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Abstract Aiming at the four-axis machining with inclined
rotary working table, an approach for collision and interfer-
ence correction is proposed in this paper. Based on the
principle that the tool axis vector is limited in the
corresponding rotation plane of four-axis machine tools,
collision and interference can be eliminated by using the
rotation of the ellipse which is the intersection of the plane
and the cutter surface. And the minimum necessary rotation
angle for the cutter to eliminate interference is obtained by
solving the quartic polynomial equations with numerical
method. Finally, the process techniques involved in impeller
machining with non-orthogonal four-axis machine tools are
developed thoroughly, and the experiments of free-form
centrifugal impeller machining are rendered with details.
Experiment results show that the approach is an effective
approach to detect collision and avoid interference for four-
axis machining and it can be directly implemented into
current CAD/CAM software to promote impeller machining
in industry.

Keywords Integral 3D impeller - Four-axis machining -
Inclined rotary working table - Interference correction -
Non-orthogonal machine tool

1 Introduction

The impeller is an important part of major equipment.
Thanks to advanced CAD/CAM techniques, impellers with
complex features have been widely adopted in many
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industries and they are often cut with multi-axis computer
numerical control (CNC) milling [1]. In order to get more
feasible accessibility, five-axis CNC milling technique is
often used to machine impellers, including roughing for
high cutting efficiency and finishing for high accuracy
[2—4]. Therefore, five-axis machining center are the ideal
equipment for impeller machining. However, in some man-
ufacturing enterprises, there are also lots of four-axis ma-
chine tools. How to make full use of these four-axis machine
tools to produce high value-added impeller is an important
issue in these enterprises. Besides, the five-axis machine
tool is usually more expensive than the four-axis machine
tool, the utilization of four-axis machine tool may reduce the
equipment purchase cost, thus reduce the machining cost of
impellers especially for small enterprises[5].

While machining free-form surface impellers, the colli-
sion and interference between the cutter and the workpiece
must be avoided to get qualified final workpiece. During the
last few decades, lots of collision detection and interference
correction approaches, such as C-space method [6], bound-
ing volume method [7], distance monitoring method, and
radial projection method, have been developed [8—11].
Balasubramaniam et al. [12] applied an efficient bounding
volumes hierarchy, i.c., a point cloud representation for the
workpiece, a constructive solid geometry one for the tool to
reduce the interference problem by sampling point inclusion
queries. But it tends to lose efficiency and requires a sub-
stantial amount of memory. Ilushin [13] proposed an ap-
proach that uses space subdivision techniques and ray-
tracing algorithms to derive a highly accurate polygon/sur-
face—tool intersection algorithm for global collision detec-
tion and avoidance. Tang et al. [14] presented a tool path
verification method through computing parallel slices of the
workpiece, the reference part and the tool geometry with
constant intervals named sweep plane algorithm, which
allows general tool geometry and supports collision detection
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between the workpiece and the tool, tool holder, and fixtures,
but the precision relies on the distance between the slices and
the behavior of the surface.

Since the tool can only reach specified orientations
with four-axis machine tool, the accessible region is
much smaller than it with five-axis machine tool. Aim-
ing at tool interference in four-axis machining, Suh [15]
proposed a handling algorithm based on the cutter loca-
tion (CL) plane that determines an interference-free tool
axis. While machining impeller with four-axis machine
tool, Wu [16] proposed a method based on intersection
of two conical surfaces to determine interference-free
tool axis. Luo [17] proposed to generate representative
tool orientation first; then, other tool orientations can be
obtained by interpolation algorithm to get smooth tool
orientations in four-axis machining. All the above re-
search studies focus on orthogonal machine tools which
cannot be employed directly for non-orthogonal four-axis
machine tools.

Aiming at the four-axis machining with inclined ro-
tary working table, an approach of collision and inter-
ference correction is proposed in this paper. First, four-
axis machining of impeller is introduced in Section 2.
Collision and interference correction for four-axis ma-
chining is proposed in Section 3. Finally, in Section 4,
the proposed method and experiments are discussed to
demonstrate the effectiveness and advantages of this
innovative method.

2 Four-axis milling of impeller

The rotary coordinate of four-axis NC machine tools is
usually realized by the working table, which is provided as
an accessory of the machine to meet the technical
requirement and then reach any motion forms according
to the commands. As shown in Fig. 1, when machining
a 3D impeller with non-orthogonal four-axis machine
tools, the working table is usually settled at an inclined
angle to get open space and reduce tool length as well

Fig. 1 Four-axis machining with inclined rotary working table
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as to avoid the collision and interference; the inclined
angle is represented by a. With the inclined angle, the
rotary axis of the working table is axis R, and then the
rotary of the working table can be treated as the cutter’s
rotation about axis R.

Different from five-axis milling, tool orientations of this
method are constrained within a certain conical surface, the
rotation axis of the conical is R and its half apex angle is
(m/2 — a). Therefore, the main issue of four-axis milling is
to find the proper tool orientation on the cone surface while
avoiding collision. Let {Ow; Xw, Yw, Zw } be the workpiece
coordinate system (WCS) and {Owm;Xm, Ym,Zm} be the
machine tool coordinate system (MCS). The two coordinate
systems satisfy the right-hand rule and their origin points
coincide, then the following equations is valid:

Xw =2Zm
Yw = Xu
Zw = Ym

Hence, the rotation matrix about Y, in the WCS is

cosa 0 —sina
Moy = 0 1 0 (1)
sina 0 cosa

Then, the rotation axis R in the MCS can be expressed as:

R=(0 0 1)M,y=(sina 0 cosa)

As shown in Fig. 2a, at cutter contact point C,
{OL; X1, YL,Z.} is the local coordinate system. Xj is the
feed direction, Y7 is the normal direction at point C, and Z,
is the step over direction. The cutters can rotate about X
and Y in the local coordinate system in five-axis milling.
But in four-axis milling, there are more constraints. As
shown in Fig. 2b, after the tool rotate angle A about Xi, it
always lies on the conical surface I, when rotating about
Y1. In addition, while machining with inclined working
table, tool orientation also lies on the conical surface I
shown in Fig. 2b. Therefore, the final tool orientation is the
intersection line /; and [, between I} and I5.

(b)

Z

10y
X, /

Local coordinate system  Tool orientation selection in four-axis milling

Fig. 2 Tool orientation selection in four-axis milling. a Local coor-
dinal system. b Tool orientation selection in four-axis milling
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3 Collision and interference correction for four-axis
machining

3.1 Collision and interference correction

In five-axis machining, the tool can reach any orientation
within the working space, so the interference can be cor-
rected by rotating the tool around an arbitrary direction. But
in four-axis machining with a non-orthogonal machine tool,
as shown in Fig. 3, the tool can only rotate around R axis.
Therefore, when collision and interference occur, the cor-
rection of the tool is constrained in the conical surface,
which causes more difficulties in interference correction
than in five-axis machining case.

As shown in Fig. 4, while eliminating interference in
four-axis machining with an inclined working table, P is
the interference point, I'is the plane perpendicular to R axis
and point P lies on I, and E is the intersection profile of
plane I'and the cutter envelope. Actually, the correction of
collision is to locate the point P outside the cutter envelope
by adjusting the tool axis vector. Within plane I, the rota-
tion of cutter around R axis is the same as the rotation of
ellipse E around R axis. When ellipse E is rotated to a
certain correction angle where point P locates outside the
ellipse, this means that point P is located outside the cutter
surface, i.e., elimination of interference. Therefore, the next
step is to determine the correction angle.

3.2 Correction angle calculation

In the workpiece coordinate system, the equation of plane I”

can be expressed as:

Rx+Ry+Rz+D=0 (2)
Where D = —(R.P, + R,P, + R.P-). Let the cutter loca-

tion at current contact point be CL = (CLy, CLy, CL,), then

the equation of axis R’ which is parallel to R can be
expressed as:

fa

a

Fig. 3 Tool rotation in four-axis machining with non-orthogonal ma-
chine tool

Cutter

CL A ' | I
; % P\ | ool

N\ " orientation

Fig. 4 Interference correction for four-axis with inclined rotary work-
ing table

x—CLx_y—CLy_z—CLZ_

R, R, R. ki (3)

Where k; can be obtained by solving Eq. (2) and Eq. (3)
simultaneously:
R.CL, +R,CL, + R.CL, +D

k= 4
: R+ R+ R “)

Point C is the intersection of R’ and I', and the location of
point C in the workpiece coordinate system is (xo, Vo, Zo),
determined by substituting k; into Eq. (4). Point C, the
rotation center of ellipse E around line R’ during interfer-
ence correction, is called as oscillation center of the cutter,
as shown in Fig. 4. Let the tool orientation be / = (I, I, L.), as
tool lines on the line CL, then the equation of CL is:

x-CL, y-CL, z-CL,

A 5 L k> (5)

Based on Eq. (4), the following expression can be
obtained:
. ~ —(D+R.CLy+ R,.CLy + R.CL,)
2 Rely + Ryl + R.L.

(6)

Point Og(Xg Yg Zg) is the intersection point of the tool
axis and the plane perpendicular to the revolution axis in the
workpiece coordinate system; it can be obtained by substi-
tuting k, into Eq. (5). Point O is the center of ellipse E.

The axis of tool cylinder is /, tool radius is 75 normal
vector of plane I'is R, the angle between / and R is 6
= 7/2 — a, according to knowledge of descriptive geome-
try, when the tool cylinder is truncated obliquely by the
plane I, resulted ellipse E has a minor semi-axis which is
equal to tool radius 74 in direction Rx/, and a major semi-
axis is equal to R/cos 6, in the direction Rx(RxI), as shown
in Fig. 5.

In Fig. 6, set Xz =R x I, Y = RX(Rx]), Z; = R and take
the center O of ellipse E as the origin of coordinate, X, Yz,
Z; as the base vectors to establish local coordinate system,
which is called elliptic coordinate system.
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Fig. 5 Ellipse on a cylinder truncated obliquely by a plane correction

Let
Or(1);  a»=0g(2); a3 =0g(3);
a11 = XE(l), ary = Xp(2); a3 = Xg(3); (7)
an =Ye(1); an=Ye(2); axn=Ye(3);
ai3 =Z2p(1); ax =7Zg(2); a3 =Zg(3);

The transformation matrix between ellipse and workpiece
coordinate systems is M

ayr ap a3
M= |ay axn ax (8)
az; ayx  as;

Matrix M is an orthogonal matrix, and M ' = M.

In the workpiece coordinate system, the oscillation center
of the tool is C(Xy, Yy, Zy), and then point C under the
elliptic coordinate system becomes:

(x0,¥0,20) = [(Xo, Y0, Z0) — (a1, a2,a3)|M 9)

Obviously, zy=0.

Figure 6 shows the interference during four-axis machin-
ing with an inclined working table along R direction in the
elliptic coordinate system, i.e., projection of Fig. 5 on plane
XOrYg. As shown in Fig. 6, C is the intersection point of
plane I' vertical to rotary axis and rotary axis R’, P is the
interference point. In this plane view, the rotation of tool
means the rotation of ellipse around point C, and the process
of interference correction is to make the point P outside
ellipse E by rotating the ellipse.

Fig. 6 Plane view of interference during four-axis machining

@ Springer

In order to eliminate interference ellipse E, an approach
is proposed here. The circle, whose center is C and radius is
|CP|, intersects ellipse E at points A and B. In the elliptic

coordinate system XzOgYp, the expressions of arc AB and
ellipse E are in Eq. (10).

(x—x0)* + (y =)’ =12
X+ yrcos’a =17

(10)

Where » = |CP|, and ris the tool radius. Points 4 and B
in Fig. 6 can be obtained by solving Eq. (10). Solution of
this quartic polynomial can be directly obtained by numer-
ical method or command “roots” from MATLAB. /ACP or
/PCB is the minimum necessary rotation angle for the tool
to eliminate interference. But in actual integral impeller
machining, there is only one valid rotation direction, and
the rotation in the opposite direction will lead cutter to
pierce the blade. Hence, suitable direction and tool rotation
angle must be determined.

3.3 Determination of tool rotation direction

When interference occurs, rotation of tool axis should keep
the cutter away from interference area. For impeller machin-
ing, when interference occurs between the tool and the
machined surface, the tool axis vector has to be rotated
toward the direction of outward normal vector of machined
surface. And when interference occurs on the adjacent
sculptured surface, the tool axis should be rotated against
to the direction of outwards normal vector of machined
surface.

At the cutter contact point, the normal vector of machined
sculptured surface is n, and let 5 be the required tool
rotation angle around rotary axis R to correct interference.
There are two cases when determining angle 3:

1. If interference occurs on the machined surface and
meets the following equation

n-AP >0,n-BP <0

then g = /ACP; otherwise, f = /PCB.
2. If interference occurs on the adjacent surface and sat-
isfies the expression:

n-AP >0,n-BP <0
then B = /PCB; otherwise, § = /ACP.

After the determination of /3, the rotation direction of tool
axis must be defined to make the interference point outside
the tool. Assuming that the rotation angle f = /ACP, then
the rotation direction of tool can be determined according to
the following rules:

1. If (CA x CP)-R >0, one can rotate the tool counter
clockwise around R angle(;
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r-(r.wu

Fig. 7 Rotation of the vector around an arbitrary axis through original
point

2. If(CA x CP) - R < 0, one can rotate the tool clockwise
around R angle .

In addition, to ensure accuracy and security, a safe angle
Bsafe In correction direction is needed based on the rotary
angle 0, here set Gq.z as 2°. So the rotation angle of tool axis
vector is:

Br= SIgn(ﬁ)(|ﬁ| +ﬁ5afe) (11)

3.4 Calculation of the new tool orientation

Tool rotation around R can be regarded as the rotation of the
vector around an arbitrary axis through original point. As
shown in Fig. 7a, 0 is the angle and the vector r rotates around
the line through original point in # direction (agree with right-
hand rule, counterclockwise is positive and clockwise is neg-
ative). During rotation, vector r in u direction ON does not
change, and the component VX arrives at NX" after a rotation
angle 6. For ON = r-u, the vector NX can be expressed as
r — (r-u)u. Figure 7b shows view along the u direction
and vector uxr is expressed by NP. As in |r— (r- u)u|
= |r|sing = |u x r|, then |NX| = |[NX'| = |NP|.
NX' can be decomposed in two directions NX and NP,

NX' = [r— (r-u)u]cosf+ (u x r)sinf (12)

The vector after rotation becomes r’= ON + NX’, and

¥ =(r wu+r— (r-uulcosf+ (uxr)sinf (13)

Fig. 8 Four-axis non-
orthogonal machine tool and
olive cutter used in the
experiments. a Four-axis non-
orthogonal machine tool. b
Olive cutter

Four-axis non-orthogonal machine tool

Fig. 9 3D model of the impeller

The position of tool after rotary correction can be obtained
by substituting 37 into Eq. (12). Set the tool position after
correction in workpiece coordinate system as /ey, then

Lew=(-R)R+ [l —(I-R)R]cosB; + (R xI) sinf; (14)

Detection and correction of collision and interference is a
reduplicative process. To eliminate the collision between
tool and all surfaces, usually one time correction cannot
assure the non-collision condition. In addition, the largest
interference depth is calculated based on the center of mass
which is the intersection between the tool and surfaces, and
this may cause deviation from the actual value. So the
detection and correction of multi-axis machining is an iter-
ative process. If a tool with bigger radius is chosen, the
appropriate tool position to avoid collision may not be
found. Therefore, a permitted iterative number is needed.
When the collision correction operation exceeds the given
number but the collision still exists, tool with smaller radius
should be considered.

4 Experiments and discussions

To demonstrate the effectiveness of the presented methods in
this paper, machining experiments have been implemented.

(b)

Olive cutter
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Input CAD model of impeller,
machine and cutter data

Cutter contact planning

Set i=0

v

Calculate initial tool
—> orientation for cutter contact
point Ciu;,v)

v

Interference detection —  Recalculate tool orientation

v )

| Seti=itl Interf Yes | Interfe correction prof

A occur = by this paper
+ No

No All cutter
contact point
finished?
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Calculate cutter location

v

Post process

v

NC Code

v

End

Fig. 10 NC Code generation process for the impeller

4.1 Experimental setup

The machine tool used here is a four-axis non-orthogonal
CNC machine tool made by Shanghai Machine Tool Ltd.
The machine has translation motion of cutter in ¥ and Z
directions, and rotation angle B and motion in X are realized
by the rotation and translation of working table. Meanwhile,
the inclination angle of working table can be modified by
adjusting the wedge-shape filling block. While determining
the inclination angle of the working table, collision and
interference between the given cutter and impeller can be

W o

)
T

AL

A4 j Ly S
Machining of pressure surface Machining of suction surface

Fig. 11 Clean-up machining process of long blade. a Machining of
pressure surface. b Machining of suction surface

@ Springer

Machining of suction surface

Machining of pressure surface

Fig. 12 Clean-up machining process of short blade. a Machining of
pressure surface. b Machining of suction surface

analyzed firstly for different inclination angles according to
existing approaches [1, 18]. Then, the inclination angle
without collision and interference can be chosen as the
working table inclination angle. The machine tool and olive
cutter used for machining are shown in Fig. 8, the inclina-
tion angle « of working table is 40°. As for the olive cutter,
the diameter of the ball part is 12.5 mm; it is 16 mm for the
cylinder part. As shown in Fig. 8b, the olive cutter is
composed of three parts: shank, side edge, and ball tip.
The side edge profile is a revolution surface which is tangent
to the shank surface, the bus of the revolution surface is an
arc with radius of R and center O;. The profile of the ball tip
is spherical surface and is tangent to the side edge profile
and its radius is 7,. The side edge is mainly used for blade
machining while the ball tip is mainly used for clean-up and
hub machining.

4.2 NC code generation

The 3D model of the impeller is shown in Fig. 9, it has 11
long blades and 11 short blades. The thickness of the blade
is 8 mm, and the diameter of the impeller is about 870 mm.

NC code generation process for the impeller is shown in
Fig. 10. For tool path planning of the impeller, the constant
scallop height approach can be used in cutter contact points
calculation. The collision detection and correction procedure
using method proposed in the paper is as follows. For

(a) (b)

Suction surface

Pressure surface

Fig. 13 Finish machining of long blade. a Pressure surface. b suction
surface
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cutter contact point Cqu;, v;), cutter rotation angle can
be calculated according to Eq. (11) when interference
occurs. Then, the tool orientation can be calculated by
Eq. (14) and the interference check process is carried
out again. Furthermore, since the maximum interferen-
tial depth is calculated by the centroid of the intersec-
tion profile between tool and surface, it may lead to a
deviation with the actual maximum interference depth.
Therefore, the multi-axis machining collision interfer-
ence checking and correction is an iterative process. If
the tool is too large, it may not be able to find a
suitable collision-free tool orientation. A permitted iter-
ation number is set in the presented approach; if the
collision cannot be eliminated when the iteration num-
ber exceeds the permitted iteration number, the tool is
too large to machine the surface and a smaller cutter
should be employed.

When the collision and interference is checked and cor-
rected for all cutter contact points, cutter location file for
impeller machining can be calculated according to the cutter
contact points and the tool orientation. NC code can be
generated after the post-process and is ready for use in
impeller machining.

4.3 Machining results and discussion

In the machining processes, the spindle speed is set to
1,200 rpm and the feed rate is set to 400 mm/min. Figure 11
reveals clean-up machining process of long blade, where
interference between tool and workpiece often arises during
machining free-form surface impellers with long and short
splitter blades.

Figure 12 shows clean-up machining process of a short
blade near pressure and suction surfaces of long blade.
Interference often emerges between tool and entrance of
pressure and suction surfaces on a short blade. The distance
between tool and short blade is much larger in machining
suction surface. For impeller with short and long blades, the
selection of tool radius depends on the minimum distance
between pressure surface of long blade and suction surface
of short blade.

Figure 13 shows the finished pressure and suction
surfaces of long blade, respectively. As seen, the finished
blade has excellent surface and evenly well-distributed
tool path, and no interference or collision occurs during
machining.

5 Conclusions
The most effective machining method to eliminate in-

terference and collision is side milling especially with
respect to workpiece like impeller which is of complicated

space shape, narrow flow distortion. Aiming at four-axis
machining impeller with non-orthogonal machine tool, this
paper proposed an approach to determine the tool axis vector,
and then achieved a uniform programming manner according
to the establishment of the relationship between the workpiece
coordinate and elliptic one. According to the position of
interference point in the ellipse, the correction angle and tool
orientation are calculated. By timely adjusting the direction
and angle value of the tool axis vector, non-interference con-
dition can be obtained, and finally get a clean, smooth, evenly
distributed machining surface. Experimental results of finish-
ing operation on pressure and suction planes of long blade
verified the accessibility of the method, and it can be applied
to other complex parts machining with non-orthogonal four-
axis machine tool.

Acknowledgments This work was sponsored by National Basic
Research Program of China (no. 2013CB035802) and the National
Natural Science Foundation of China (no. 51005183).

References

1. Chen KH (2011) Investigation of tool orientation for milling blade
of impeller in five-axis machining. Int J Adv Manuf Technol
52:235-244

2. Ye T, Xiong C-H (2008) Geometric parameter optimization in
multi-axis machining. Comput Aided Des 40(7):879-890

3. Chuang L-C, Young H-T (2007) Integrated rough machining meth-
odology for centrifugal impeller manufacturing. Int J Adv Manuf
Technol 34(11):1062-1071

4. Lim P (2009) Optimization of the rough cutting factors of impeller
with five-axis machine using response surface methodology. Int J
Adv Manuf Technol 45(7):821-829

5. Ren J, Yao C, Zhang DH, Xue YL, Liang YS (2009) Research on
tool path planning method of four-axis high-efficiency slot plunge
milling for open blisk. Int ] Adv Manuf Technol 45(1):101-109

6. Jun CS, Cha K, Lee YS (2003) Optimizing tool orientations for 5-
axis machining by configuration-space search method. Comput
Aided Des 35(6):549-566

7. Ding S, Mannan MA, Poo AN (2004) Oriented bounding box and
octree based global interference detection in 5-axis machining of
free-form surfaces. Comput Aided Des 36(13):1281-1294

8. Suthunyatanakit K, Bohez ELJ, Annanon K (2009) A new global
accessibility algorithm for a polyhedral model with convex polyg-
onal facets. Comput Aided Des 41(12):1020-1033

9. Lasemi A, Xue DY, Gu P (2010) Recent development in CNC
machining of freeform surfaces: a state-of-the-art review. Comput
Aided Des 42(7):641-654

10. Wu BH, Luo M, Zhang Y, Li S, Zhang DH (2008) Advances in
tool path planning techniques for 5-axis machining of sculptured
surfaces. Chin J Mech Eng 44(10):9-18

11. Chang J-W, Wang W, Kim M-S (2010) Efficient collision detection
using a dual OBB-sphere bounding volume hierarchy. Comput
Aided Des 42(1):50-57

12. Balasubramaniam M, Sarma S, Marciniak K (2003) Collision-free
finishing toolpaths from visibility data. Comput Aided Des
35(4):359-374

@ Springer



700

Int J Adv Manuf Technol (2013) 68:693-700

13. Tlushin O, Elberb G, Halperinc D, Weinc R, Kimd M-S (2005)
Precise global collision detection in multi-axis NC-machining.
Comput Aided Des 37(9):909-920

14. Tang TD, Bohez ELJ, Koomsap P (2007) The sweep plane algorithm
for global collision detection with workpiece geometry update for
five-axis NC machining. Comput Aided Des 39(11):1012-1024

15. Suh SH, Lee KS (1992) Avoiding tool interference in four-axis NC
machining of rotationally free surfaces. IEEE T Robotic Autom
8(6):718-729

@ Springer

16.

17.

18.

Wu BH, Wang SJ (2007) Research on 4-axis numerical control
machining of free-form surface impellers. ACTA Aeronaut
Astronaut Sin 28(4):993-998

Luo M, Wu BH, Zhang DH, Li S, Zhang Y (2008) Toolpath
generation for four-axis rough milling of sculptured surface turbine
blade. Lect Notes Comput Sc 5315:887-895

Castagnetti C, Duc E, Ray P (2008) The domain of admissible
orientation concept: a new method for five-axis tool path optimi-
sation. Comput Aided Des 40(9):938-950



	Collision and interference correction for impeller machining with non-orthogonal four-axis machine tool
	Abstract
	Introduction
	Four-axis milling of impeller
	Collision and interference correction for four-axis machining
	Collision and interference correction
	Correction angle calculation
	Determination of tool rotation direction
	Calculation of the new tool orientation

	Experiments and discussions
	Experimental setup
	NC code generation
	Machining results and discussion

	Conclusions
	References


