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Improving the Milling Machine Stiffness by Optimizing the Internal Stiffeners Layout
and the Wall Thickness Distribution of Column
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ABSTRACT: Machine tool static deflection due to the machining forces and thus the displacement of
tool tip is the most important factor in reducing the dimensional accuracy of workpiece. Also, overlap
of the operation frequency range with the machine natural frequencies causes an undesirable resonance
phenomenon. Since the operating frequency range is lower than the first natural frequency, increasing
the first natural frequency of milling machine and reducing the displacement of tool tip is a desirable
modification that can be achieved by optimizing the wall thickness distribution and the internal stiffeners
layout of column. This paper suggests a new method for the optimization of stiffeners layout for plate/
shell structures. In each step of optimization, by establishing a loop of relationship between MATLAB
and ABAQUS software and based on the sensitivity analysis, the most effective stiffeners on optimizing
the objective function are added to design space. After optimizing the wall thickness distribution of
the column using the ABAQUS software size optimization module, the suggested method is used to
optimize the internal stiffeners layout. Ultimately, without increasing the column weight, the maximum
displacement of machine tool is reduced by 6.9% and the first natural frequency is improved by 16.5%.
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1. Introduction

Machining is one of the most important manufacturing
processes. The high machining forces results in the static
deflection of the machine tool, and thus the displacement
of the tool. The high static stiffness of the machine tool can
lead to better resistance to tool displacement and increase
the precision of the products. Also, overlap of the operation
frequency range with the machine natural frequencies causes
an undesirable resonance phenomenon. Therefore, increasing
of static stiffness and operating frequency range is significant
in design of machine tools. Innovative internal stiffeners layout
can achieve this objective. Therefore, to solve the problem of
stiffeners layout, many efforts have been made using topology
optimization methods such as homogenization, density
method and evolutionary structural optimization [1-4]. In these
methods, less important material gradually are removed from
the design space, and the residual material is considered as an
initial design that the position and direction of the stiffeners are
not clearly determined. To solve this problem, Ding inspired
by the branching systems in nature, suggested a new and direct
method to optimize the stiffeners layout for plate structures
[5]. Based on this method Li developed an adaptive growth
algorithm for 3D structures [6-8]. In the adaptive growth
algorithm, unlike in old methods stiffeners grow in the design
space and the optimization process directly leads to the final
arrangement of the stiffeners. But in this method, the stiffeners
layout depend on the number and position of the seed points,
and in the early stages of optimization, only stiffeners near the
seed points can grow in the design space. Also, the algorithm
presented in these articles leads to complex layouts. Therefore,
this paper suggests a new method for growth the stiffeners
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that there is no need to determine the starting point. Also, by
group growth of stiffeners are prevented from complexity in
the layout of them.

2. The Method for Optimizing the Stiffeners Layout

For better explain of the method, a very simple example is
solved. A square plate with the side of 100 mm and a thickness
of 5 mm is assumed. All four sides of the plate are clamped and
the plate is under a uniformly static pressure. The objective
is to find the best stiffeners layout with a thickness of 5 and a
height of 10 mm, to minimize the strain energy of the plate.
Initially, the plate is discretized into 4-node shell elements
and Stiffeners are discretized into 2-node beam elements and
is prevented from relative movement between them.

At the start of the process, the beam elements cover the
entire design space. But the height of the cross section of the
beam elements is very small and has no effect on the analysis.
In Fig. 1, the shell elements are shown in green and beam
elements are shown in red.

After applying the load and the support conditions,

Fig. 1. Plate discretization into 4-node shell elements and the
beam elements introduce the stiffeners.
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Fig. 2. Manner of adding the stiffeners to clamped plate

ABAQUS solver calculate the sensitivity of the objective
function with respect to the height of each beam element. The
sensitivity values of the elements of each group are gather and
the groups with the highest sensitivity to weight ratio grow
and their cross-sectional height reaches the desired amount
of stiffeners (in this example, 10 mm). Then the elements
that have grown in the first step of the design are coming out
of competition. These changes are made in the model by the
written program in MATLAB software, and the new model
is sent to ABAQUS for analysis, and the finite element is
retried again, and the steps are repeated. When the amount
of grown elements reaches a specified value, the optimization
process ends. Fig. 2 shows the cantor of strain energy with
the three steps of optimizing the stiffeners layout connected
to the plate.

3. Redesign of Column of a Vertical Milling Machine

In this section, the first objective is to reduce the strain
energy of column of a vertical milling machine and thus
reduce the displacement of the tool. Since the operating
frequency range is lower than the first natural frequency,
increasing the first natural frequency of milling machine is
second objective. So at first, size optimization module of
the ABAQUS software, is employed to optimize the wall
thickness distribution of column. The initial column has a
uniform thickness of 22 mm. after optimization, the thickness
in the lower parts is changed to the maximum possible value
of 30 mm and in the upper parts to the lowest possible value
of 15 mm, as shown in Fig. 3.

The next step is to find the best internal stiffeners layout
in the column with a new thickness distribution using the
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Fig. 3. a) Original column with uniform thickness, b) column
with optimal thickness distribution
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Fig. 4. Stiffeners layout in the original column
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Fig. 5. Stiffeners layout in the optimal column

Table 1. Comparison of the mechanical properties.

. Max First
Weight, .
Column K displacement, frequency,
g
um Hz
Original 740.9 231 50.2
Optimal 737.5 215 58.5
Variation (%) -0.5 -6.9 16.5

method presented in the second part of the paper. The original
and optimal stiffeners layout is shown respectively in Figs 4
and 5.

As shown in Table 1, after two optimization steps, without
increasing the column weight the maximum displacement of
the milling machine is reduced by 6.9% and the first natural
frequency is improved by 16.5%.

4. Conclusions

This paper suggests a new optimization method for
stiffeners layout for plate/shell structures. After optimizing
the wall thickness distribution of column of a vertical milling
machine, the internal stiffeners layout of the column is
optimized using the suggested method. Finally, with minor
changes in the column, the intended characteristics of the
milling machine are improved
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Fig. 3. Flowchart of the optimization method for stiffeners layout
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Fig.4.Method of adding the stiffeners to the clamped plate

0929 b 6,105 ,L Lol oo ol o caslag S 5l as jeboles ol
A8 (gl iy axio by slagledl o (L2557 (6550 4l
a8lol a8 slaciomd o |y lroniiS o s o g jlwdinge (g, o]
L 8 S 15 4 sbled ot Como ousyyr (sl 1 S o
oS S 6yt zyb b s jlodings §) Lol b e 0 ol
Yo o255 655 L 8 69y 1) b oy WousS Sl
E PR MLDA \.\J)l\)
Stz 5 Jolo 2, ol it IS5 oS sboslan
S byl (s (35 551 o8 IS (6005 b b e o
(5 e el o all 258 5551 a5 sl Blod 515
5 ;09,500 YEO aigy myb o gloals ani, oS glaigSa o)ls
o a5 Jly0 el JoSishen 1o A Loyl (83,5 (65 aredin
S5 At 9 yegSee YAV SO (55008 ik 0 plralr
o it b (i il sl Jysoin 1Y Lyl g5
Ol Ol cmliie 5 Jlio cpl )] 5l Bom ool in IS8 5y 00
Ot Lpladl 457 (>les 4y broaisS Cogal (9938 45 Conl 4SS

e Lagil wijlo 1) ((loaingy Baa @b ()5 551 jlade

Tay

Sade 4y 00,5 aly sl po Jlade a5 Sloj w0l o0 LSS
Ogoty ¥ JSS 098 o0 plad (giludingr anld Sy oad s
A2 oo L 1) (g5l i, eNl Sl

PSS D> g0 0 (glwaige ai Y-
olid AL cou 1) aie a5 (650 S les §OS
Sl slvaigs 5l Al e aw b oolyen ) JSKE [0 sad ool
Sy 8 bohs e oo lid axmis 4 faie glacanS oy s
Wl gl s Kl s bghas 900,50y glroaisS ey s Silis
IS 5148 jeblen oS 0, lagyT o asles oo WosssS ey a5 oS
@Lbu*-’ﬁﬁ-“ o ‘) LDOJ.HSW}QJ 56)L.»4.....e‘4 wﬁ) Cenl ua.?uwo
55 (&5 s ] lagledl a5 col ols 1,8 asmin )

a3l 1y
Josdl oS 00l o5 ST 4y 10,5 o8 aST i b Cod (] 0
;)Lw»& JSMJ Ll o0 3 Gblfdui: Ja.»‘).w)».z.? 4 U"ﬁ)
A UK 50 eal eolo lis 61080 bl s | 6“"’)5 &5
ool lis (gilwaings 3l a> o aw b ol o ool oA S L Jg



VoY B FAV doxio AYAA Jlo & oylad A 093 pusS pual SlSlo (nties & it

oo K
5;4—;‘ J-’...;LS FJJ Iﬁg
e Sl
s
e flf f Jl"ﬁ’; ?G
00l o aST b asmbio dy WroadoS o oy yals adlsl ogai 1 JSCi
Fig. 5. Method of adding the stiffeners to plain supported plate
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Fig. 8. Optimization steps, a) original column with uniform thickness, b) primary optimization, c) optimization of thick-
ness after clustering
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Table 1. Variation in maximum displacement and first natural frequency after optimization of thickness distribution
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Fig.9. Stiffeners layout in the original column
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Fig. 10. Optimization results for internal stiffeners of column
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Table 2. Comparison of the mechanical properties after optimization of the stiffeners layout

Jol s W858 | Aty als (ol ain | eSS elS (e 039
Fege () pbal> Fog o OFw Comdy
DAY - Yfs FEVIY DA i (90
av/A AN Yvs$ vyay adsl sloonisS ey gis
OAID YIS Y\0 VYO gy SRodiIS Cay g

T9A



VoY B FAV doxio ATAA Jlo ¥ o)l D 093 yuiS yual SlSo ootiges & il

Gilwaiz jlan 5 B2 524 Gl (Sile gladasie VoY
Oy

Cals 555 Sty 23l Glojen ©y90h Cuend nl 5
2 eor IS GlroniSea g )l sileainte 5 Oste o)l
ol VY S8 ol 00 oy 2 58 pwile (SilSio (sladaseios
¥ sz g w0 oo LS |) atge (gt 4 sl gt hos IS
5 J=8 558 oedle sl ) Ul (srb GuilS 3 g oy aion
a3 oo Ol g (gludings 5l o

259 Golwaing b cwl ouls jasiin Jad ;o a5 aisS les
S slroniT s (al)l e (L G 5 )l Sl
39 ey O 39 45T g ity Sl 8 b gt o
o8 5 RelS o) PI (e @ 558 pdile plale ariiny
o b8 e Gl o) VIO (i 4 o sl (ol
oade (gilwdinge A ye g0 4 byje lacend mls o
ain (2alS [0 boaisS Cosis iol)] (o5ludigs mhew 45 05 o
S oo Cnl s @y silwainge | g 2lral>

Ll 13550 adsl b & S 20l cal soys OF il
Jol b U2 s ileange SN0 Baa Lol o
oS Cugdl 0958l Cawl ool asrine Jgdz [0 a5 4565 les
Sl Ban o o5 355 e Syl smasb S 20lS e
Ll el gl
Sade jo 1y rals o eSS GleoaiiSEusdi 550 opl o
odplive .Wigd co 039380 o3l a4y aril atils Jgl gxndo iS58
3B Sl 3 floetle S5l orb IS8 ke o 35500
oxd &) il gy 5 Jel> sleossSiasi b (gt
by el flien ao ) dga adsl slaeaniS sl 4y S
Coge a5 LS o bboaisSCaghs 098] S g5 o aodls
38 Jl b (W2 el cage 09d e plral> alS
Sheslual (s SIS LSy cuie SIS &dlg e ogd oo
cge odd &Ll ey b ileain 5l Jol> laoanSicg i
oS el b anslin ;o ate Sl als g code 1 sl

580 4yl

Wt O 4 gl o ol Jo T Y JSS
Fig.12. Steps of converting the original column to the optimal column

35t



VeV B FAY doio YA Jlo o o5lad OY 093 «pusS pual CSlSlo ties &yt

O 3lwdiate 3l an 9 Jud Hlplomdle (Sl sladariin amlio: T Jgux
Table 3. Comparison of machine tool mechanical properties before and after column optimization
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