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Abstract

Column stiffness affects the dimensional accuracy of the
work-pieces machined on a CNC machine tool. The static
stiffness is characterized by column displacement whereas
the dynamic stiffness is a function of the natural frequency
of the column. A computational procedure based on
ANSYS, a finite element package, for the static and dynamic
analysis of a CNC machine tool column was applied [1, 2].
Derived parameter method [1] developed by the authors
was used for mathematical modelling.

Practically, for a column of high stiffness, the displacement
should be as low as possible and the natural frequency
should be far away from the operating speed zone of the
machine tool. Besides, for a given displacement d, the
material volume requirement, v for an optimal column must
be minimum. Put together, the product P of displacement d
and material volume v must be minimized in order to
optimize a column. Hence, the minimum values of Product,
P (d*v) as well as displacement, d have been used as the
optimization criteria for column design. For dynamic
stiffness, it is aimed to achieve the highest possible natural
frequency.

The impact of the number and cross-sectional area of
horizontal as well as vertical stiffening ribs on column
displacement and its natural frequency was studied. The
results obtained and the conclusions derived have been
reported in the paper.
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l. INTRODUCTION

A computational procedure based on ANSYS, a
finite element package, for the static and dynamic
analysis of a CNC machine tool column was
developed, established and applied [2]. The product
accuracy is a function of displacement and the
vibration characteristics of machine tool structure.
Low displacement and vibration-less environment
require high column stiffness.

An optimum design of machine-tool structures
requires consideration of a number of machining
parameters including nature of the forces involved.
Recently, researches have been reported in the field of
structural design of machine tools for improving
stiffness and reducing cost[3]-[5].
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Hollow square boxes possess an efficient shape
for engineering components due to their high inherent
bending and torsional rigidities[6]. The column is a
vital part affecting the stiffness of a machine tool. The
column stiffness is primarily controlled by its size,
shape and material. However, a lot of parameters such
as shape of the column, column height, cross-section,
wall thickness, stiffening rib dimensions, no. of
vertical and horizontal ribs, no. of apertures, types of
apertures, angle of taper, bionic design aspects etc
need to be considered for an optimal design. An
optimal thickness for the column under consideration
has already been established [2]. This paper focuses
on the role of stiffening ribs in the design of a CNC
machine tool column. A number of parameters of
stiffening ribs are analysed and discussed.

1. DESIGN SPECIFICATIONS

A CNC machine column of Gray Cl (ASTM40)
was taken for design. The column 3-D view is shown
in Fig. 1. A hollow column of cross-section 700 mm
by 700 mm and of height 1900 mm was taken. The
wall thickness, t was confined to 25 and 35 mm [1]
for the purpose of analysis.

Fig. 1: CNC Machine Column (3-D View)

The net forces applied [7]-[9] are given in
Fig. 2. The three components of forces are -400 N, -
1000 N and 2400 N along X, Y and Z axes
respectively. The bottom surface of the column was
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constrained for all 6 degrees of freedom. No other
boundary condition was applied.

Y -1000N
z X 2400N -400N
Reference Net Forces

Coordinate Axis
Fig. 2: Co-ordinate Axes and Forces Applied.
1. DESIGN OPTIMIZATION

For an acceptable accuracy of machined work-
pieces, a machine tool should be statically as well as
dynamically stable. For optimal design of a machine
tool structure, it is imperative that the vital
components of a machine tool should satisfy the
following criteria:

a. The displacement, d should be as low as
possible [10].

b. The material volume requirement, v should be
minimum.

c. The natural frequency should be the highest
possible assuming that most machining
operations have a low range of the frequency
of oscillation.

For analysing the effect of stiffening ribs on

stiffness, the above listed optimization criteria have
been used.

V. FINITE ELEMENT ANALYSIS

PRO-ENGINEER 3D product development
software was used for mesh generation. A 3-
dimensional 10-node tetrahedral structural element
(SOLID187 as per ANSYS) was used. SOLID187[11]
has a quadratic displacement behaviour and is well
suited to modelling irregular meshes.

The finite element analysis for the column was
done using ANSYS software package. Typical values
of the no. of nodes and equations are: number of super
nodes = 4207; number of compressed nodes = 45200
and number of equations = 135600.

The basic outputs obtained are: Displacements in
X, y and z directions, displacement vector sum,
product (P) of displacement (d) and material volume
(v), natural frequency and the material volume
requirement.

V. RESULTS AND DISCUSSION

The various parameters considered are as under:

a. Number and cross-sectional area of
horizontal stiffening ribs for a 4-sided
column.

b. Number and cross-sectional area of vertical
stiffening ribs for a 4-sided column.

1. Number of Horizontal Stiffening Ribs

For analysis, equi-spaced horizontal stiffening
ribs were attached to the column. The number of
horizontal of ribs (NHR) was varied from 2 to 7 with
an increment of 1. A 3-dimensional view with 4 ribs
is shown in Fig. 3.

X

Fig. 3: A 3-D View of 35 mm Wall Thickness Column with 4 Equi-
spaced Stiffening Horizontal Ribs(20x20 mm)

The Table 1 contains the computed values of
displacement (d), material volume (v), product (P) and
the natural frequency (f) for varying no. of horizontal
ribs (NHR). Here, wall thickness, t = 35 mm and rib

area = 20 mm x 10 mm.
TABLE 1. COMPUTED VALUES OF d, P AND f AGAINST

NHR.
Natural
P=dxv d Volume, v | Frequency
NHR (mm*) (mm) (mm® (Hz), f
132.65
0 | 1.271e7 0.068404 | 185820250
130.25
2 | 1.2219e7 0.065583 | 186316250
130.22
3| 1.21778e7 0.065274 | 186564250
130.20
4 | 1.2171e7 0.06515 | 186812250
130.23
1.21456€e7 0.064929 | 187060250
130.20
6 | 1.21323e7 0.064772 | 187308250
130.15
7 | 1.21266e7 0.064656 | 187556250

The graphical plots for d, P and f against
NHR are exhibited in Figs. 4, 5 and 6 respectively.
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Fig. 4: No. of Horizontal Ribs vs Maximum Displacement
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Fig. 5: No. of Horizontal Ribs versus Product P(d * v)

From Fig. 4, as the no. of horizontal ribs is
increased from 2 to 7, the displacement decreases, but
the rate of decrease of displacement also decreases.
This means that the impact of NHR on displacement
is gradually diminished. This fact is further
demonstrated by Fig. 5 where after NHR = 5, the
decrease in product P is negligible.
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Fig. 6: No. of Horizontal Ribs versus Natural Frequency, f.

From Fig. 6, the natural frequency remains
almost constant with an increase in NHR from 2 to 7.
Hence, dynamically, NHR has no impact on column
stiffness. Statically, 5 is the desirable NHR for the
given column which may serve as a guide line for
designing CNC machine columns. Dynamically, even
a lower value of NHR is good enough.

2. Cross-sectional Area (CSA) of Horizontal
Stiffening Ribs

In section V.1, study on the impact of the number
of horizontal stiffening ribs on displacement was done
by keeping the cross-section area of the ribs constant
equal to 200 mm?. This study was extended further by
varying the area of cross-section from 400 (20 x 20)
to 4225 (65 x 65) mm? and keeping the number of ribs
equal to 4 with optimum column wall thickness of 35
mm. The rib width was kept equal to rib thickness.

TABLE 2. COMPUTED VALUES OF d, P AND f AGAINST
CSA OF HORIZONTAL STIFFENING RIBS.

CSA (Ribs) Volume, v | Natural d
(mm?) P=dxv (mm®) Frequenc (mm)
(mm*) y (Hz), f
400 (20 x 189724250 | 133.69 0.062328
20) 1.18251e7
625 (25 x 191870250 | 133.59 0.058776
25) 1.12774e7
1225 197482250 132.79 0.053472
(35x35) 1.056e7
2500 209020250 | 130.04 0.048804
(50x50) 1.0201e7
4225 224014250 | 125.93 0.04567
(65x65) 1.0231e7

The Table 2 contains the computed values of
displacement (d), material volume (v), product (P) and
the natural frequency (f) for different areas of rib
cross-section varying from 400 (20 x 20) to 4225 (65
X 65) mm?.

The graphical plots for d, P and f against
different areas of cross-section of horizontal ribs are
displayed in Figs. 7, 8 and 9 respectively.
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Fig. 7: Cross-section Area of Horizontal Ribs versus Maximum
Displacement.
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Fig. 8: Cross-section Area of Horizontal Ribs versus Product, P

As per Fig. 7, with an increase in the cross-
section area of horizontal stiffening ribs, the
displacement is obviously decreased. But the rate of
decrease of displacement per unit increase of cross-
section area of ribs is maximum at CSA = 1225 mm?
corresponding to the rib thickness equal to 35 mm
which is equal to the column thickness ( 35 mm ).This
fact is further demonstrated by Fig. 8 where for CSA >
1225 mm? corresponding to the rib thickness equal to
35 mm, the product P almost flattens out.
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Fig. 9: Cross-section Area of Horizontal Ribs versus Natural
Frequency.

Dynamically, the natural frequency remains
almost constant up to CSA = 1225 mm? ( Fig. 9 ) and
after this value, the rate of decrease in f increases.

Thus, for efficient design based on dynamic as well as
static considerations, the thickness of horizontal ribs
should be equal to the optimum column thickness. It

may not be more than the column thickness. For our
analysis, the width of horizontal ribs has been taken
equal to its thickness.

3. Number of Vertical Stiffening Ribs

Fig. 10: A 3-D View of the 4-sided Column (wall thickness = 35
mm) with 4 Horizontal and 3 Vertical Ribs.

After optimizing for horizontal ribs, it is logical

to analyse the impact of vertical ribs also on design

parameters. The no. of vertical ribs (NVR) were

varied from 1 to 3 with an increment of 1. A 3-

dimensional view of the column with 4 horizontal and
3 vertical ribs is shown in Fig. 10.

The Table 3 contains the computed values of

displacement (d), material volume (v), product (P) and
the natural frequency (f) for varying no. of vertical

ribs (NVR). Here, wall thickness, t = 35 mm and rib

area =20 mm x 10 mm.
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TABLE 3. COMPUTED VALUES OF d, P AND f AGAINST

NVR.
wvR | PEdxv | volume.y Fr'“ez;%?c'y, i
0 1.271e7 185820250 132.65 0.068404
1 1.2223e7 187580250 129.88 0.065163
2 1.2266e7 189092250 129.862 0.06487
3 1.2322e7 190604250 129.62 0.064647

The computed values of d, P and f against
the no. of vertical ribs are plotted in Figs. 11, 12 and
13 respectively.
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Fig. 11: No. of Vertical Ribs Vs Maximum Displacement

1.28E+07

1.27E+07

1.26E+07 \

133
132.5

132 \
131.5 \

131 \
130.5 \

129.5

129 T T T 1

Natural Frequency

No. of Vertical Ribs

Fig. 13: No. of Vertical Ribs versus Natural Frequency, f.

Dynamically, the natural frequency, rather,
decreases marginally as NVR is increased from 0 to 1
( Fig. 13) and further increase in NVR has practically
no impact on f. Thus, based on static as well as
dynamic considerations, vertical ribs of small cross-
section are redundant from design point of view.

4. Cross-section Area(CSA) of Vertical Ribs

As observed earlier, the vertical ribs of small
cross-section have hardly any impact on column
stiffness. The pertinent question is “Does the cross-
section of vertical ribs have any impact on column
stiffness?” In order to find an answer, the cross-
section of vertical ribs was varied from 200 mm? to
1000 mm?. Here, NVR =3, wall thickness = 35 mm.

TABLE 4. COMPUTED VALUES OF d, P AND f AGAINST
CSA OF VERTICAL STIFFENING RIBS.
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Fig. 12: No. of Vertical Ribs versus Product P(d * v)

From Fig. 11, there is hardly any decrease in
displacement with an increase in the no. of vertical
ribs from 1 to 3. From Fig. 12, the product P (v *d)
increases as NVR is increased from 1 to 3 indicating
that the plain vertical ribs of small cross-section have
hardly any impact on static stiffness of the column.

CSA Volume, v | Natural d
(Ribs) P=dxv (mm®) Frequenc (mm)
(mm?) (mm*) y, Hz

200 1.2322¢7 190604250 | 129.62 0.064647
600 1.2794e7 199712250 | 129.36 0.06406

800 1.284e7 204260250 | 128.97 0.062861
1000 1.2905e7 208808250 | 128.59 0.061804

The Table 4 contains the computed values of
displacement (d), material volume (v), product (P) and
the natural frequency (f) for different areas of rib
cross-section (of vertical ribs) varying from 200 to
1000 mm?,

The graphical plots for d, P and f against
different areas of cross-section of vertical ribs are
exhibited in Figs. 14, 15 and 16 respectively.

As seen from Fig. 14, there is a marginal
decrease in displacement with an increase in CSA
(Cross-section Area) of vertical ribs. A 400% increase
in CSA results into about 4.4 % decrease in
displacement. The question still remains “Is it worth
from material volume point of view?” As displayed in
Fig. 15, the product P (v * d) increases dramatically as
CSR of vertical ribs is increased indicating that the
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impact of plain vertical ribs of any cross-section on
static stiffness of the column is not worth
consideration from material saving point of view.
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Fig. 14: CSA of Vertical Ribs vs Maximum Displacement
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Fig. 15: CSA of Vertical Ribs versus Product P(d * v)
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Fig. 16: Cross-section Area of Vertical Ribs versus Natural
Frequency.

Dynamically, the natural frequency remains
almost constant as the CSA of vertical ribs is
increased from 200 to 1000 mm? (Fig. 16 ). Thus,
dynamically it is immaterial whether the designer uses
vertical stiffening ribs or not. Finally, overall design
considerations recommend no vertical stiffening ribs
for a CNC machine tool column.

VI. CONCLUSIONS

The impact of horizontal and vertical stiffening ribs
on column design may, now, be summarized as under:

For a CNC machine column of good length, 5 is
the optimum number of horizontal ribs which may
serve as a guide line for column design. Dynamically,
even a lower value of NHR is good enough.

The thickness of horizontal ribs should be equal
to the optimum column thickness. For the sake of
efficiency, it may not be more than the column
thickness. The width of horizontal ribs may be taken
equal to its thickness.

Dynamically, it is immaterial whether the designer
uses vertical stiffening ribs or not. Finally, overall
design  considerations recommend no vertical
stiffening ribs for a CNC machine tool column.
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