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Abstract

The preliminary design stage ensures to evaluate machine tool performances according to the simulation of reduced
models. Performance criteria are defined regarding the attempted machining process requirements. In our case, we study
the problem of machine tool design for hard metal cutting, where a high level of stiffness is required. In this context, this
paper’s aim is to introduce a new methodology of machine tool architectures modeling, optimization, and selection with
regards to their stiffness and dynamic performances at the preliminary design stage. However, this type of study requires a
quantitative evaluation of performance indicators. Studied machine tool structures are modelled with simplified shape
parts. The dimensions of these parts are defined as design variables. Afterward, for each considered architecture,
parametric design optimization is performed to minimize its mass under the constraint of a minimal attempted stiffness
all over the workspace. This approach allowed restricting the total number of machine tool architectures to be detailed
further and analyzed more accurately. In a first time, the paper includes an illustration of the developed methodology
through an example of machine tool architecture evaluation and optimization. In a second time, the method is used to
compare different kinds of machine tool architectures regarding their ability to be light for an attempted stiffness.

Keywords: machine tool; modeling; preliminary design; parametric optimization; static and modal analyses

1. Introduction

Performance requirements for machine tools have evolved sig-
nificantly over the past decade. Productivity and quality require-
ments for hard material parts have increased considerably. This
evolution is mainly due to the expansion of titanium alloys used
in the aeronautical industry (Inagaki, Takechi, Shirai, & Ariyasu,
2014; Rodrigues Henriques, de Campos, Alves Cairo, & Bres-
siani, 2005). Indeed, titanium alloys are widely used for struc-
tural aeronautical components to optimize the performance in
terms of mass, corrosion resistance, and mechanical behavior
(Inagaki et al., 2014; Wagner, 2011).

Low cutting speeds and high cutting forces characterize tita-
nium alloys machining (Wagner, 2011). High cutting forces cou-
pled with low rotational frequencies of the spindle can pro-
duce large deflections of the machine tool structure. Thus, static

behavior must be controlled during the design stage (Huo &
Cheng, 2009; Maj, Modica, & Bianchi, 2006; Mori, Piner, Ding, &
Hansel, 2008).

In the preliminary design stage of a machine tool, the per-
formance criteria of different architecture designs should be es-
timated based on reduced models and according to machining
process conditions. This analysis reduces the number of solu-
tions that must be analyzed more accurately. To conduct this
quantitative evaluation study, reduced models and performance
indicators should be defined (Mekid, 2009).

Widely used performance criteria are (Bouzgarrou, 2001;
Chanal, Duc, & Ray, 2006) geometric workspace, dexterity, ac-
curacy, stiffness, and dynamic behavior. Dehong considers that
hard metal cutting needs a machine tool static stiffness around
500 N/pum (Huo & Cheng, 2009).
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Figure 1: Several architectures associated with the structural configuration RRYOXZ.

Authors conducted a previous published study to select the
5-axis machine tool architectures that are relevant for machin-
ing aeronautical titanium alloy parts (Lajili, Chanal, Bouzgar-
rou, & Duc, 2017). They proposed a first sorting based on the
literal expression of required technical constraints. The evalu-
ation involves assigning a point when an architecture respects
a given functional constraint. The obtained score allows clas-
sifying the architectures according to an attempted machin-
ing process. The application of this methodology of synthesis
and choice of structural configurations in the case of a 5-axis
machine tool for machining titanium alloy aeronautical parts
enables selecting 32 configurations from 2160 possibilities. How-
ever, as shown in Fig. 1, a structural configuration can be de-
signed with different structural arrangements. A quantitative
comparison of architectures regarding stiffness constraints and
mass minimization must be conducted.

In this paper, we present a methodology for selecting the
most appropriate machine tool structural arrangement for a
specific cutting operation (in our case, titanium alloys machin-
ing) during the preliminary design phase. The particularity of
our approach lies in the fact that we consider several arrange-
ments of machine tool mechanical structures. Studied struc-
tures are modeled, analyzed, and optimized in terms of mass
and stiffness. The choice of the modeling approach is motivated
by the high level of stiffness requirement (500 N/pum in our case).
In this context, beam elements cannot model the machine tool
parts as in Koenigsberger and Tlusty (1970).

The goal of this article is then to propose a methodology that
allows selecting relevant machine tool kinematic architecture
regarding their ability to be stiff and light. Thus, our method-
ology must ensure to be applied simply for different kinds of ar-
chitectures with high stiffness requirements and to be fast and
accurate enough to be employed in the preliminary design stage
to tend the machine tool weight for an attempted stiffness.

In the following section, we introduce the different ap-
proaches for modeling the mechanical behavior of machine tool.
After, we discuss the proposed selection process and perfor-
mance evaluation criteria. Then, we define the design param-
eters used for the development of reduced models of machine
tool structures. Afterward, we describe the used optimization
process. Finally, we present results obtained by the application
of the developed methodology.

Machine tool builders give great interest to simulation means.
Indeed, virtual studies of machine static and dynamic behavior
ensure to increase their performances while decreasing design
time (Altintas, Brecher, Weck, & Witt, 2005). These simulations
are based on a mechanical model of a machine tool structure.
Modeling methods are classified into two categories: multibody
model (MBM) and finite element model (FEM).

MBM is reputed to be fast and efficient. Beams or/and local stiff-
ness/damping elements model the machine tool structural ele-
ments. This model can be coupled with a kinematic description
to change the configuration of the studied machine tool (Port-
man, Shneor, Chapsky, & Shapiro, 2014).

Slavkovi¢ uses MBM for optimizing vibration isolation of ma-
chine tool (Slavkovi¢ et al., 2015). Kono has developed an evalu-
ation methodology (Axis Construction Kit) of machine tool con-
figurations based on MBM (Kono, Lorenzer, Weikert, & Wegener,
2010a). Zirn applies MBM on machine tool by considering the
control axis as a subsystem (Zirn, 2008).
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Figure 2: Optimization process defined by Danhaive (Danhaive & Mueller, 2015).

MBM benefit lies in the significant decrease of the model
DOFs compared to the FEM. According to Altintas, the use of
MBM is relevant for defining fast and approximative simulation
results (Altintas et al., 2005).

For several years, FEM has been used for analysing the mechani-
cal behavior of machine tool. For example, Bouzgarrou employed
a FEM for dimensioning a new machine tool dedicated to high-
speed machining (Bouzgarrou, 2001).

From a relevant definition of parameters and meshing of
each structural element, an FEM ensures to predict the mechanic
behavior of a machine tool accurately. FEM can be used to design
a machine tool structure regarding the interaction between the
parts, the tool, and the machine (Hung, Lai, Lin, & Lo, 2011; Mori
et al., 2008; Zulaika, Campa, & Lopez De Lacalle, 2011).

However, the simulation of a machine tool structure by FEM
can take a long time regarding the high number of DOFs. Thus,
model solving takes a significant time regarding machine tool
design time (Zatarain, Lejardi, & Egana, 1998).

To develop predictive and fast models for the evaluation and
the optimization of several machine tool architectures, in the

Designer Input 1

Designer Input 2

Yes
End

Designer Input 3

Designer Input 4

preliminary design stage, we propose, in this work, a reduced
FEM approach to simplify model definition. Model reduction is
based on a simplification of part shapes.

In the context of the preliminary design stage, the machine
tool structures are simplified and modeled with box-shaped
parts with shell structural elements and joint stiffness (Kono,
Lorenzer, Weikert, & Wegener, 2010b). The dimensions of these
parts and positions of joint are parameterized and defined as de-
sign variables. Coupling a constrained optimization algorithm,
using a Matlab function, with the FEM analysis, in ANSYS, for
stiffness evaluations ensures to perform the design optimiza-
tion. After that, optimized solutions are compared according to
their performances to select the most relevant structure.

Parametric design is largely used during the preliminary design
stage (Li, Hong, Wang, Wu, & Chen, 2012). The definition of the
parametric model ensures to simplify the modification of struc-
ture dimensions and the optimization process. For example, Li
parameterizes the bed structure of a machine tool. The opti-
mization of the variable parameters allows increasing the bed
structure rigidity and reduces the maximal deformation by 19%
(Lietal., 2012).
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Figure 3: A reduced model of a milling machine (Koenigsberger & Tlusty, 1970).

Epi

Figure 4: Parameterized hollow parallelepiped shape.

In Danhaive’s work, the parametric modeling associated with
optimization is used to propose a stiffer mechanical structure
while decreasing total mass (Danhaive & Mueller, 2015). Figure 2
illustrates the optimization process.

Koenigsberger presented a structural analysis of machine
tool based on a reduced model (Koenigsberger & Tlusty, 1970).
Beam elements model each structural element (Fig. 3). How-
ever, in our case study, we choose not to use this approach due
to the high attempted stiffness. Indeed, beam cross-section di-
mensions become too large regarding the beam lengths due to
the high values of stiffness. Thus, the beam theory hypothesis
is no longer verified.

Thus, Kono proposed a model of machine tool structural
elements with parallelepiped shape (Kono et al., 2010b). The
obtained result is close to the experimentally measured behav-
ior. In the same context, Li developed an optimization of a ma-
chine tool bed structure for green machining (Li et al., 2012). In
this method, a hollow box-shaped structure models the machine
tool structure.

Thus, according to this literature review, we choose to model
machine tool structure elements with hollowed parallelepiped
shapes (Fig. 4).

Four parameters characterize a parallelepiped shape i. They
are the length Lxi, the height Lyi, the width Lzi, and the thick-
ness Epi. The length Lxi is fixed regarding the workspace size.
Thus, only three parameters Lyi, Lzi, and Epi, are defined as de-
sign variables for the optimization process for each substruc-
ture. The next section introduces the structure parameterizing
and the adopted design language.

(c)

In his Ph.D. work, Maglie shows the benefit of a parameterized
design during the preliminary design stage. He uses the para-
metric design language of ANSYS software, “Ansys Parametric
Design Language (APDL)” (Maglie, 2012). In APDL language, a .txt
file composed of several command lined defines design param-
eters, design variables, each part geometry, materials, meshing,
loads, boundary conditions, types of simulation, and results of
a mechanical structure.

In this work, parametric design language APDL is chosen.
In a first time, the study is focused on the comparison of two
types of machine tool structures (an open-loop structure and
a closed-loop structure) for the same workspace size (z = 2m,
y = 2m). These two architectures are composed of three sub-
structures. Three design variables define each substructure
(Fig. 5).

In this first study, we consider a rigid contact between each
substructure. The first substructure is fixed on the ground. The
position of the second substructure can be modified along the Z-
axis and the Y-axis for the third substructure. Neglecting the in-
fluence of the position along the X-axis ensures to study the be-
havior of the machine tool all over the workspace. Consequently,
simulations are only realized for different tool positions in the
Y-Z plane.

Even if there are size variations of each substructure, models
are generated to have always the same workspace size. Each sub-
structure is defined from the envelope plan and meshing with
shell elements (“Shell81” in ANSYS) (Fig. 6). The surfaces are de-
fined in such a way that the regularity of the mesh is guaranteed,
which enables them to have regular meshes and good element
quality.

In our modeling methodology, we apply two simplifications.
The first consists of modeling each substructure by hallow
parallelepiped shape. The second concerns the use of rigid
joints between substructure elements. In that way, we obtain
an approximate estimation of the performance indicator val-
ues. Simulation results should be used just for orientating the
structure choice in the preliminary design stage of a machine
tool.

In the following section, the optimization process and per-
formance criteria are detailed.

0202 JoqWiaAoN Z| U0 1s8NnB Aq Giy878G//G9//L/BI0Ie/apol /W0 dnoolwapeoe)/:sdjy Woly papeojumod



Journal of Computational Design and Engineering, 2020, 7(5), 657-667 | 661

0 +X

+Y
+Z

Epl

Modéle (a)

Maillage (b)

Figure 6: APDL model of the open-loop architecture (a) and its meshing (b).

4. The Quantitative Criteria-Based Selection
Process

In the preliminary design stage, machine tool structures are
simplified and modeled by an association of substructures. A
parametric reduced model represents each substructure. The
simulation of these reduced models ensures to evaluate the per-
formance of the machine tool architecture.

Thus, in this paragraph, we firstly define the different
steps of our selection process before introducing performance
criteria.

4.1. Selection process

Our selection process is composed of four steps (Fig. 7). The first
step consists in defining the parameterized reduced models of
the studied machine tool architectures. The second step is an
optimization step. Parameters are optimized to minimize the
machine tool structure mass with a constraint of a minimal stiff-
ness level. The third step concerns the dynamic performance

Realization of parametric design of N studied
machine tool architectures

L .

Optimization of N machine-tool architectures:
Mass minimizing with a minimum attempted
stiffness constraint

.

Performance analysis of N machine-tool
optmized architecture: total mass, moving mass
and first natural frequencies

L

Comparison and identification of relevant
machine-tool architectures

Figure 7: Machine tool architecture selection process.

evaluation of each optimized design through modal analysis.
The final step allows classifying machine tool architectures by
comparing their performances in terms of mass and modal fre-
quencies.

A hollowed parallelepiped part, whose surfaces are meshed
by shell elements, represents each substructure. Variables de-
fine the dimensions of these parts. Parametric optimization
of the considered architectures is performed by coupling a
constrained optimization algorithm (Matlab function “fmin-
con” with the interior-point algorithm) with finite element
analysis (ANSYS) for mass minimization while respecting a
minimum attempted stiffness. Finally, the optimized struc-
tures are compared and classified according to performance
criteria.
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Figure 8: Example of discretization of machine tool workspace.

4.2. Performance criteria

For the optimization step, the cost function is the machine tool
structure mass, and the constraint is the attempted minimum
stiffness. However, stiffness varies regarding the position of the
tool center point (TCP) position in the workspace. Thus, the min-
imum TCP stiffness value over all the workspace must be con-
sidered as a constraint function.

This minimum stiffness is computed from a static FE ANSYS
analysis. Three load cases are applied, respectively, a force in
each axis X, Y, and Z ([F,, 0, 0]", [0, F,,0]", and [0, 0, F,]"), and the
computed displacements at the TCP are then transferred from
ANSYS to Matlab environment. We denote by Uy, Uy, and Uy
the computed movements for a force applied in the i-axis direc-
tion (i = x, y, z). These simulations enable computing compliance
and stiffness matrices at the TCP as detailed in equations (1)
and (2).

Ua Uy Ux

Fx Fx Fx
U Uy,
[s] = oY (1)
Fy Fy
symm Uer
y . F,
1 Kxx ny Kxz
[K] = [5]7 = Kyy Kyz (2)
symm. Kz

For a given pose of a machine tool, Bouzgarrou evalu-
ated static performances at the TCP pose in all the space
directions by using the stiffness ellipsoid (Bouzgarrou, 2001).

Discretized workspace

The eigenvalues of the stiffness matrix define this ellipsoid
(equation (3)). These values represent the three lengths of the
three principal axes of the ellipsoid. The minimum value of
these eigenvalues is the minimum stiffness at the studied TCP
pose.

Ky O 0
[Kp]=| 0 K, O ®3)
0 0 K3

This computation should be performed all over the
workspace to find the minimum stiffness value of a ma-
chine tool structure. Thus, the TCP node is parameterized, and
the machine tool pose is adapted.

The workspace is discretized with a step of 0.5 m to mini-
mize the number of iterations during the optimization process
(Fig. 8). The minimal stiffness is estimated from 25 different ma-
chine tool poses on the Y-Z plane at each optimization step. We
adopt, at this design stage, as a hypothesis that the stiffness is
nearly the same whatever the machine tool position along the
x-axis is.

Figure 9 shows an example of a minimum stiffness
map evaluated during an iteration step of the optimization.
The red point is the minimum stiffness value over all the
workspace.

After the optimization step, the optimized machine tool ar-
chitecture model is used to evaluate more accurately the stiff-
ness map, and the first natural frequency. The comparison of
different optimized architectures can be realized regarding their
respective total mass, mobile mass, and value of the first natural
frequency.
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Figure 9: Minimal stiffness map computed during an iteration of the optimization.
Mimimize M; = pV(¥)

Under the constraint

With M,: total mass of the structure
K: structure stiffness

p: volumetric mass
&: varaible vector
§= [Lyr Ln Epy Ly

K = Kminimat for §min < § < §max

Kiminimar: minimum attempted stiffness
V;: total volume of the structure

Emin =[0.6 0.6 0.02 05 05 002 04 04 0.02]
Bz =[1.5 15 045 14 14 045 4 1 0:15]

LZZ EpZ Ly3 LZ3 Ep3]

Figure 10: Optimization problem.

Performance criteria are evaluated in the preliminary design
stage with a reduced mechanical model. The values associ-
ated with these criteria can be used to select relevant machine
tool architecture regarding its structure mass for an attempted
minimum stiffness. In the following section, this method is
applied to compare open-loop and closed-loop machine tool
architectures.

Our optimization process consists of minimizing total mass for
an attempted minimum stiffness. The design variables are Lyi,
Lzi, and Epi. A vector ¢ collects all these variables. This vector is
marked off by &min and &max. The optimization problem is formu-
lated in Fig. 10.

The optimization process is realized for different attempted
minimum stiffness from 100 to 500 N/um. In this study, the com-
pared structures have the same workspace (z=2m,y=2m), and

they are optimized to ensure the same minimum stiffness at the
TCP.

The initial values of design variables are set to &max. According
to attempted stiffness, Table 1 gives the optimized design vari-
able values. In the case of open-loop structure, the maximum
sizes of the substructures 1 and 2 are reached for stiffness more
than 200 N/um. The increase in stiffness is then realized with
an increase in thickness. In the case of closed-loop structure,
the maximum box size is never reached.

Therefore, structure comparison is made regarding total
mass, moving mass, and first natural frequency (Fig. 11). To val-
idate the tendency of our results, we can argue that the closed-
loop machine tool Forest-Liné Flexiax V weighs around 42 tons
with all its equipment (Fives, 2017). This machine tool is de-
signed to reach a stiffness of 500 N/um. After our optimization
process, a weight near 30 tons is found for a closed-loop machine
tool architecture with a 500 N/um stiffness.

The analysis of Fig. 11 shows that for a minimum stiffness
higher than 100 N/um, closed-loop machine tool architecture
brings a benefit of performance. This conclusion is consistent
with the developed industrial machine tool for titanium ma-
chining.
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Table 1: Optimized design variables values.

Parameters (m)

Ly1 Lzl Epl

LyZ Ly Epz Ly3 L23 Ep3

Open-loop machine tool structure

Attempted stiffness (N/um) 100 1.5 1.46 0.023 1.4 1.4 0.02 0.4 0.4 0.02
200 1.5 1.5 0.043 14 14 0.027 0.4 0.4 0.03
300 1.5 1.5 0.06 1.4 1.4 0.04 0.4 0.4 0.044
400 1.5 1.5 0.078 14 14 0.053 0.4 0.4 0.056
500 1.5 1.5 0.096 1.4 1.4 0.065 0.4 0.4 0.067
Closed-loop machine tool structure
Attempted stiffness (N/um) 100 0.77 0.6 0.02 11 0.533 0.02 0.4 0.4 0.02
200 1.043 0.6 0.02 1.293 0.943 0.02 0.4 0.4 0.02
300 1.067 0.868 0.02 1.328 0.966 0.02 0.4 0.4 0.02
400 1.17 1.05 0.02 14 1.07 0.022 0.4 0.425 0.027
500 1.19 1.15 0.026 13 1.09 0.022 0.4 0.545 0.03
Table 2: Structure ranking for a stiffness of 500 um.
Number of structures 1 2 3 4 5 6 7 8
Total mass (10° kg) 60 94.1 94.9 - - - - 1234
Ranking 1 2 2 - - - - 3
Mobile mass along X (10% kg) 28 28 28 - - - - 105
Ranking 1 1 1 - - - - 2
Mobile mass along Y (10° kg) 6.9 26.15 25.94 - - - - 13.3
Ranking 1 3 3 - - - - 2
Mobile mass along Z (10° kg) 24.4 13.3 13.7 - - - - 38.9
Ranking 2 1 1 - - - - 3
First natural frequency (Hz) 29.5 29.3 30 - - B - 27.7
Ranking 1 1 1 - - - - 1
Ranking sum 6 8 8 - - B - 11
Final ranking 1 2 2 - - - - 3

This comparison validates the optimization process. The
choice of a machine tool architecture for titanium alloy machin-
ing should be restricted to closed-loop architecture. However, for
high stiffness machine tool, flexible joint behavior cannot be ne-
glected. Thus, in the following section, we complete our model-
ing approach by introducing joint flexibility before the applica-
tion on different kind of closed-loop architectures.

Machine tool stiffness is due to the rigidity of all the elements
(Huo & Cheng, 2009; Stephenson & Agapiou, 2016). Itis necessary
to consider parts and joints stiffness to compute static stiffness.
Local springs can model Joint stiffness (Fig. 12).

The joint stiffnesses are estimated from manufacturer infor-
mation. In this work, we choose to work with MRB 65 Schnee-
berger railway; thus, we extracted the stiffness information of
this translational joint from Schneeberger (2020) (Fig. 13).
Schneeberger railway presents a different behavior accord-
ing to the load direction. Three stiffness values are considered:
a traction stiffness Kr, a compression stiffness K¢, and a lat-
eral stiffness K. Equation (4) gives the values of these stiff-
nesses. However, to define simple joint modeling and improve
the convergence robustness, we choose to take the same value
for traction-compression stiffness Kr¢. To avoid making an op-

timistic or pessimistic point of view, we consider the mean of
Kr and K¢ (equation (4)). The stiffness along the joint axis is the
stiffness due to control law; we choose to define an arbitrary high
stiffness value K;.

Kc = 4138 N/um
Kr = 1920 N/um
K = 2116 N/um
Krc = 3029 N/um

In this paragraph, our methodology is applied to several closed-
loop machine tool architectures for a workspace size of (z=2m,
y = 2m) and with the same values of &max and &min (Fig. 14).

Performance indicators are evaluated for minimum at-
tempted stiffness of 500 N/um. Optimized structures 4, 5, 6, and
7 cannot reach this minimum attempted stiffness of 500 N/um.
Thus, these structures are discarded.

Table 2 gives the values of the performance indicators. The
analysis of this table shows that the structures 1, 2, and 3 are
more relevant for milling titanium alloys. The mass values give
an idea of each structure element size. Each structure optimiza-
tion takes around 8 h. This time is consistent with the prelimi-
nary design stage.

Thus, with this study, we can discard five structures among
eight from the preliminary design stage. The last choice of the
relevant structure should now be realized after simulation with
an accurate model of the final designed machine tools.
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Figure 11: Comparison of performance criteria for open-loop and closed-loop machine tool architecture.
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Figure 12: Modeling method of machine tool stiffness.
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Figure 13: Linear railway with roller bearing (Schneeberger, 2020).
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Figure 14: Compared closed-loop machine tool architecture.

7. Conclusion

This paper introduces an approach for machine tool archi-
tecture selection at the preliminary design stage. The pro-
posed method is based on a structural optimization process ap-
plied to several candidate architectures described with reduced
structural models. The design optimization algorithm has been
implemented in Matlab, while ANSYS APDL has performed
structural analyses with a parameterized structural model. The
studied architectures have been classified according to their dy-
namic performances for a given stiffness. The proposed ap-

proach allows selecting relevant machine tool architectures in
the preliminary design stage, which avoids costly detailed anal-
yses of several design solutions. For titanium alloys machining
application, it has shown that closed-loop architectures are the
highest ranked. These results are in line with the current in-
dustrial choices. However, the architecture classification can be
modified for application where the required levels of rigidity are
lower than 500 N/um.

From this preliminary work, a 5-axis machine tool can be de-
signed by adding two rotational axis, thanks to Fig. 1. According
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to technological data, rotational joint stiffness can be added to
optimize and validate architecture stiffness.

Moreover, this work can be employed to study the impact of
the used material for machine tool elements on stiffness and
mass.

The methodology presented in this article complements
the works introduced in the literature for designing a ma-
chine tool structure. It is a link between the methodologies of
synthesis and choice of structural configurations (Chen, 2001;
Heisel, Pasternak, Storchak, & Solopova, 2011), and structural
mass/stiffness ratio optimization (Kono et al., 2010b; Portman
etal., 2014).
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