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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Precision machine tools are usually installed on foundations via supporting elements. In this configuration, errors because of inappropriate 
support lengths (level error) have to be adjusted during the installation to align the level of the machine tool. Consequently, a quantitative 
indication of level errors is a necessity for levelling works. Therefore, a model-based approach for level condition monitoring, which can 
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1. Introduction

Precision machine tools are often installed on foundations
via supports, such as levelling blocks or jack bolts. However, 
this configuration can induce a number of geometrical errors 
on the machine structure because of inappropriate support 
lengths (level error). Thus, the support length should be 
adjusted during the installation and daily maintenance (level 
adjustment) [1]. In low stiffness machine tools, which have 
several supports to prevent deformations in the machine, level 
adjustment becomes complex. Moreover, because level 
adjustment requires highly skilled installers, it is difficult for 
machine tool users to perform levelling on their own. 
Therefore, a model-based adjustment method for level errors 
is required for the easy installation and maintenance of 
machine tools [2].

A number of methods have been proposed to overcome this 
levelling problem [2 4]. These methods require several

measurement devices, such as levels or displacement sensors. 
Moreover, these techniques are based on the trial-and-error 
method. Thus, a numerical compensation method, using 
support preload measurement is proposed [5]. However, the 
level error should be compensated mechanically.

A level error identification method, which can compensate 
mechanically for level errors, is proposed in this paper. In this 
method, supports are considered as linear springs, in which the 
relationship between changes in the support length and 
preload is modeled. This report explains the verification
fundamentals of the proposed approach. The approach and 
model are described in section 2 below, whereas the
experimental verification is reported in sections 3 and 4.

2. The approach and model

Figure 1 shows a two-dimensional machine tool levelling 
model, where each support is assumed to be a linear spring.
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1. Introduction

Precision machine tools are often installed on foundations
via supports, such as levelling blocks or jack bolts. However, 
this configuration can induce a number of geometrical errors 
on the machine structure because of inappropriate support 
lengths (level error). Thus, the support length should be 
adjusted during the installation and daily maintenance (level 
adjustment) [1]. In low stiffness machine tools, which have 
several supports to prevent deformations in the machine, level 
adjustment becomes complex. Moreover, because level 
adjustment requires highly skilled installers, it is difficult for 
machine tool users to perform levelling on their own. 
Therefore, a model-based adjustment method for level errors 
is required for the easy installation and maintenance of 
machine tools [2].

A number of methods have been proposed to overcome this 
levelling problem [2 4]. These methods require several

measurement devices, such as levels or displacement sensors. 
Moreover, these techniques are based on the trial-and-error 
method. Thus, a numerical compensation method, using 
support preload measurement is proposed [5]. However, the 
level error should be compensated mechanically.

A level error identification method, which can compensate 
mechanically for level errors, is proposed in this paper. In this 
method, supports are considered as linear springs, in which the 
relationship between changes in the support length and 
preload is modeled. This report explains the verification
fundamentals of the proposed approach. The approach and 
model are described in section 2 below, whereas the
experimental verification is reported in sections 3 and 4.

2. The approach and model

Figure 1 shows a two-dimensional machine tool levelling 
model, where each support is assumed to be a linear spring.
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Fig. 1. Simplified machine tool level model; (a) Unlevelled condition; (b) 
Levelled condition.

The parameters and represent the supporting preload 
and free length of the support , respectively. The horizontal 
beam represents a machine tool bed. In a real machine tool, 
the linear movements of the horizontal axes should be 
sufficiently straight. The straightness of axes movements is 
mainly influenced by the straightness of the guideways, which 
are fixed on the machine bed. Thus, the bed, including the 
guideways, is modelled as a beam and its deformation
because of supports length change is considered in this model.

When the machine is first installed, supports are not 
adjusted and the beam is deformed (unlevelled condition), as 
shown in Fig. 1(a). The free length of each support is defined 
as . Here, the free length is the jack length 
without any preload, and is different from the apparent length,
which is directly observed under a preload because of the 
stiffness of the support.

By adjusting the support lengths, the beam becomes 
straight (levelled condition) as shown in Fig. 1(b). Moreover,
the free length of each support is adjusted to .
The support length should be adjusted is as follows:

(1)
In the machine tool installation, a vertical translation of the 

machine does not induce a level error but relative length 
differences between supports are important. Thus, the free 
length change, , of support can be neglected. 

The preload changes in the supports shown in Figs. 1(a) 
and 1(b) are expressed as follows:

(2)

where represents the supporting preload in supports,
, at the levelled condition.

When the free length changes only in support S2, the 
preload change in each support can be expressed as follows:

(3)

where represents the preload change in supports caused 
by a unit of free length change.

Linear models conform with the rules of superposition. 
Thus, the preload change in supports caused by free length 
changes in multi supports can be expressed as follows: 

(4)

When the model is extended to n jacks, the preload 
changes caused by the support length change can be expressed 
as follows: 

(5)

Hereinafter, the coefficient matrix of the Eq. (5) is called as 

stiffness matrix.

When the beam is replaced by a plate, which is more 
similar to the bed, the model becomes a three-dimensional 

model. Nevertheless, the model remains linear. Thus, it is 
assumed that Eq. (5) can be applied to the three-dimensional
case. Therefore, when the supporting preload under the 
levelled condition and the stiffness matrix are known, free 
length changes in the unlevelled condition can be obtained 
from the supporting preload using the following equation:

(6)

By utilizing this method, the levelling work can be done 
without the use of the trial-and-error method.

3. Identification of the stiffness matrix

3.1. Machine tool used in the experiment

Experiments are conducted on a vertical machining center 
prototype shown in Fig. 2(a) to identify the stiffness matrix.
Table 1 summarizes the major specifications of the machine 
tool, and a schematic of the support is shown in Fig. 2(b). The
machine, whose footprint is shown in Fig. 3, has eight jack-
bolt-type supports (S1 S8).

The supports are equipped with rotary encoders and strain 
gauge type load cells, which can measure the preloads in the 
Z-direction on each support approximately every 6 seconds. 
Its measurement repeatability is approximately ± 0.1 kN. The 
rotary encoders are attached to the jack bolts via reduction 
gears to measure the rotation angle, , of the jack bolts.
Because it is difficult to measure the free length of a support,
support free length changes, , are measured by way of the 
rotation angle, , in the jack bolt and then the free length 
change is calculated using the following equation: 

(7)
where L is the lead of the jack bolt screw and is 2 mm in this
jack bolt. The resolution of the rotary encoder is 3.75° per 
pulse and the rotations of the jack bolts are amplified for 10 
times by the reduction gears. Thus, the measurement 

m.

a b

Fig. 2. Schematic of the machine tool: (a) Entire machine tool; (b) Jack bolt.

Fig. 3. Machine tool footprint.
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Table 1. The specifications of the machine tool.

Machine type Vertical machining 
center

Body size Width 0.5 m
Length 0.9 m
Height 1.5 m

Axes travel X-axis 600 mm
Y-axis 530 mm
Z-axis 510 mm

Machine weight 5800 kg
Number of support 8

Fig. 4. Measured relationships between free length and preload changes in
support S2; the slope of a regression line responds as a component of the 
stiffness matrix.

3.2. Identification of the stiffness matrix

The stiffness matrix of the machine tool is obtained by the 
following procedure based on the relationship between the 
free length change, , and preload change, . First, the 
preload on supports S1 S8 are measured as the free length of 
support Sk is being changed. Thereafter, relationships between 
free length changes, , and preload changes, , are 
obtained for each of the supports. Then, the stiffness matrix 
elements, , are obtained from the relationships by using 
the least square method. This procedure is applied for each 
support.

In the experiment, to simplify the problem, free length
changes caused by three supports (S2, S6, and S7) and preload 
changes in four supports (S2, S4, S6, and S7) are investigated.
The free length of a support is extended by several steps up to
approximately 125 . In order to avoid the effect of the jack 
bolt backlash, the free length change is extended only in one
direction. The load on each support is measured for 5 minutes 
under each free length condition. Approximately 50 
measurement data are collected in each condition, and the 
collected data are averaged. Throughout all experiments, the 
position of each axis is fixed at the center of travel to neglect 
the effect of mass movement.

Examples of obtained relationships between the free length 
and preload changes in the support are shown in Fig. 4. Each 
asterisk represents measured results and each line represents a 
regression result. The slope of each regression line responds 
to a component of the stiffness matrix. According to the figure, 

the linear assumption of the relationship between the free 
length and preload changes is satisfied. It is presumed that this 
model can be extended to be three-dimensional. The stiffness
matrix obtained from the experimental results is as follows:

(8)

4. Method verification

For the verification of the method, the superposition theory
is investigated by comparing the experimental and estimated 
results based on the stiffness matrix obtained in subsection 3.2.

4.1. Experimental method

The investigation of superposition theory is described in 
this section. First, the machine tool is set to a levelled 
condition by a conventional method. Then, free length of
three supports (S2, S6, and S7) are changed randomly in the 
extension direction, and the preload on supports are measured 
under each level error condition. Finally, experimental results 
are compared with the stiffness matrix.

4.2. Obtained results

The experimental results are shown in Figs. 5, 6, and 7. 
Figure 5 shows the relationships between preload changes and 
the free length change, , whereas Figs. 6 and 7 show the 
relationship between the preload and free length changes,
and , respectively. In the figure, asterisks connected by
solid lines represent the measured values. Dashed lines 
represent the estimated change ratios calculated from the 
stiffness matrix, shown in Eq. (8). The horizontal shift of the 
preload (sections A and B) represents the preload changes 
induced by the free length change of the support, which 
corresponds to the horizontal axis. The vertical shift of the 
preload (section C) represents the preload changes induced by 
the free length change of the support, which does not
correspond to the horizontal axis.

In section A, the slopes between the estimated and 
experimental results basically agree. Thus, it can be said that 
the stiffness matrix does not change under multi free length 
changes conditions.

Fig. 5. Relationships between S2 free length changes and preload changes of 
support S2, S4, S6, and S7.
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Fig. 1. Simplified machine tool level model; (a) Unlevelled condition; (b) 
Levelled condition.

The parameters and represent the supporting preload 
and free length of the support , respectively. The horizontal 
beam represents a machine tool bed. In a real machine tool, 
the linear movements of the horizontal axes should be 
sufficiently straight. The straightness of axes movements is 
mainly influenced by the straightness of the guideways, which 
are fixed on the machine bed. Thus, the bed, including the 
guideways, is modelled as a beam and its deformation
because of supports length change is considered in this model.

When the machine is first installed, supports are not 
adjusted and the beam is deformed (unlevelled condition), as 
shown in Fig. 1(a). The free length of each support is defined 
as . Here, the free length is the jack length 
without any preload, and is different from the apparent length,
which is directly observed under a preload because of the 
stiffness of the support.

By adjusting the support lengths, the beam becomes 
straight (levelled condition) as shown in Fig. 1(b). Moreover,
the free length of each support is adjusted to .
The support length should be adjusted is as follows:

(1)
In the machine tool installation, a vertical translation of the 

machine does not induce a level error but relative length 
differences between supports are important. Thus, the free 
length change, , of support can be neglected. 

The preload changes in the supports shown in Figs. 1(a) 
and 1(b) are expressed as follows:

(2)

where represents the supporting preload in supports,
, at the levelled condition.

When the free length changes only in support S2, the 
preload change in each support can be expressed as follows:

(3)

where represents the preload change in supports caused 
by a unit of free length change.

Linear models conform with the rules of superposition. 
Thus, the preload change in supports caused by free length 
changes in multi supports can be expressed as follows: 

(4)

When the model is extended to n jacks, the preload 
changes caused by the support length change can be expressed 
as follows: 

(5)

Hereinafter, the coefficient matrix of the Eq. (5) is called as 

stiffness matrix.

When the beam is replaced by a plate, which is more 
similar to the bed, the model becomes a three-dimensional 

model. Nevertheless, the model remains linear. Thus, it is 
assumed that Eq. (5) can be applied to the three-dimensional
case. Therefore, when the supporting preload under the 
levelled condition and the stiffness matrix are known, free 
length changes in the unlevelled condition can be obtained 
from the supporting preload using the following equation:

(6)

By utilizing this method, the levelling work can be done 
without the use of the trial-and-error method.

3. Identification of the stiffness matrix

3.1. Machine tool used in the experiment

Experiments are conducted on a vertical machining center 
prototype shown in Fig. 2(a) to identify the stiffness matrix.
Table 1 summarizes the major specifications of the machine 
tool, and a schematic of the support is shown in Fig. 2(b). The
machine, whose footprint is shown in Fig. 3, has eight jack-
bolt-type supports (S1 S8).

The supports are equipped with rotary encoders and strain 
gauge type load cells, which can measure the preloads in the 
Z-direction on each support approximately every 6 seconds. 
Its measurement repeatability is approximately ± 0.1 kN. The 
rotary encoders are attached to the jack bolts via reduction 
gears to measure the rotation angle, , of the jack bolts.
Because it is difficult to measure the free length of a support,
support free length changes, , are measured by way of the 
rotation angle, , in the jack bolt and then the free length 
change is calculated using the following equation: 

(7)
where L is the lead of the jack bolt screw and is 2 mm in this
jack bolt. The resolution of the rotary encoder is 3.75° per 
pulse and the rotations of the jack bolts are amplified for 10 
times by the reduction gears. Thus, the measurement 

m.
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Fig. 2. Schematic of the machine tool: (a) Entire machine tool; (b) Jack bolt.

Fig. 3. Machine tool footprint.
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Table 1. The specifications of the machine tool.

Machine type Vertical machining 
center

Body size Width 0.5 m
Length 0.9 m
Height 1.5 m

Axes travel X-axis 600 mm
Y-axis 530 mm
Z-axis 510 mm

Machine weight 5800 kg
Number of support 8

Fig. 4. Measured relationships between free length and preload changes in
support S2; the slope of a regression line responds as a component of the 
stiffness matrix.

3.2. Identification of the stiffness matrix

The stiffness matrix of the machine tool is obtained by the 
following procedure based on the relationship between the 
free length change, , and preload change, . First, the 
preload on supports S1 S8 are measured as the free length of 
support Sk is being changed. Thereafter, relationships between 
free length changes, , and preload changes, , are 
obtained for each of the supports. Then, the stiffness matrix 
elements, , are obtained from the relationships by using 
the least square method. This procedure is applied for each 
support.

In the experiment, to simplify the problem, free length
changes caused by three supports (S2, S6, and S7) and preload 
changes in four supports (S2, S4, S6, and S7) are investigated.
The free length of a support is extended by several steps up to
approximately 125 . In order to avoid the effect of the jack 
bolt backlash, the free length change is extended only in one
direction. The load on each support is measured for 5 minutes 
under each free length condition. Approximately 50 
measurement data are collected in each condition, and the 
collected data are averaged. Throughout all experiments, the 
position of each axis is fixed at the center of travel to neglect 
the effect of mass movement.

Examples of obtained relationships between the free length 
and preload changes in the support are shown in Fig. 4. Each 
asterisk represents measured results and each line represents a 
regression result. The slope of each regression line responds 
to a component of the stiffness matrix. According to the figure, 

the linear assumption of the relationship between the free 
length and preload changes is satisfied. It is presumed that this 
model can be extended to be three-dimensional. The stiffness
matrix obtained from the experimental results is as follows:

(8)

4. Method verification

For the verification of the method, the superposition theory
is investigated by comparing the experimental and estimated 
results based on the stiffness matrix obtained in subsection 3.2.

4.1. Experimental method

The investigation of superposition theory is described in 
this section. First, the machine tool is set to a levelled 
condition by a conventional method. Then, free length of
three supports (S2, S6, and S7) are changed randomly in the 
extension direction, and the preload on supports are measured 
under each level error condition. Finally, experimental results 
are compared with the stiffness matrix.

4.2. Obtained results

The experimental results are shown in Figs. 5, 6, and 7. 
Figure 5 shows the relationships between preload changes and 
the free length change, , whereas Figs. 6 and 7 show the 
relationship between the preload and free length changes,
and , respectively. In the figure, asterisks connected by
solid lines represent the measured values. Dashed lines 
represent the estimated change ratios calculated from the 
stiffness matrix, shown in Eq. (8). The horizontal shift of the 
preload (sections A and B) represents the preload changes 
induced by the free length change of the support, which 
corresponds to the horizontal axis. The vertical shift of the 
preload (section C) represents the preload changes induced by 
the free length change of the support, which does not
correspond to the horizontal axis.

In section A, the slopes between the estimated and 
experimental results basically agree. Thus, it can be said that 
the stiffness matrix does not change under multi free length 
changes conditions.

Fig. 5. Relationships between S2 free length changes and preload changes of 
support S2, S4, S6, and S7.
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Fig. 6. Relationships between S6 free length changes and preload changes in
supports S2, S4, S6, and S7.

Fig. 7. Relationships between S7 free length changes and preload changes of 
support S2, S4, S6 and S7.

The average of each component of the stiffness matrix 
obtained from the experimental results are as follows:

(9)

In this setup, the uncertainty in the stiffness matrix originating
from measurement errors of the preload and free length is 
approximately . Thus, it is considered that the 
difference between component values in Eqs. (8) and (9) are 
induced by measurement errors. Under each condition, the 
results have large uncertainties in the preload measurement in
the support, whose free length is changed at that measurement. 
This is caused by the characteristics of the measurement setup.

On the other hand, in section B, the slopes of the estimated 
and experimental results do not match. It is assumed that the 
backlash in the jack bolts and gears deteriorate the 
measurement accuracies. Consequently, a larger difference is 
observed with a larger preload change. Apparently, the 
backlash in the jack bolt is more important. Thus, 
improvements in the measurement equipment are essential.

4.3. Inverse identification

From the obtained preload changes and stiffness matrix in 
Eq. (8), the free length change can be estimated by utilizing 
Eq. (6). Table 2 summarizes the obtained differences between 
the applied free length and estimated free length changes.
From the table, the identification errors are less than 
under all conditions, except condition 4, which has a large 
backlash. The 2 free length change means a jack bolt

rotation of approximately 0.4°, which is sufficiently small for 
level adjustments. The result suggests that this inverse 
identification approach can quantitatively estimate level errors.

Table 2. Estimation errors of free length changes

Condition

Free length change from 
previous condition [ ] Estimation errors [ ]

1 0.0 0.0 4.2 0.2 0.2 1.4 
2 0.0 0.0 8.3 0.4 0.5 1.7 
3 0.0 6.3 0.0 0.1 0.8 0.1 
4 2.1 0.0 0.0 2.4 0.0 0.0 
5 0.0 0.0 4.2 0.5 0.2 2.0 
6 0.0 0.0 8.3 0.6 0.1 1.2 
7 0.0 0.0 8.3 0.6 0.2 1.4 
8 8.3 0.0 0.0 0.4 0.2 0.1 
9 6.3 0.0 0.0 0.5 0.0 0.0 

10 8.3 0.0 0.0 0.2 0.2 0.2 
11 0.0 6.3 0.0 0.0 0.7 0.5 
12 0.0 8.3 0.0 0.1 0.6 0.4 
13 0.0 8.3 0.0 0.0 1.1 0.4 
14 6.3 0.0 0.0 1.5 0.1 0.3 
15 6.3 0.0 0.0 0.5 0.2 0.3 
16 0.0 0.0 6.3 0.6 0.3 0.7 
17 0.0 0.0 6.3 0.6 0.1 0.2 
18 0.0 0.0 6.3 0.5 0.1 0.7 
19 0.0 6.3 0.0 0.0 1.2 0.5 
20 0.0 8.3 0.0 0.0 1.1 0.3 

5. Conclusion

A model-based level error identification method is 
proposed in this study, in which supports are modeled as 
linear springs. The relationships between the free length and 
preload changes in the supports are expressed as a matrix. By 
utilizing this method, the levelling work can be done without 
using the trial-and-error method. The model and approach are
verified on a vertical machining center. The results suggest 
that this approach can quantitatively estimate level errors. 
However, under certain conditions, the backlash in jack bolts 
or gears deteriorate the measurement accuracies. Moreover, 
improvements in the measurement equipment are essential.
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