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Abstract. This paper presents a postprocessor for five-axis milling machine that capable of
converting CL (cutter location) data to machine control data (NC program). The proposed
postprocessor method is based on inverse kinematics transformation and postprocessor module is
programmed in Visual Basic language. The Deckel Maho DMU 50 eVoluion five-axis machine
with two rotary axes (B and C) on the table is modeled and verified in software VERICUT® to
validate the NC data generated by proposed postprocessor.

Introduction

Five-axis CNC machine tools are becoming increasingly used because of their ability to machine
parts with complex geometries efficiently and achieve higher dimensional accuracy. Since two
additional rotational axes are introduced in five-axis CNC machines, five-axis NC machining offers
many advantages over 3-axis ones, such as faster material removal rates, reduced machining time
and improved surface finish. Programming of five-axis machining needs a postprocessor that
converting CL data to machine control data (NC program). However, because of the two additional
rotation axes, five-axis NC post-processing is more complex than that of the 3-axis machine.

A variety of postprocessor methods for five-axis machines has been investigated. Jung Y.H. et
al. [1] developed algorithms for NC-postprocessor for typical five-axis milling machine of table-
rotating/tilting type. She and Chang [2] focused on developing a five-axis postprocessor system
with a nutating head. She [3] then also developed a postprocessor for two five-axis machine tools
each with a nutating head and table configuration. Lee and She [4] developed a postprocessor for
three types of five-axis machine tools. Kruth and Kelwais [5] developed a program of interference
free with the modification of the CL by simulating NC data that are post-processed.

This paper develops a postprocessor for five-axis machine with two rotary axes on the machine
table based on inverse kinematics transformation. A postprocessor software module is developed;
generated NC data is then verified using commercial software VERICUT® to validate the proposed
postprocessor.

Types of Five-Axis Milling Machines

The five-axis CNC machines can be classified according to the place where the rotation axes are

implemented. Based on the location of the rotary axes, Bohez [7] classified the CNC machines into
three main types:

(1) Five-axis machine tool with two rotary axes on the machine table - type A (Fig.1a): This kind

of machine, the two rotary axes carry the workpiece and the tool axis can be fixed or carried

by one, two or three linear axes. The tool axis during machining is always parallel to the Z-

axis. Therefore the drilling cycles can be executed along Z axis of the machine. Circles under

a certain orientation of the workpiece are always executed in the XY plane of the machine.

These mentioned functions can be executed in the simple 3-axis numerical control mode. The

disadvantage of this machine is the transformation of the Cartesian CAD/CAM coordinate
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(xyzijk) to the machine axes positions (XYZAB or C) is dependent on the position of the
workpiece on the machine table. This means that in case of the position of the workpiece on
the table is changed this can not be modified by a translation of the axes system in the NC
program. They must be recalculated. In case the control of the NC machine cannot transform
Cartesian coordinates to machine coordinates, a new CNC program must be generated with
the postprocessor of the CAD/CAM system every time the position of the workpiece changes.

(i1) Five-axis machine tool with two rotary axes on the tool spindle - type B: For this type of
machine, as shown in Fig.1b, the two rotary axes carry the tool. These machines can machine
very large workpieces. Machine axis values of the NC program X, Y, Z depend on the tool
length only. A new clamping position of the workpiece is corrected with a simple translation.
A change in the tool length cannot be adjusted by a zero translation in the control unit; often a
complete recalculation of the program (or post-processing) is required.

TOOL AXIS
CENTER

b) c)
Fig. 1 Types of 5-axis milling machines (source of Fig. [7]): a) Type A; b) Type B; c¢) Type C

(i11) Five-axis machine tool with a rotary table and a rotary tool spindle - type C: In this type of
machine, one rotary axis is implemented in the workpiece kinematics chain and the other
rotary axes in the tool kinematics chain, as shown in Fig.1c. This machine type is combining
most of the disadvantages of both previous types of machines and is often used for the
machining of smaller workpiece.

Inverse Kinematics Transformation Method

Forward kinematics is the process of calculating the position in space of the end of a linked
structure, given the positions of all the joints. Inverse kinematics does the reverse. Given the end
point of the structure, what positions do the joints need to be in the achieve that end point. This
process is extremely useful in five-axis machine.

In five-axis machine, the CL data generated by CAM software are the cutter location (X, y, z)
and orientation (i, j, k) defined in workpiece coordinate system. This X, vy, z, i, j, k data must be
transformed to the machine coordinates X, Y, Z, and (B, C) or (A, B) or (A, C) which control the
motion of the machine. By the inverse kinematics transformation method, once the CL data is
obtained, three linear joint motions (X, Y, Z) and two rotary joint motions (B, C) or (A, B) or (A,
C) can be determined. The geometry transformation will transform from the workpiece coordinate
system to the machine coordinate system.

As an example to illustrate the method; inverse kinematics transformation for five-axis machine
in this paper is applied to the machine of type A (Fig.1a). The kinematics chain diagram of this
machine is shown in Fig.2. The reference systems are selected in such away that the transformation
from workpiece coordinates to machine coordinates can be done in simple steps. These intermediate
reference systems are (Fig.3):

Oo (XoY02z0): located in the center of the table surface C, when B = C = 0°. zp-axis coincides with
the C-axis centerline.
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A A Fixed machine frame

Fig. 2 Kinematics chain diagram Fig. 3 Intermediate reference systems

O (x1y121): Obtained by rotating (Xyozo) around z, at an angle C

0, (x2y222): Obtained by translating (x,y;z;) at a distance d along z,
O3 (x3y323): Obtained by rotating (x,y»z,) around x, at an angle +45°
O4 (X4y4z4): Obtained by rotating (x3ysz3) around z3 at an angle B

Os (Xsyszs): Obtained by rotating (X4ysz4) around x4 at an angle -45°
Ow (XwYwZw): Obtained by translating (xsyszs) at a distance -d along z4
O (Xtyizt): Machine coordinate system fixed to the tool spindle tip.
Step 1: Rotation around z at an angle C

x, =x,c08C—y,sinC
Y, =x,81nC+ y,cosC (1)

2174
Step 2: Translation O; — O, along 7, axis at a distance d

Xy =X+ X002
Vo=V +V,00s Where z,10=d (2)

2T T 20
Step 3: Rotation around x; at an angle +45°

X, =X,
Y, = y,c0845" + z, sin 45° 3)

z, =—y, sin45° + z,c0s45’
Step 4: Rotation at an angle B around z;3

X, =x,c0s B+y,sinB
Y, =—x;8in B+ y,cos B €))

Z, =24
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Step 5: Rotation around x4 at an angle -45°

X, =X,
Y5 = y,c0845° — z, sin 45° (5)

z, = y,sin45° + z ,cos45’

Step 6: Translation at a distance -d along zs

xW = x5 + xoSow
yw = yS + yoSow Where Zo50w — -d (6)
Zw T3 + Zo50w

Xw, Yw,> Zw Can be solved by the above equations (6) to (1). The solutions for X, Y, Z of the NC
data are found by solving:

X=x=x,
Y=y =y, Where Zr is the tool length (8)

L=2,=2y,0=2r %2

w

Withcos B =2k, -1, X, Y, Z can be expressed as:

X:[—yo 2(k, k)3, +2x0k0]cosC+[x01 [2(ky—k?) + 23k, - yo}sinC+(d—zo) 2(k, k) 9)
Y=[x0 2(k,~ k) +y0k0}cosc+[yo 2(k, —koz)—xoko}sinC—zo +d —dk, + z,k, (10)
Z=[xw/2(k0 k) + ok, —yo}cosC+[y0 2k k) 3ok, +x0}sinC+d—dk0 T2k, (11)
Where x,,y,,z,.i,, j,,k, are tool tip position and tool orientation given in CL data.

i, =0
By the same method and noted that, ; — ¢, the solutions for C-axis and B-axis can be found:

k, =1
C= arctan|:(1—k0)i0 32 (ko =Ko Vjos (Ko = 1) o + 2K, —koz)io} (12)
cos B=2k,—1 = B=arccos(2k,—1) (13)

Based on the above inverse kinematics transformation method the equations to generate NC data
for other types of five-axis machine tools can also be determined.

Implementation and Verification

A window-based postprocessor software module has been developed in Visual Basic language. The
user interface of the software is shown in Fig. 4; the user can enter relevant parameters. The CL
data is loaded and opened by clicking the "LoadCLFile" and "ViewCL" button. The corresponding
NC data is generated by clicking the "Convert" button. The NC data is displayed by clicking
"ViewResult" button.



Advanced Materials Research Vols. 622-623

529

PostProcessor =11

Filz

LoadCLfle | WiewCL | el xp |‘ vp |2 zp |‘
Convent | |} WiewResult ; “iteNCFile tushin N |EI 5 J |EI N k |EI e
* Pro/CLfle Wersion wiive 3.0 MOS0

S i e 2 ¢ [mormseroe Ny [Ermsnsis 7 (163330521405

PARTNO / MFGOD02

$%5 FEATNG / 30

MACHIN / INC<D1. 1 ;

$8> CUTCOM_GEOMETRY_TYPE /DUTPUT_ON_CENTER | BRI ]

UNITS / MM

LOADTL /1

3% CUTTER /6,000000 —_ — o

5% 55 / 1.0000000000, 0,0000000000, 0,0000000000, 0.0000000000, 0.0000000000, 1.0000000000, 0.00C H L2 H

MULTEY 7 ON

gggftr//ﬁgx, 1200000000, CLw TinhE TinhC

RAPIDGOTO / 29.9109608483, 181751044324, 50000000000, 0.8545388814, 05192886981, -0.0000000000

RAPIDGOTO / 29.9109608483, 181751044324, -0.0000000000, 0.8545388814, 05192886581, -0.0000000000 165.08

FEDRAT /200.000000, MMPM ~ d - UpdateParameter

e * x0201 x050w [f

N2 g |

NG 0 0

A y0201 | yO50w |

NG

ZNE 220 100

an 20wOt | ZTool

N@ T1D5.000000

%N

%N10

N11 M351200 000000

N12 MO8

N13 GO0 %31.06485 v150.08 2258 95625 B-180 C121.28455

N14 GOD 3105485 155,08 2258 95625 B.180 C1 21 26455

N1E F200000000

N1E GOT X26.62701 Y165.08.2251 25965 6180 C121.28458

N17 GOT X33 88635 162 10241 Z254.86051 B-171.03865 C115.00234

N1B GO1 X53.02861 14726211 2242 23844 B-156.3362 C104 52384

N13 GOT XBE 25618 14524317 223543904 B-160.37318 C100.7453

N20 GO] %72 09887 143 62834 £231.186508 B-145.22068 C37. 39694

NZ1 GOT 77.09983 14210863 £226.26095 B-140.71426 C34.60121

NZ2 GOT X31.51447 14066034 2221.52808 B-136.61208 C91.52135 oA

Fig. 4 User interface of the proposed postprocessor software

A turbine blade (Fig.5) is used to illustrate and validate the correctness of NC data generated by

software. The solid cutting simulation by VERICUT® is shown in Fig.6

E[—EH_X| % Wiew 2 - Base (Machine/Cut Stock)
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Fig. 6 In progress solid cutting simulation of the turbine blade in VERICUT" software

proposed postprocessor. The CL data is generated by the commercial CAD/CAM, Pro/engineer

The results of the cutting simulation of the CL data and generated NC data are the same (Fig. 7.a

and 7.b). This proved that the tool path of the NC data generated by postprocessor is correct.



530 Manufacturing Science and Technology il

0 view 2 - stock (Workpiece)

b)

OOOGGQ

Fig. 7 a) Cutting simulation by CL data; b) Cutting simulation by generated NC data

Conclusion

This paper has presented a postprocessor method based on inverse kinematics transformation. The
CL data obtained from CAM software is transformed into five-axis reference inputs for controller of
the five-axis machine using the inverse kinematics transformation. The proposed methodology can
be utilized for various types of five-axis machine tools. The verification result in VERICUT®
software proved that the proposed postprocessor is reliable.
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