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Fig.1.1 Trends in NC machine ratio and order amount of machine tools
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Fig.1.2 Factors which govern machining performance
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(b)  Typical compound multiaxis machine tool configurations
Fig.1.8 Typical compound multiaxis machine tool based machining

center
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Fig. 2.2 Issues of the conventional compound multiaxis machine tool
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Fig. 2.3 Survey results of machining operations conducted

by compound multiaxis machine tools

Fig.2.4 Sample part used for comparision
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Table2.1 Sample part machining time different machines

and time required for new compound multiaxis machine tool

Machine

2-axis lathe

Multiaxis

turning machine

4-axis lathe

Machine price

(million yen)

6.5

18

19.25

Workpiece

Machining time(7,)

(sec)

188

727

970

Required time for new
compound multiaxis machine

t00l( 7"y 1)

(sec)

123

559

843

Productivity

increase(7w )/ Twm)

(times)

1.5

1.3

1.15
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Table2.2 Example of survey parts and machining cycle time

Size of Machining
Machine type Name of part workpiece Material time(sec)
2—axis latne Gear ¢ 130X 55 S45C 157
2—axis latne Holder ¢ 28X 15 SUS303 183
2—axis latne Shaft ¢ 36 X300 SCM420 240
2—axis latne Gear ¢ 90X 70 CAE5160 182
2—axis latne Fan ¢ 150X 100 FC250 170
2—axis latne Valve ¢ 28.4X55.5 Brass 180
Multiaxis turning machine |Gear ¢ 36X 15 A6061 433
Multiaxis turning machine |Cam ¢ 20X 100 S45C 364
Multiaxis turning machine |Tool ¢ 30 X270 SK3 853
Multiaxis turning machine |Adapter ¢ 114 X131 SCR-20 307
Multiaxis turning machine |Flange ¢ 46 X 44 SKD61 1585
Multiaxis turning machine |Case ¢ 62.5 X235 A6061 1396
4-axis lathe Cam ¢ 80 X250 Cr420H 642
4-axis lathe Cam ¢ 60 X270 Cr420H 976
4-axis lathe Pipe ¢ 18 X765 SCM435 780
4-axis lathe Shaft ¢ 44X 342 SCM440H 1255
4-axis lathe Nut ¢ 65X 45 SCM420 895
4-axis lathe Sleeve ¢ 160X170 SKD61 1302
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¢ 6 inch machine
0O.D. : Outer diameter

. [ [l
[.D. : Inner diameter 8 mCh maChme

10 inch machine

Grinding

Inclind surface

milling

Inclined surface I.D. threading

drilling

End face milling End face turning
End face drilling

I.D. milling

(a) 2-axis lathe

Fig.2.6 Survey results of machining operations
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® 6 inch machine
O.D. : Outer diameter O 8 inch machine

10 inch machine
12 inch machine
15 inch machine

X
® 18 inch machine
-+ shaft type machine

[.D. : Inner diameter

. O.D. turnin
Handrln %).D. milling

Gera hobbingD. threading

. O.D. drilling

rinding ‘:‘ ‘
Inclind czurface .'.'.‘g’%%g“
SR

I.D. threading

I.D. turning

milling
Inclined surface

drilling

End face milling LD. milling

End face turning
End face drilling

(b) Multiaxis turning machine

Fig.2.6 Survey results of machining operations (continued)
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¢ 6 inch machine

B 8 inch machine
O.D. : Outer diameter

10 inch machine
[.D. : Inner diameter

12 inch machine

O.D. turning X 15 inch machine

Handring ! 0O.D. milling

Grinding
Inclind surface

milling
Inclined surface

drilling

End face milling ~——

End face drillifa@ face tuming

(c) 4-axis lathe

Fig.2.6 Survey results of machining operations (continued)

34



16 —&— Time to reach the same profits is dyear
' —l— Time to reach tha same profits is 7year

1.5 \—A— Time to reach the same profits is 10year

1.4

1.3 .\

5 A\ﬁ\\\.
A

1.1

Productivity increase( 7wy Twm)

2-axis lathe Multiaxis 4-axis lathe
turning machine
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(b)Comparison of productivity increase by machining fee

Fig.2.7 Comparison of productivity increase
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Table2.3 Specifications and cycle time required

for new compound multiaxis machine tool

Multiaxis 4-axi
Machine 2-axis lathe| turning a;lc}s
machine machine
Sample workpiece machining time(sec) 188 727 970
Required machining cycle time for new 123 559 843
compound multiaxis machine tool
Machining time of conventional compound
multiaxis machine tool with one tool 204 827 1229
spindle(sec)
Cycle time reduction(sec) Time (Reduction time)(sec)
& Rapid travel () 199(5) | 800(27) | 1203(26)
with |5-Depth of cut (Do) 199(0) 797(3) | 1192(11)
one tool
spindle (Cd.fgfgégf(()?2~0.45mm/rev) 162(37) | 684(113) | 963(229)
D AT Targ 160(2) | 674(10) | 954(9)
E. With 2 tool spindles 123(37) 559(115) | 799(155)
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Table2.4 Machining time reduction by using additional tool post

. . Machining Machining Machining
. . Machining . . .
No. Machining time process by using|process by using|process by using
Process (sec) two tool post | three tool post | four tool post
see (sec) (sec) (sec)
NOO00O1 |End face turning 60
N00002 |0.D. turning 59 59 59
N00003 |O.D. turning 29 29 29
N00004 [I.D. turning 61 61
NO0O0005 |O.D. grooving 85 85 85
NO00006 |End face grooving 38
NO0007 |I.D. grooving 66 66
NO0008 Threading 40
NO0009 |Centering 9 9 9 9
NO00010 |Centering 17
NO00O11 |Drilling 25 25 22 22
N00012 [Drilling 67
[ N00013 |Handring 15 |
N00014 |End face turning 51
N00015 |O.D. turning 34 34 34 34
NOO0O016 |1.D. turning 25
NOO0O017 |I.D. grooving 17
N00018 |O.D. milling 254
NO00019 |O.D. milling 207 207 207 207
NO00020 | Tapping 16
NO00021 Tapping 9 9 9 9
N00022 |Drilling 7
N00023 |Drilling 6 6 6 6
N00024 |Drilling 6
NO00025 | Tapping 6
N00026 |Drilling 6 6 6 6
N00027 Tapping 6 6 6 6
NO00028 | Tapping 10
NO0029 | Tapping 11
NO0030 | Tapping 18 18 18 18
NO00031 |Drilling 11 11 11
NO00032 |Drilling 17
NO00033 |Drilling 24 24 24 24
NO0034 | Tapping 21
N00035 [Drilling 25
NO0036 | Tapping 33
NOO0O037 | Tapping 42
NO0038 | Tapping 9 9 9 9
NO00039 | Tapping 23 23 23 23
NOO0040 | Tapping 25
NO0O041 | Tapping 15
NO0042 | Tapping 27 27 27 27
NO00043 |Tapping 35 35 35 35
N00044 |Grooving 48
N00045 [Grooving 35 35 35 35
Reducing time by using]
additional tool post(sec) 0 600 654 654
Total machining time(sec) 1650 1050 996 996

0O.D.: Outer diameter
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Table2.5 Relation between number of turrets

and payback period

Structure 2S1T 2S2T 2S3T 254T
Machining time 7(sec) 1650 1050 996 996
Machine Price P(X10* yen) 2150 2500 2900 3900
Sales per minutes Ch(yen/min) 50 79 83 83

Payback period 7h(X10'min) 432 320 349 470
Comparison index (2S1T=100) 100 74 81 109

S:spindle; T:turret; 2S2T:2spindles and 2turrets;

2S3T:2spindles and 3turrets; 2S4T:2spindles and 4turrets

500
. ¢ 2
O "= 400 ’
- .S
o £
Q < 300 | 4
—5 —
© X 200 -
£3
o K
a 100
0
281T 2S2T 2S3T 2S4T
Machine model

Fig.2.8 Comparison of payback period
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Table2.6 Different combinations of layout of axes
Pattern |Xaxis Yaxis Zaxis Baxis Caxis
1|workpiece |[workpiece [workpiece |workpiece workpiece
2|workpiece [workpiece |workpiece |tool spindle |workpiece
3|workpiece |workpiece |tool spindle|workpiece workpiece
4|workpiece |[tool spindle|workpiece |workpiece workpiece
5|tool spindle |workpiece [workpiece |workpiece workpiece
6|workpiece |workpiece [tool spindle|tool spindle |workpiece
7[workpiece |tool spindle |workpiece |tool spindle |workpiece
8[tool spindle |workpiece |workpiece |tool spindle [workpiece
9{workpiece [tool spindle|tool spindle|workpiece workpiece
10[tool spindle|tool spindle |workpiece [workpiece workpiece
11|tool spindle [workpiece [tool spindle|workpiece workpiece
12|tool spindle [tool spindle |tool spindle |workpiece workpiece
13|tool spindle |tool spindle |workpiece [tool spindle [workpiece
14(tool spindle |workpiece |tool spindle|tool spindle [workpiece
15|workpiece [tool spindle |[tool spindle|tool spindle [workpiece
16]tool spindle |tool spindle |tool spindle [tool spindle [workpiece
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Fig.2.9 Compound multiaxis machine tool for shaft workpiece
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Fig.2.10 Structure of 2 spindles 2 turrets
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3) Vertical : Column movable

Fig.2.11 Eight types of confiuretions
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2) Horizontal : Quill movable

4) Verticd : Quill movable



5) Slanted : Column movable 6) Slanted : Quill movable

7) Bridge : Linear slider movable configur 8) Bridge : Linear rail movable configurati
along X axis along X axis

Fig.2.11 Eight types of confiuretions (continued)
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Table2.7 Comparison of 8 cofigurations

1) 2) 3) 4) 5) 6) 7) 8)
Effect on tool positioning % o % o %
change due to axis movement
Moving mass @) O X X
Reaction force to cutting force X X @) O
Force loop X X
Thermal symmetry X X
Chip removal @) O X X
1evileizce}i.(l)r}l)lel}ignstallation floor area % x O O
Ease of precision adjustment @) @) @) @) X X
Ease of making machine parts @) O @) O X X
Numbers of components X X
Interference O O O O
Cutting area visibility X X O O O O
Ease of setup X X O O O O
Overall evaluation A A O O A A A A

O Acceptable, A: Possible, X : Unacceptable empty: no feature
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Fig.3.1 Sample structure of 5-axis compound multiaxis machine tool
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Fig.3.2 Box in box structure
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Fig.3.3 Movable column Y-axis structure
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Fig.3.4 Boring machine structure
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Table3.1 Same pre-conditions of three sutructure

Cutting tool spindle

Dimension @ 270x500 mm
Mass 180 kg

Typical cutting tool, tool spindle unit as well as
Structure joints of tool spindle with column are adopted to

berigid bodies.

B axis (tool spindle rotational axis)

Dimension 290%150 mm

Mass 150 kg

Structure B axis unit ano_l j_oi nt cgmponents of B axis are
assumed to berigid bodies.

Bed

Dimension 800x800%3000 mm

Mass 3500 kg

Material Cast iron FC300 (JIS)

Structure Ribs and panels without partition

Other structure

Material Cast iron FC300 (JIS)

Structure Ribs, panels without partition

Thickness 25 mm

Stroke

X axis 600 mm

Y axis 250 mm

Z axis 1500 mm

Linear guide type and installation

Equivaent to type 45mm sizefor X, Y and Z axis

a9

Distance between the guide 1000 mm

railsfor Z axis

Note

The distance between the guiderailsfor Y axis
and that for Z axis are 500 mm and 1800 mm
apart respectively for the box in box structure.
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Fig.3.5 Location of tool where rigidity is analyzed
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Fig.3.6 Comparison of rigidity
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Fig.3.9 Comparison of mass of moving parts
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Fig.3.10 Comparison of distance between drivenpoint
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3.7 Box in box ¥ @ M 3
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Fig.3.11 Compound multiaxis machine tool with box in box structure
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Fig.3.12 FEM analysis of compound multiaxis machine tool

74



Position 1

Tool spindle

195mm

._!.._._._._._._ e ———

Spindle 1

+—>

390mm

(a) Position 1

Position 2

Tool spindle

170mm

1

Spindle 1

A

390mm

(b) Posiotn 2

Fig.3.13 Point of analysis
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(a) Contribution rate of rigidity on X direction
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(b) Contribution rate of rigidity on Y direction

Fig.3.15 Contribution of rigidity
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4.2 BEHEOBE M T
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LTWa, H 1 THERIE X, Y, ZOEAR 3§ T B #hiiER 2 a2 4
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Table4.1 Specification of new compound multiaxis machine tool

No.1 Headstock power 18.5/15kW
No.1 Headstock speed 4000min—1
No.2 Headstock power 18.5/15kW
No.2 Headstock speed 4000min—1
No.1 Tool spindle power 18.5/15/11kW
No.1 Tool spindle speed 14000min—1
No.1 X axis stroke 750mm
No.1 Y axis stroke 420mm
No.1 Z axis stroke 1500mm
No.1 B axis stroke +120°

No.1 Tool magizine strage 100
No.2 Tool spindle power 5.5/3.TkW
No.2 Tool spindle speed 6000min—1
No.2 X axis stroke 195mm
No.2 Z axis stroke 1500mm
No.2 Tool post tool storage 12
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No.2 Headstock

No.2 Tool post

Fig.4.2 Structure of new compound multiaxis machine tool
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Driven at the center of Current design
gravity (Twin ball screw) (Single ball screw)
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Fig.4.3 Comparison of linear axis motion drive
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(b) Driven at center of gravity (Twin ball screw)

Fig.4.4 Comparisn of residual vibration
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Fig.4.5 Y axis structure
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(c) 45degree inclined plane

Fig.4.9 Cutting test setup for circularity verification

91



A= 1pm/BE

180°
E-2 33
R0OOCum
400 ‘
REDR 270° =57
R-0.59 tm FILBR-059¢m
4 450° FILE © 450°

(a) XY-plane

Rir—b tum/ B8

EEE oy
ROOOUmM <«

*00°

REDR 245

R-067um FILER-067um
% 45.0° FILE O 450°

(b) YZ-plane

92



A=A um/BRE

180°

T
RO00Km

£00° e

REDS 0° £5

RO44um FLERO4um
$450° FILA O 45.0°

(c) Z-45degree inclined plane

Fig.4.10 Circularity result for new compound multiaxis machine tool
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Fig.4.11 Circularity result for conventional multiaxis machine tool
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Table4.2 Comparison of idle time

existing model new model
Rapid feed No.1Tool post X 24m/min 50m/min
speed |No.1Tool post Y 16m/min 30m/min
No.1Tool post Z 24m/min 50m/min
No.1Tool post B 27min—1 100min—1
No.2Tool post X 20m/min 30m/min
No.2Tool post Z 24m/min 30m/min
No.1Headstock ( 200min—1 250min—1
No.2Headstock ( 200min—1 250min—1
Tool change |Chip to Chip 6.3sec 4.2sec
time |Tool to Tool 1.6sec 1.0sec

LT,

Fig.4.12 Worpiece for test
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Table4.3 Cycle time of new compound multiaxis machine tool

No.1 Headstock operation

No operation time (sec) |total time (sec)
N10 |Form Drill for M48 Tap 26.8
N11 [Threadmill M48 P1.5 23.4
N12 |Form Drill for M5 Tap 14.1
N13 [Form Drill for M5 Tap 15.3
N14 |M5 Tap 13.2
N15 |M5 Tap 10.0
N16 |8 Drill 20.8 [ X (N10:N17)=
N17 |8 Drill 14.3 138.0
N18 |6 Deep Drill 35.6 35.6 |©
N19 [Threadmill M30 16.8
N20 [(Form Drill T162 20.6
N21 |M10 Tap 13.9 [ X (N19:N22)=
N22 |Drill 29.0 80.3 |®
N23 |Plunging 17.3 17.3 |®
N31 |Transfer 42.6 42.6 |®
No.2 Headstock operation

No operation time (sec) |total time (sec)
N1 |0O.D. Turnning 14.0
N2 [Form Drill T565 28.3
N3 |Form Drill T558 10.5
N4 |M8 Tap 9.6
N5 |Groove 23.0
N6 |Form Drill T475 19.9
N7 |M10 Tap 23.6
N8 |Form Drill T568 19.4 [ X (N1:N9)=
N9 |Form Drill T475 13.4 161.8 |O
N40 |[Form Drill T566 47.3 [ X (N40:N41)=
N41 [Inside Groove 20.5 67.8

[Total cycle time(sec) D+@+@+@D+5)= 337.6 |

Cycle time of new compound multiaxis machine tool :337.6sec

Cycle time of conventional model: 460sec
Ratio of productivity increase=460,”337.6=1.36times
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Table4.4 Cycle time comparison between conventional model

and new compound multiaxis machine tool

DTime on using| @Time on using | Comparison
) convenntional | new compound @-D
Operation model(sec) multiaxis (sec)
machine tool(sec)

No.2Tool post ZR 19.2 10.9 -8.3
Face turning 6 5.4 -0.6
0.D. turning 29.5 26.6 -2.9
1.D. drill 96.9 94.2 -2.7
I.D. turning 133.3 111.1 -22.2
Tailstock out 16.2 10.3 -5.9
0.D. turning 34.2 31.9 -2.3
©2.2 drill 25.7 18.2 -7.5
M3 centering 5.6 5 -0.6
M2 centering 6.8 6 -0.8
5.1 drill 26.3 17 -9.3
©2.2 drill 28.6 19.8 -8.8
M3 drill 29.6 19.7 -9.9
M2 drill 27.5 17.4 -10.1
©3.5 endmill 27.7 18.6 -9.1
M3 tapping 31.9 20.9 -11
M2 tapping 27 17.9 -9.1
Tailstock in 18.1 10.8 -7.3
Face finishing 124 121.5 -2.5
Tailstock in 15 6.4 -8.6
5.1 endmill raugh 26.1 23.5 -2.6
5.1 endmill finish 27.2 27.1 -0.1
5.1 endmill chamfer 38 33.2 -4.8
Tailstock in 19 10.4 -8.6
Cutting 32.5 31.8 -0.7
No.2Tool post ZR 3.2 2.6 -0.6
Total 875.1 718.2 -156.9
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Table4.5 Turget times of cycle time reduce

Comparison pattern of machining

Target times of
cycletime reduce

In case of sample workpiece for 2-axis lathe

machining by current multi axis machine

1.28

In case of sample workpiece for multi-axis
turning machine machining by current

multi axis machine

1.23

In case of sample workpiece for 4-axis lathe

machining by current multi axis machine

1.29

Table4.6 Comparison of power and speed of spindles

Current model

New multi axis machine

No.l Headstock power 18.5/15kW 18.5/15kW
No.1 Headstock speed 4000min—1 4000min—1
No.2 Headstock power 15/11kW 18.5/15kW
No.2 Headstock speed 4000min—1 4000min—1
No.1l Tool spindle power 18.5/15/11kW 18.5/15/11kW
No.1 Tool spindle speed 12000min—1 14000min—1
No.2 Tool spindle power 5.0kW 5.5/3.7kW
No.2 Tool spindle speed 4000min—1 6000min—1
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Operation| Chucking Operation
OP1 OP1
Compound
2-axis multiaxis
lathe machine
tool
oP2 OP2
OP1,2
Machining
center
oPpP3
Lathe & New
Machining compound
center multiaxis
machine tool
Total cycle time [sec] 11953 7479
Ratio of reduction
time(%) 100 63
Spending electric
power [Wh] 13021 10315
Ratio of reduction 100 79
power(%)

Fig.4.13 Comparison of power comsumption between current

machine and new compound multiaxis machine tools

101



4.6 7T AR—ZAbHHEDDOEEME

AT OBEGIM LHITIERD NC g, v =27t 2 LR%EU Lo
TR ZFL . POENLLOWEZ 1 B0 N7 MZEHL TV D,
o T FMUMIYMEMLTHIZE s THELINLSIT7ET A= H 4
KRINCNEL T HIENTEDLLEZOLND, 7R T AXR—ABHT Y DEFE
PIZONWT, RFOEEMLEEZH WG AE L, koM T#E A5G4
HECREE L TH D,

PEROMTHEEZ AN HEONSEMTHOMTTREEZX 4. 14 IZ/R7, &
ST IE NC BB ORI TH D TEAE (F—Ly ) Thb, M
Vo7 RogEMmZ Ry, F 1 LR TIENC EREZ AW T moEEn T %
T2, B2LETHLY 1 FTOHEDEAIMLZITWVW, 3 LRERTE~=7
B TREOI -V I MLETRV FE4 LRTH I EEET 720
DI EZMOAMTT, FA4ATLERTEINE TGP0l -0 7ML xE1T 9, &
M I OLEB%EZ T HS LERTHE> TV AIAEDOI—Y 7 I LEAT
BROEIHIMLEORTERET T 5, 20N E#R. 350~V =v 7%
ZRTHEHE L LETHMILENTWDIIMIY TH D, Aito LM 240
el o TS,

415 OMTI Y EEAMIETM LT LESEO M L LRELZ RT, {E
kOMITHEOHE L RKICEBESNZY Y ROFEMEZHCT . H 1 LRET
IR EOREEMI, I —YV Y7 ILE1T5, 2 LETED > —FOHDE
HINL, =V 7ML, 2L CHEAMIHE CIXEE TR F@MA2H 0 H LT
5N TAICH Y T2 M IRNARERZ EZ2MAL T, 2O LERTHENS D
=V YIIMIbAREL 2 1 BOEEMIEZHWT 2 TR TIHIAE
T2, BRFOMIEFIE 23045 &£ 72> TV 5,

W, WROMLIEZHNZHEE S, KFTOEEMIEEZ W56, tIHl
FHFEERCEEEZH VTV,

INOLOMIKHEZ S LIS MEREEELH T EOORMEHEZRD D
ELHEROMTIETITAEDONCIEEE 3BEOME~Y Y= TRV PN E

102



Operatin3

Operationl Operatin2
Turning Turning Milling
:—(5 Fixtures |:>

setting 2
Operatin4 Operation5
Milling Milling

Fig.4.14 Machining process by using current machine tools

Operation2
Turning & Milling

Operationl
Turning & Milling

Fig.4.15 Machining process by using compound multiaxis mcachine tool

D, FRRICEFTOBESMIEIT4BLELRD,

IhballE LKA 4.16 ThHDH, EROIM I TIZEE 363.6 D~
B7AR—ZANKEER)  HEMTHETIX 264 L e olz, BFTOEAM
THTIE 7T AXR—=2AN2T%HHEINTWVWD I ERERINT,
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Horizontal machining center

5.4 x15=81m

Horizontal machining center NC lathe NC lathe
|
5.4 11=59.4m 5.4 X 12=64.8m
F L3 s L3 L3

i—J _E& *
-4+

t?£7,7 s -
SR SST

Workpiece

Ll
stocker

machine tool

‘ .

oona
=R=1-]
=

S il il il
Horizontal machining center NC lathe NC lathe O O
48 x33=158.4m
2
Floor space 363.6m
(a) Current machine tools
‘ 11000 11000
Compound -- - - Compound

machine tool

[ ‘
oa

12000

Compound
machine tool

12000

B

=

Floor space 264m

(b) Compound multiaxis machine tools

Fig.4.16 Comparison of floor space
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4.7 BEMORIE
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Lo,

Table4.7 Comparison of machine price and floor space

Machine price of current machine tools

Machine type Machine price
Horrizontal machining center ¥22,140,000
Horrizontal machining center ¥42,790,000
Horrizontal machining center ¥42,145,000
NC lathe ¥12,680,000
NC lathe ¥20,600,000
NC lathe ¥14,360,000
NC lathe ¥21,600,000

total ¥176,315,000
Machine price of new compound multiaxis machine tools

machine type machine price
Compound multiaxis machine tool ¥37,616,000
Compound multiaxis machine tool ¥37,616,000
total ¥75,232,000

total of 2set ¥150,464,000
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