the authors of the article. It will be the subject of further work. 
 

 

Figure 12. Machine adjustment procedure using smart feet 

 
The machine adjustment procedure using the smart feet is 
described by the block diagram in Fig. 12. In the first step, the 
optimal load of the corner feet is calculated using one of the 
methods described above. This load should be achieved in the 
next step as shown in Fig. 12. The result is a machine aligned to 
the correct geometry and at the same time with the correct 
distribution of forces at each alignment location. In the third 
step, the machine axes start to move and the internal smart feet, 
which have been lightened up to this time, are activated. These 
take on part of the machine's weight and ensure that the 
machine maintains its correct geometry even when positioning 
the machine axes. The result of this step is a fully aligned 
machine with a clearly defined and repeatable placement which, 
however, stands on smart feet. In the last step, the machine is 
transferred to standard feet in a defined process. The result is a 
fully aligned machine on standard feet that retains the weight 
distribution defined by the previous procedure. The block 
diagram in Fig. 12 is illustrated by a real example in the following 
section (3.2). 
 
 

3.2 Experimental validation of the machine alignment 
method using smart feet - case study 2 

Verification of the machine alignment method using smart feet 
with subsequent transfer to standard feet as described above 
will be presented in this chapter. All of the following experiments 
were carried out on a MCV-1016 machine. This machine has an 
identical concept to the one used in case study 1 (MCV-800) but 
is larger in size. The stroke of the main horizontal X-axis is 1016 
mm and the weight of the machine is 5 tonnes. The reason for 
this change was that the original smaller machine was not 
available for subsequent experiments. 
 

 

Figure 13. Scheme of the MCV-1016 machine feet locations 

 
All relevant data for the calculation according to Chapter 2 is 
shown in Fig. 13. It shows the positions of the standard and 
smart feet, as well as the position of the COG. This COG position 
was determined from equations (1) and (2) in Section 2.3. 
Subsequently, the optimal forces in the corner smart feet were 
determined from equations (3) to (8) in Section 2.3: 
 
F1 = 11799 N (tolerance ±10%: 10620 – 12980N) 
F2 = 14767 N (tolerance ±10%: 13290 – 16240N) 
F5 = 10477 N (tolerance ±10%:   9430 – 11520N) 
F6 = 13112 N (tolerance ±10%: 11800 – 14420N) 
 
The force tolerance of ±10% is an engineering estimate of the 
appropriate size of this tolerance considering the actual 
technical equipment used to set this force. 

Fig. 14 shows a standard foot (left) and the smart foot (right). 
The standard foot consists of a conventional screw foot, made 
by the machine tool manufacturer itself. The smart foot is based 
on a wedge, a commercially available foot (DKP-2/10, Nivell). 
Both feet have manual height adjustment, controlled by an 
operator. For a more advanced version of the smart foot, the 
lifting mechanism could be replaced by, for example, a hydraulic 
or electromechanical actuator. Hydraulics would also have the 
advantage of being able to measure the load force directly via 
pressure. For the purpose of the verification experiment, the 
smart foot was equipped with a force measuring gauge (the 
aforementioned RLC-10t-C3). A contact inductive position 
sensor with a resolution of 0.1 μm (Millimar 1240, Mahr) was 
used to measure the change in the distance of the bed (at the 
location of this pair of feet) from the ground, see Fig. 15. The 
electronic inclinometers, software environment, measuring 
apparatus and its schematic are the same as in case study 1. 
 

Movement of machine axes + addition smart
internal levelling elements + final levelling

adjustment the machine

Calculation of the optimal load of the smart
corner levelling elements (see Fig.3)

Levelling adjustment the machine using smart 
corner levelling elements + achieving their 

optimal load

Transfer of a leveled machine from smart
levelling elements to standard levelling

elements

COG - 50,16kN

1 3

2 4

5

6

STANDARD

SMARTY

X

710

4
8

9

800

3
9

1



 

 

MM SCIENCE JOURNAL I 2022 I OCTOBER 

5808 

 

 

Figure 14. Standard foot (left) and the smart foot (right) 

 

 
 
Figure 15. Measuring the vertical distance of the bed from the 
foundation 

 
In case study 2, the standard foot is placed on an auxiliary 
support (roller, see Fig. 14). This is due to the great height of the 
(improvised) smart foot. For real deployment of the smart foot, 
completely new development of the foot is expected. The main 
requirements for it are low height (for the lack of auxiliary 
support of standard feet), force measurement (at least half of 
the machine weight), actual stroke measurement (with accuracy 
in microns), height adjustability (in millimetres), overload 
capacity (at least 150% without damage), sufficient degree of 
protection, etc. 
During machine alignment, all standard feet are completely 
lightened and the machine alignment on the foundation takes 
place first only on the corner smart feet. In this study, these are 
feet 1, 2, 5 and 6 (see Fig. 1 and Fig. 13). The levelling is carried 
out not only with respect to the table nivell level (in compliance 
with ISO 10791-2) but also with respect to the optimal force load 
on these corner feet. At this stage the table is not moved, all axes 
are standstill, in the middle of their strokes. 
Figures 16 and 17 show the machine alignment in terms of the 
table nivell level (Wyler electronic inclinometers) and the 
optimal force load on the corner feet (LabVIEW measurements). 
 

 
 
Figure 16. Reaching table levelness 

 

 
 
Figure 17. Reaching optimal forces in the corner levelling elements 

 
When the machine reaches the required alignment, it starts to 
move with the table, and the internal smart feet are then 
activated (in this case study these are feet 3 and 4). The final 
machine alignment, i.e. achieving the smallest possible tolerance 
of the table inclination during the stroke of the machine axes, is 
done by adjusting primarily the height of the internal feet. This 
naturally changes the load on the corner feet. However, this load 
on each foot is quite uniform, as shown in Fig. 18 (cf. Fig. 8). 
 

 
 
Figure 18. Final forces in levelling elements 

 
As a final step in the machine alignment process, a unique 
transfer from the smart (but expensive) feet to the standard feet 
will take place. The assumption of this transfer is that the smart 
feet are in close proximity to the standard feet. That is, the 
stiffness of the setting area is extremely high. The setting area is 
the part of the bed between a particular smart foot and standard 
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foot. Another assumption of the transfer is that the state of the 
machine before the transfer (i.e. the state of its alignment and 
the distribution of forces in each foot) is determined only by the 
position of these setting areas in space or rather their height 
above the ground. The actual procedure of transferring each 
smart foot to a standard foot is schematically outlined in four 
steps in Fig. 19. 
 

 
 
Figure 19. Process of transferring the machine from smart feet to 
standard feet 

 
The setting areas are transferred one by one. Before the transfer 
starts, the vertical distance of the bed setting area from the 
ground is recorded. The standard foot (still fully lightened, see 
Fig. 19-1) is manually tightened just to reach the contact with the 
bed (see Fig. 19-2). The smart foot is then fully lightened (see Fig. 
19-3). Within the flexibility of the whole system, the bed 
(respectively the specific setting area) drops locally. Then the 
standard foot is tightened so that the bed setting area reaches 
its original distance from the ground (see Fig. 19-4). This 
procedure avoids the negative effect of hysteresis (when 
tightening and loosening the thread).  
Two typical transfers of the entire machine are shown in Fig. 20 
and 21. 
 

 

Figure 20. Final transfer of the levelled machine from smart feet to 
standard feet (experiment 1) 

 

 

Figure 21. Final transfer of the levelled machine from smart feet to 
standard feet (experiment 2) 

Before starting the machine transfer (i.e. all six setting areas), 
both spirit levels on the table are switched to relative mode and 

reset (= setting area No. 0 as X-axis in Figs. 20 and 21). Each 
setting area (= setting areas No. 1 - 6) are then transferred in the 
above-described process, deliberately in different orders; see X-
axes in the figures. These figures show the inclination of the 
machine table around the X- and Y-axes each time the setting 
area is transferred. The result of transferring the aligned 
machine from smart feet to standard feet is an inclination of 
9um/m around the X-axis and 3um/m around the Y-axis (for the 
transfer in Fig. 20), respectively 12um/m around the X-axis and 
0um/m around the Y-axis (for the transfer in Fig. 21). 
It should be noted that the ISO 10791-2 standard allows a table 
inclination within a tolerance of 60um/m for the type and size of 
machine used in the previous experiments. The machine 
manufacturer’s internal standard is half of this value, i.e. 
30um/m. It should also be noted that the transfers shown in 
Figures 20 and 21 were some of several performed. A total of 6 
machine transfer repetitions were performed, with the 
tolerance of the final table inclination achieved within one half 
of the machine manufacturer's internal standard (i.e. within 
15um/m). 
 

3.3 Partial summary of the machine alignment 
in a repeatable process 

The presented machine alignment method in a repeatable 
process works with knowledge of the forces in the levelling 
elements in addition to the machine geometry (table 
horizontality). Since the optimal size of the forces is also known 
and the machine alignment is carried out with this in mind, the 
machine alignment is unambiguous and therefore repeatable. At 
the end of the chapter, a unique method of transferring the 
aligned machine from expensive smart feet to standard feet is 
presented, without significant disturbance of the machine 
geometry or a fundamental change in the force loading of any of 
the machine levelling elements. An example showing the change 
in the force load on the feet when transferring, for example, foot 
No. 6 during one of the experiments described above, is shown 
in Fig. 22. 

 

Figure 22. Force during the transfer of levelling element No.6 

 

In a time of approx. 300s, standard foot No. 6 is tightened 
manually (cf. Fig. 19-2; smart foot No. 6 detects the drop in 
transmitted force). At a time of 310s, smart foot No. 6 is released 
(cf. Fig. 19-3). The delay at 325s is only the technical need for the 
entire loosening of this foot (key manipulation). By time approx. 
355s, the given bed setting area is returned to its original height 
above the ground by lifting the standard foot (cf. Fig. 19-4). 
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4 CONCLUSION 

This article deals with machine tool alignment on a foundation. 
The specific focus is on medium-sized machines that are free-
standing on a foundation, with a self-supporting frame using 
more than three support feet. This involves placing the machine 
in a statically indeterminate process. In standard machine 
adjustment, this leads to an ambiguous and non-repeatable 
distribution of the machine weight among the feet. 
In the introductory section of the paper, a rather detailed 
overview of the issues in machine placement is presented. 
Currently, no sophisticated method is used in the process of 
placing and aligning the machine tool on a foundation. In most 
cases, this process depends entirely on the experience of the 
workers performing it. 
For a given target category of machines, the paper further 
presents an analysis of the machine tool placement condition 
when the levelling adjustment is performed in a conventional 
process. A procedure for determining the optimum distribution 
of the machine's gravitational forces on the base feet was 
defined (target condition for the corner feet).  For illustration, 
the procedure is further applied to a specific machine tool. In 
case study 1, measurement of the conventional alignment 
condition of the MCV-800 was carried out. The results of the 
calculation of the optimal feet loads are compared with 
measurement of the actual loads when the machine is aligned in 
a standard manner. The results confirm the expectation of the 
ambiguity and non-repeatability of such a machine alignment. 
The next section of the paper presents a method that allows 
alignment of the machine to the desired geometry and at the 
same time ensures a defined distribution of the machine weight, 
respectively the distribution of gravitational forces on the 
individual levelling elements (feet). 
Thanks to this procedure, an unambiguous and repeatable 
alignment of the machine tool on a foundation can be achieved. 
The presented method is based on aligning the machine in a 
defined process on a set of smart feet and then uniquely 
transferring the aligned machine to standard feet. This is done 
without any significant disturbance to the machine geometry or 
force distribution among the feet, which has been verified 
through experiments. The described solution uses a design 
concept based on smart feet. Design of this element is not a 
direct part of this paper, but is the subject of future work.  
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