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A Study on Spindle Shape Design using Design of Experiments
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Spindle units of machine tool are very important part in the manufacturing area. Recently high
speed machining has become the main issue of metal cutting. To develop high speed machine
tools, a lot of studies have been carried out for high speed spindle. Due to increase of the
rotational speed of the spindle, there has been renewal of interest in vibration of spindle. This
paper concerns the improvement of spindle design using design of experiments. To improve the
design of critical speed and weight of spindle, the experiments using central composite method
have been carried out. The targets are critical speed and weight of spindle. For optimization of
critical speed and weight and optimization of only critical speed by operation of all area search
through response optimizer, the result of analysis has improved design of each factor. Finite
element analyses are performed by using the commercial codes ARMD, CATIA V5 and ANSYS
workbench. From the results, it has been shown that the proposed method is effective for
modification of spindle design to improve critical speed and weight.
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Fig. 1 Schematic drawing of the spindle
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Table 1 Specification of the spindle

Maximal rotational speed 40,000rpm

Type of motor Built-in Motor

Bearing arrangement 4-row DBB

. Front: Position,
Bearing preload
Real: constant-pressure

Bearing inner diameter | Front: 45mm, Real: 40mm

Radial of bearing stiffness 49 N/pm

Tooling system HSK 40E

Lubrication oil-air lubrication

Table 2 Standardized parts of the spindle

Tool holder HSK 40E
Motor Siemens AG
Drawbar OTT. Jacobs
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Fig. 3 Critical speed map of the spindle

Table 3 Material properties of the spindle

Property Value
Density [kg/m’] 7860
Young’s Modulus [GPa] 200
Poisson’s Ratio 0.266
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Fig. 4 FE Model of spindle weight analysis
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Fig. 5 FE Model of cutting resistance analysis
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Table 4 Design factors and levels of experiments

Level

Factor .
initial upper

lower band
value band
Bearing 1,2,3,4 -6mm 0 6mm
Outer diameter of
uter d.1ame er o Smm 0 mm
spindle

!
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Fig. 6 Design variables for bearing locations and spindle
diameter
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Table 5 Results of experiments for critical speed and
spindle weight

Bearing, Bearing | Bearing | Bearing F’UHTM Criicall
" ¢ outer ’ Weight

1 2 3 4 speed
order diameteridiameter

foomf | foom] | o} | fom] ) from] ) fom) RPMY) el

[

1 6 6 6 6 2 150539] 4328

2 6 6 6 6 2 2 |44933] 4328

3 6 6 5 6 2 2582421 468

4 -6 6 6 6 2 2 |50693] 4.68

0 0 0 0 0 0 |53398] 4288

6 6 6 -6 2 -2 549251 393

533981 4288
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Fig. 7 Residual plots of critical speed analyses
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Fig. 8 Effect plots for spindle critical speed and weight
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Fig. 9 critical speed optimization
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Table 6 Response optimization for each importance case
Important optimization model
Critical Satisfaction | Critical speed Weight
Weight
speed eigh (Improvement) [(Improvement)
[RPM] [kel
68,130 37
5 5 0.68777 3
(27.5%) (21.4%)
68,13 .
6 4 0.67024 130 337
(27.5%) (21.4%)
68,580 41
7 | 3 | oes406 | | ’
(28.4%) (20.4%)
69,590 3.49
8 | 2 | 0.64883 >
(30.3%) (18.6%)
70,54 3.6
9 1 0.66065 540 3.2
(32.0%) (15.4%)
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Fig. 12 Importance vs. critical speed
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Fig. 13 Importance vs. spindle weight
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Table 7 Comparison results between RSM model and
verification analysis

Important Optimizatiﬂ Veriﬁcat.ion Error
model analysis
. Natural
Natural Critical Critical .
Weight Weight] Fre- |weight
Fre- |weight speed speed
(ke [kg] | quency
quency [RPM] [RPM] I
[%]
5 5 168,130| 3.37 |68,553| 337 | 0.62 | 0O
6 4 168,130| 3.37 |68,553]337 | 0.62 | 0
7 3 168,580) 3.41 168,993| 3.40 | 0.60 | 0.29
8 2 169,590| 3.49 169,841 349 | 036 | O
9 1 170,540/ 3.62 {70,5071 3.61 | 0.05 | 0.28
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Table 8 Results for cutting resistance analysis

optimization model | Front Real Radial
outer outer .
.. . . deformation
Critical Weioht diameter | diameter (]
i
speed c1e [mm] [mm)] wm
5 5 -5.65 -5.67 3.67
6 4 -5.65 -5.67 3.67
7 3 -5.65 -5.16 3.24
8 2 -5.65 -3.83 3.22
9 1 -5.65 -2.16 3.21
Critical speed
Sriea’ sbe 333 | -180 | 2.03
optimization model
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