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Abstract

Global interference detection and avoidance are key issues in tool path planning for five-axis machining of complex surfaces.
Improving the detection accuracy and efficiency has always been the main goal of global interference research. In this paper, a
novel method for fast interference judgment is proposed. First, the four planes with X or Y extremum are obtained by the
intersection operation between the plane and the machined surface and solving extremum, respectively. Then, the four boundaries
of the initial interference detection area are obtained by intersecting the four extreme planes with the machined surface. To
determine whether there is collision interference between the tool and the machined part, the shortest distance between the tool
axis and the detection area is used for interference judgment. The shortest distance can be obtained by calculating the distance
between the discrete point in the detection area and the tool axis. In order to ensure the uniformity of the discrete points, the
discretization of points was carried out in the projection area of the initial detection area on the XOY plane, rather than on the part
surface. For improving the efficiency of interference detection, the four-sided constraint method is used to screen the discrete
points in the initial detection area. Only the points satisfying the screening conditions can be used as effective detection points to
calculate the distances, and the shortest distance can be found from all the calculated distances. In this paper, the subdivision
technology is used to achieve high-precision interference detection. At the end of the paper, the interference detection algorithm
was tested by two examples, and the correctness of the test results was verified by the VERICUT simulation and cutting
experiment. The proposed algorithm can be applied to interference detection of five-axis end milling of complex surfaces.

Keywords Five-axis machining - Interference detection - Fillet-end milling cutter

1 Introduction and literature review

Compared with the three-axis machine tools, the five-axis
machine tools increase two degrees of freedom of rotation;
so, the machining of complex surfaces can be carried out on
five-axis machine tools. However, in the process of five-axis
machining, unreasonable tool posture will cause global inter-
ference collision between the tool and workpiece or other
parts of the machine tool, which leads to structural damage
of the machine tools, endangering the safety of operators.
Therefore, in order to avoid global interference, off-line inter-
ference detection and elimination should be carried out before
complex surface milling.

>< Hongying Zhi
1gzdj731010@sina.com

Taiyuan University of Science and Technology,
Taiyuan 030024, Shanxi, China

In this paper, global interference refers to the collision inter-
ference between the tool and the workpiece being processed.
Figure 1 shows the global interference diagram of the five-axis
machining of a complex surface by a fillet-end milling cutter.

A great deal of research on the global interference in multi-
axis numerical control machining has been carried out by
scholars at home and abroad [1-7]. The main methods of inter-
ference detection include distance calculation (vector)-based
method [3, 8-10], convex hull-based method [11-14], discrete
based method [15], and mapping and C space-based method
[16-19]. Before planning the optimal measurement path, Lin
and Chow used the distance method to determine whether there
was contact or interference between the probe and the part to be
measured [8]. Wang et al. developed a collision detection ap-
proach by using a combination of machining environment
culling and a two-phase collision detection strategy [9]. Wang
et al. proposed a method of collision-free machining fixture
space design based on a parametric tool space for five-axis grind-
ing [10]. The convex hull method adopts the convex hull
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Fig. 1 Global interference diagram of five-axis machining

characteristics of Bezier, B-spline and NURBS (non-uniform
rational B-spline) curves and surfaces for global interference
detection. Lee et al. proposed a two-step method for global in-
terference detection. First, the convex hull property of the surface
is used to determine the possible area of interference of the cutter,
and, then, accurate interference judgments are performed in the
possible area [11]. Danaei et al. [15] used the principle of triangle
intersection to check for interference. The cutter and the part
surface were discretised into triangular patches. By evaluating
the positional relationship between the two sets of triangles, the
researcher analyzed and judged whether there is global interfer-
ence between the cutter and the part surface. The principle of
mapping method is to map the part’s surface and the tool surface
onto a two-dimensional plane or spherical surface for interfer-
ence judgment. Tseng and Joshi [17] constructed an offset sur-
face to convert the cutter radius to a machined surface and de-
termined the feasible area of the cutter by coordinate rotation and
transformation. Jimenez and Torras [18] used the C-space meth-
od to determine the interference at the cutter contact point. When
global interference exists, the cutter axis in the C-space was
rotated to obtain a new cutter position without interference. Jun
et al. proposed a C-space approach to find the optimal tool ori-
entation by considering the local gouging-free and global tool
collision-free in five-axis machining [19].

This study proposes a new method for global interference
detection of five-axis machining of complex surfaces. The
boundary of the initial detection area is established through
intersection operation of the part surface and four extreme
planes. Then, the validity of the detection points in the detec-
tion area is screened by the four-sided constraint method, and
the most serious interference point is found through the sub-
division technology. The details of global interference detec-
tion and elimination are described in the subsequent sections.

2 Defining coordinate systems and the cutter
surface
2.1 Establishing the coordinate systems

In order to conduct interference detection, three coordinate
systems should be established first. As shown in Fig. 2, the
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Fig. 2 Three-coordinate systems

part surface is expressed as S (u (¢), v (¥)), and X, Y, and Z
represent the three axes of the part coordinate system; the
coordinate origin O is located at the lower left corner of the
part. A local coordinate system (X, y, z) is a dynamic coordi-
nate system whose origin is located at each cutter contact (CC)
point. The x-axis direction is the feed tangent direction of the
CC point; the z-axis direction is the normal direction of the CC
point; and the y-axis direction is determined based on the
right-hand rule. The cutter coordinate system is represented
as Xy, ¥y, and z;, and its coordinate origins O, are located at the
center of the bottom surface of the tool, where z; coincides
with the cutter axis direction. The angles A\ and w represent the
angles at which the cutter rotates about the y-axis and the z-
axis, respectively. The angles A and w are also known as the
rear angle and the tilt angle of the cutting tool, respectively.

2.2 The cutter surface model

The fillet-end milling cutter consists of the following three
parts: cylindrical surface, toroidal surface, and cutter bottom
plane. The model and parameters of the cutter are shown in
Fig. 3.

As shown in Fig. 3, the bottom radius of the fillet-end cutter
is Ry, the tool radius at the torus is R,, and ¢ is the rotation
angle of the cutter from +x,. H is the distance from any point
on the cylinder surface to the lower end of the tool cylinder,
and 0 is the corresponding toroidal angle at any point on the
torus. According to the geometric characteristics of the fillet-
end cutter, cylindrical surface 77, circular surface 7, and cut-
ter bottom plane 77, in the tool coordinate system can be given
as in Eq. (1):

T(e7 (P) = TU(67 (p)UT_g(97 (\D)UTL(97 (p)
X; Ricosp (Ry + Rysind)cosyp (R1 + R)cosyp
= |y | = | Rising |u| (R + Rasinf)sing |u| (R + Ry)sing
L;] [ 0 ] |: Ry(1—cosb) } [ R, +H :|

(1)
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2.3 Calculation of the cutter location point

When the radius of the cutter, the coordinate value of the CC
point, and the rear and tilt angles of the tool axis are known,
the coordinates of the cutter location point can be obtained at
any CC point through the coordinate transformation matrix. In

this paper, the cutter location (CL) point is the origin of the
cutter coordinate system, which is located at the center of the
lower end face of the fillet-end cutter. The coordinate of the
CL point in the part coordinate system can be obtained by two
coordinate transformations, and its final expression is shown
as follows [20]:

X —f .(RicosA 4+ RysinA)cosw—b, (R cosA + RysinA)sinw + ny[RysinA + Ry (1—cosA)| + Xcc,
Yei | _ | =fy(RicosA + RysinA)cosw—by, (R1cosA + RasinA)sinw + ny[RysinA + Ra(1=cosA)| + Y, 2)
Zei | | —f.(RicosA + RysinA)cosw—b, (R cosA + RosinA)sinw + n[RysinA + Ry (1—cosA)] + Zcc,

1 1

In the above-mentioned formula, (f,, fy, f;) =%/,
represents the direction cosine of the tangential vector along
the tool path direction at the CC point. (ny, ny, n,)=

SuxSy _

[SuxSy] —
atthe CC point. (by, by, b,)= \Eigtl represents the direc-

tion cosine of the y-axis in the part coordinate system, and
(Xce, Yeo,, Zcc,) represents the coordinate value of
the CC point in the part coordinate system.

n represents the direction cosine of the normal vector

2.4 Conversion matrix from tool coordinate system
to part coordinate system

Supposing the angles B and C represent the rotation angle of
the cutter around the Y-axis and the Z-axis, respectively, when

AZ¢
A
TL

Y

Fig. 3 The model of cutter surface

the tool axis vector z, is (0, 0, 1, 0), the direction cosines of the
vector z, in the part coordinate system are as follows:

Zr = [0 01 0]'R0t(Y, BB)‘RO'[(Z, ec)

01"rcosB 0 —sinB 0 cosC sinC 0 0
0 0 1 0 0 —sinC cosC 0 0
|1 sinB 0 cosB 0 0 0 1 0
0 0 0 0 1 0 0 0 1
= [sinBcosC sinBsinC cosB 0]
(3)
Set a = sinBcosC, b = sinBsinC, ¢ = cosB 4)

The direction cosine Zt in the workpiece coordinate system is:

7 a b c (a b c}
T = ) ) = c
Vet +2 Ve +P+& Va2 +5 +
(5)
The axis y, of the cutter coordinate system is defined in the
part coordinate system as:

ZTXV]:

Y=
T |ZT><VF|

(6)

In the above-mentioned equation, Vg represents the direc-
tion vector of the current cutter movement. Assuming that the
current CC point is (X¢ei, Yeeir Zeei), the next CC point is
(Xeeti+1) Yooii+ 1y Zeei+1))- Vr can, then, be expressed as:
Vi = {Xeelir 1) Xecis Yeoir 1)~ Yecis Zeo(in 1) Zeci (7)

Setm = ch(i+l)_chiv n= ch(i+l)_chi andp
= ch(i+l)_zcci (8)
Then, Vy = {m,n,p} 9)
Substituting Zt and Vg into the following equation, the

direction cosine of the axis y; in the workpiece coordinate
system can be obtained as follows:

o ‘ZT XVF| -

Zr X Vg { bp—cn  cm-ap
T

7 7 an—b'm } (10)
‘ZT X VF| ‘ZT X VF| |ZT X VF‘
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The direction cosine of the axis x, in the workpiece coordi-
nate system can be expressed as:

Y Z k
Xy — Y1 Zn :{ <& } (11)
‘YT X ZT‘ |YT X ZT‘ |YT X ZT‘ |Y'[ X ZT‘

In the above-mentioned formula,

1
e=———
|ZT><VF|

g

{(m-c—a-p)-c—(a-n—b-m)-b}
=il {(a-n—b-m)-a—(b-p—c-n)-c} (12)
k= Zr % Vil {(b-p—c-n)-b—(m-c—a-p)-a}

The conversion matrix from the tool coordinate system to
the part coordinate system can be obtained as follows:

ajp app a;y X

a; apn a3 Y

a a3 L (13)
0 0 0 1

M,

Il
(S
(98]

The elements in the above-mentioned matrix are:

(an ay a3 )=Xr (14)
(aiz ax an)=Yr (15)
(a;3 a3 as)=Zr (16)

The calculations of X, Yt and Zt in the above-mentioned
formula are detailed in Egs. (5)—(12).

3 Global interference detection
3.1 Generation of the initial detection area

Global interference refers to the interference between the cy-
lindrical surface of a fillet-end milling cutter and the work-
piece surface. To improve detection efficiency, this paper de-
velops an efficient and novel method to establish an initial
detection area. The process of generating the initial detection
area is shown as follows.

Supposing there are two planes F'; and F, that pass through
the upper and lower ends of the cutter cylindrical respectively,
as shown in Fig. 4. If the coordinate value of the center point
O, on the upper end in the cutter coordinate system is (0, 0, /),
then, the 4 represents the length of the cutter. The coordinate
value of point O, in the part coordinate system can be calcu-
lated by substituting coordinate transformation matrix M; in
the following equation.

Xo, 0 ah + XL
o YOU - 0 bh + Y
Ou = Zo, | Ml ch+ Zays (17)
1 1 1
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Fig. 4 Generation of two extreme points in the direction X

According to Eq. (5), the coordinate component of the cut-
ter axis vector in the part coordinate system is as follows:

Zr=1]a b c¢]" =[sinBcosC sinBsinC cosB]" (18)

Supposing the point P is any point on plane F; (X, ¥, Z), the
plane F can, then, be derived from the following equation:

Zr-PO, =0 (19)

Substituting Egs. (17) and (18) into the previous equation’s
results in the equation for plane F.

aX +bY + cZ—h—aX;—bY i—cZqg; =0 (20)

The coordinate value of the center point O; on the lower
end of the cutter cylinder is (0, 0, R,), and the coordinate
values of the point O in the workpiece coordinate system
can be determined by the conversion matrix M;.

Xo, 0 aRy + X
o=y =m | R | =R e
1 1 1
The equation for plane F, is
a(X—Xo,)+b(Y-Yo,) +c(Z-Zp,) =0 (22)

Substituting Eq. (21) into Eq. (22) results in the equation
for plane F>.

aX +bY + cZ-Ry—aXci—bYci—cZe; =0 (23)

To generate boundaries E; and E, of the initial detection
area, planes F; and F, need to be intersected with the part
surface. Given that the intersection between the curved surface
and the plane is more complex, a discrete method is used to
carry out the intersection operation. The curved surface is
discretised into different stripes of parameter curves. Thus,
the intersection of the plane with the surface is converted into
the intersection of the plane with the spatial parameter curve.
Suppose the surface is discretized along the direction of pa-
rameter v, then, the formulas for calculating the intersection of
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planes F; and F, with parametric curve S (u, v;) are expressed
respectively as follows:

aX +bY + cZ-h—aXi—bY 1 i—cZei =0

X = Sx(u,v)
Y = Sy(u, v,-) (24)
Z=Sz(u,v;)
aX +bY + cZ-Ry—aX.;—bYci—cZ; =0
X = Sx(u,v;)
Y =Sy(u,v) (25)
Z = Sz(u,v;)

X, Y, and Z in the above-mentioned equations are substitut-
ed, respectively, into the first equation of Egs. (24) and (25).
Then, the first equation becomes an equation that contains
only one parameter u because v; has a constant value for each
parametric curve. When the value of parameter u is solved by
the first equation, the X coordinate value of the intersection
point can be obtained by substituting parameters « and v; into
the equation of the curved surface.

Assuming that the variation range of the parameter v of the
part surface is [vy, v,], given a small increment Av, then v; =
vi HiAv (i=0, 1, ..., 27 ). All the X; (i=0, 1, ..., 2c™)
corresponding to v; are solved in sequence according to Eq.
(24). The maximum value X, is recorded when the cutter
inclination angle A > 0 ; otherwise, the minimum value X, ;, is
recorded when A <0.

Similarly, the X; values of Eq. (25) are solved, in turn, based
on the given v; until v;=v,. The calculated minimum value,
Xmin» 18 recorded when the cutter inclination angle A > 0; oth-
erwise, the maximum value, X,,,,, is recorded when A < 0.

According to the following steps, boundary curves E; and E,
of the initial detection area can be generated. In the part coordi-
nate system, the plane m: X = X,,;, is intersected with the part
surface to form an intersecting curve, and this intersection curve
is named as boundary line £;. Similarly, the plane 7m,: X = X,.«
is intersected with the machining surface, and the resulting inter-
section curve is boundary line £, as shown in Fig. 5.

The special situation must be considered here. When Eq.
(24) is unsolved, this means that there is no intersection be-
tween the plane F; and the part surface. In this case, the ex-
treme point of X can be found on the boundaries of the part
surface. When the cutter inclination angle A > 0, the maximum
value Xj,.x can be obtained from the right boundary of the part
surface, and the right boundary is used as the edge E, of the
initial detection area. Otherwise, when the angle A <0, the
minimum value X,;, can be obtained from the left boundary
of'the part surface and the left boundary is used as the edge £
of the initial detection area.

The process of generating the boundary lines £5 and E4 of
the initial detection area is shown as follows:

Firstly, two points with the maximum value Y., and the
minimum value Y,,;,, respectively, should be found from the

cylindrical surface of the cutter. These two points generally
appear on the circle boundaries of the upper and lower ends of
the cutter cylinder. When tilt angle w >0, the point with the
maximum Y., is located on the circle boundary of the upper
end of the cutter cylinder, and the point with the minimum
value Yy, is located on the circle boundary of the lower end of
the cutter cylinder. When w < 0, the situation is the opposite.

The equations for circle boundary C; on the upper end and
circle boundary C, on the lower end of the cutter cylinder, as
shown in Fig. 4, can be obtained in the part coordinate system
by the following:

[ Xer ] [ (Ri +Rz)cosg ]
_ | Yo | _ .| (Ri+Ry)sing
G=1ze | =M "R, {H (26)
L 1 ] L 1 i
[ Xc2 [ (R +Ry)cosg ]
_ | Yoo | _ap. | Ry +Ry)sing
C=| 32| =m R, (27)
L 1 ] L 1 i

When w >0, substituting Eq. (13) into Egs. (26) and (27),
respectively, and seeking the extreme value for Y, the point Pt
with the maximum value Y, on circle boundary C; and the
point Py with the minimum value Y,,;, on the circle boundary
C, can be obtained, and the coordinate values of points Prand
Py are given in the following:

an (R] + Rz)COSﬁ] + alz(Rl + Rz)Sil’lﬁ] + aph + X
Pr= | Ymax | = | @21(R1 + Ry)cosd; + an(Ry + Ry)sindy + axsh + Yeii
a31(R1 +R2)COS\91 -+ a32(R1 -+ Rz)S]'n\()l -+ a33h + ZcLi

(28)

] a1 (Ry + Ry)cosdy + ain(Ry + Ry)sind; + a13Rs + Xer
PL=|Ymn | = | ax (Rl -+ Rz)COSﬁz + an (Rl + Rz)sinﬁz + anRy + Yeui
a3 (Ry + Ry)cosd, + axn(Ry + Ry)sindy + azRy + Zeyi

(29)

In the above-mentioned formula, 9; = tan™! (%),

9, = tan™ (ﬂ) .

azy

The plane 73 is defined as: Y= Y,;,, and it is intersected
with the machined surface, and the resulting intersection curve
is the boundary line £; of the detection area. Similarly, the
plane 714 is defined as Y=Y, and is intersected with the
machined surface, and the resulting intersection curve is
boundary line E4. Thus, the area enclosed by the boundary
lines of E4, E,, E3, and E4 on the machined surface is the initial
interference detection region {2, as shown in Fig. 5.

It can be seen from Fig. 5 that the projection of the initial
detection region {2, on the XOY plane is a rectangular area Re
surrounded by four straight lines L1 (X = Xjuin), Lo (X'=Xmax),
Ly (Y=Y, and Ly (Y= Y,.y). To determine whether the
cutter cylinder surface interferes with the machined surface,
the initial detection area should be discretised to form the
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Fig. 5 Generation of the initial
detection area

Ty
Ty
Y
Ymax
X i
0]

initial detection point set. In order to ensure the uniformity of
the discrete points, the dispersion of the detection points is
carried out in the projection area Re rather than in the domain
of parameters u and v of the part surface. Given a small incre-
ment Ax and Ay, rectangle projection area Re is uniformly
dispersed along the X and Y axes, respectively, and the coor-
dinates of the discrete point p; ; are X=X, +1Ax(i=0,1,

=) and Yi=Ymin+jAy(G=0, 1, ---). Substituting X; and Y;
into the part surface equations X = Sx(u, v) and Y=Sy(u, v) to
solve for the values of u and v, if the values of the # and v can
be solved, then there must be a corresponding detection point
P, on the initial detection area €2, as shown in Fig. 5. If the
equations X'=Sxy(u,v) and Y= Sy(u, v) have no solution, it
means that there is no corresponding detection point P on
the part surface; so, this discrete point is removed and, then,
continued to deal with the next discrete point. The Z coordi-
nates of detection point P can be obtained by substituting the
values of u and v into the equation of Z= S (u, v).

3.2 Screening of effective detection points

In the initial detection area €2;, there may be some points that
are located below or above the two ends of the cylinder body of
the cutter. To improve detection efficiency, only points where
interference may occur are detected. These points are named as
effective detection points. Therefore, all the detection points in
the initial detection area €2; need to be effectively screened.
Firstly, planes F3 and F, that are tangent to the cutter cyl-
inder surface are established. Tangent plane F5 passes through
the point with the maximum Y value, and tangent plane F
passes through the point with the minimum Y value.
Assuming the cutter tilt angle w > 0, the point with the max-
imum Y value is point P, as shown in Fig. 6, which is located
on the circle boundary of the upper end of the cutter cylinder.
The point with the minimum Y value is point Py, as shown in
Fig. 6, which is located on the circle boundary of the lower

@ Springer
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E2
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| \E: | L
AN H
N D
N4 oplx,x) N
AN
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A X
Xmax
L, K

end of the cutter cylinder. Here, the normal directions of the
four planes, which are the planes F'y, F>, F3, and F4, all point to
the inside of the cutter body, and the symbols N;, N,, N3,
and Ny denote the normal vectors of planes F, F,, F3, and
F4, respectively. Then,

N1 = _ZT = {_a, _b,_C}
N2 = ZT = {a,b, C}

(30)
(31)
o
PT()u
—
PrOy

N; (32)
—_
P.O;

Ny N
PLO;

(33)

Assuming that the point P (Xp, Yp, Zp) is any detection
point in the initial detection area €2, the following inequality
can be used to determine whether the point P is an effective
detection point.

7
o9

(34)

/-.\/-\
7T
T U

._]
200
IV IV IV IV
S oo o

=

In the above-mentioned equations, the coordinate values of
points Oy, Oy, P, and Py can be calculated by Egs. (17), (21),
(28), and (29), respectively.

All of the initial detection points satisfying inequality (34)
form an effective detection area V,, as shown in Fig. 6.

3.3 Interference detection

For each effective detection point in the area V, as shown in
Fig. 6, the distance between the valid detection point and the
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Fig. 6 Generation of valid detection area

cutter axis is used to judge whether there is interference be-
tween the cutter cylinder surface and the part surface. The
equation expression of the line that passes through the cutter
location point and the cutter axis can be given as follows:

X=X L o YY1 _ Z=Z 1

a b c (35)

The distance between the valid detection point P, and the
cutter axis can be obtained by the following equation:

d= \/(Xps—XcLl-—at)z + (Yps_YcLi_bl)z + (ZPS_ZcLi_Ct)Z
(36)

where,
t=a(Xp—Xe) +b(Yp~Yeri) +c(Zp~Zcri)

Given the coordinate values of point P, and substituting
Egs. (2) and (5) into Eq. (36), the distance from point Py to
the cutter axis can be obtained.

According to Eq. (36), the distances of all valid detection
points in area V, are sequentially calculated, and the detection

point P! that corresponds to minimum distance d! = is re-

min min
corded. To improve detection accuracy, a subdivision tech-
nique is used to find out whether there is the shortest distance
between the cutter axis and the effective detection area V, on
the part surface. The detailed process is shown in the subse-
quent discussion:

According to coordinate values X' and ¥' of point P!, |
1

min

the
projection point P}, of the detection point P! . in the rectan-
gle projection area Re is determined. Using point P}(Y as the
center point, a smaller rectangle area R! is established around
the center point and its four boundary lines are L} X' — AX12),
L} (X' +AX/2), L} (Y' =AY/2), and L} (Y' +AY/2),
respectively.

The smaller increments 8y and Oy are given, and the new

rectangle area Ri is uniformly dispersed along the X and Y

2

axes, respectively. If a new valid detection point P, corre-

sponding to the discrete point P§(Y in the rectangle area R. can

be found, in other words, the value d?,, of the distance be-
2 and the cutter axis is less than

2
min*

tween the detection point P
dl

. 1 . .
nin» then, point P, A similar

method is used to establish a new smaller rectangle area R

18 replaced with point P
with the point Pg(y as the center and the four boundaries of the
rectangle area R2 are L2 (X* — AX/4), L2 (X* + AX/4), L3 (Y* -
AY/4), and Li (Y + AY/4), respectively. X? and ¥? are the
coordinate values of the points P}, and P2

‘in- Lhe new rect-
angle area R? is uniformly dispersed by the small increments
8/, and °7/,. Repeat the above-mentioned steps until the
point P with the minimum value d;,,, satisfying the accu-
racy requirement is found.

If any distance between the detection point, which corre-
sponds to the discrete point in the arca Ré, and the cutter axis is
greater than the distance drlnin’ given the changed increments
0x/2 and 8y/2, the rectangle area R; is re-dispersed along the X
and Y axes until the new minimum distance d,,,, is found.

The interference detection can be carried out by the follow-
ing inequality:

d}’l

min

< (R1 +R2) (37)

If the above-mentioned inequality is satisfied, there is in-
terference between the cutter and part surface; otherwise, there
will be no interference.

4 Interference elimination

If interference is detected by the above-mentioned method
before the tool path planning, the elimination of interference

Fig. 7 The surface of the first example part
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50

the shortest distance
radius value of cutter []

45

40f 1

35 1

30 1

251 1

dmin(mm)

20 7

0 L L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
u

(a) The shortest distance along the curve (u, 0.47)
Fig. 8 The shortest distance for Ao =15

can be realized by a method of adjusting the inclination angle
of the cutter.

Assuming that the interference point with the smallest dis-
tance dy,, from the cutter axis to the part surface is detected as
Pyy (Xp,,, Yp,,: Zp,,), to avoid the interference between the
cutter surface and part surface, the smallest distance d,,
should be greater than (R; + R»). It is assumed that the rear
angle of the cutter is \" without interference and the angle \

can be calculated by the following inequality:

According to Eq. (36), the above-mentioned inequality can
be further written as follows:

\/ (Xp,~Xezimat) + (Yp,~Yei=bt)’ + (Zp,~Zeri—ct)* = (Ry + Ra)
(39)

Where,
t= a(Xp

sm

—Xeri) +b(Yp, =Y i) + c(Zp,,~Zewi)

If the tilt angle of the cutter is unchanged, when equal (2)
for calculating the coordinate values (X.z;, Y.z, Zcr;) of CL

50

the shortest distance

45 radius value of cutter [|

a0} 1

351 1

30 B

251 B

dmin(mm)

20 q

0 L L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

u

(b) The shortest distance along the curve (u, 0.53)

point is substituted into inequality (39), then, inequality (39)
becomes an inequality containing only variable A'. The bound-
ary value of the rear angle \" without interference can be
obtained by the Newton iterative method.

5 Simulation and experiment

In order to test the validity and the correctness of the algorithm
proposed in this paper, two examples are used to verify the
algorithm, and the interference detection calculation is real-
ized by using the MATLAB programming software.

5.1 The first example

The first example surface is defined as a cubic NURBS sur-
face with parameters u and v. The coordinates values of 32
control grid points of the example surface are as follows: (0, 0,
60), (22.57, 0, 91.46), (37.30, 0, 98.11), (59.37, 0, 54.5),
(78.93, 0, 52.03), (95.86, 0, 82.49), (120, 0, 94.34), (150, 0,
70), (0, 40, 75), (22.57, 40, 106.46), (37.3, 40, 113.10),
(59.37, 40, 69.49), (78.93, 40, 62.03), (95.86, 40, 97.49),

Table 1  The interference along the parameter curve S (u, 0.47)
CC point d,pin(mm)) Adjusted (X,Y,Z,B,C) of CL point before the adjustment (X,Y,Z,B,C) of CL point after the adjustment
AO)

(0.36, 0.47) 0.69 14.22,0.04 (53.78,47.71, 80.21, — 69.08, 179.96) (53.76, 47.70, 80.18, — 68.30, 179.91)
(0.37,0.47) 1.41 13.45,0.07 (54.81, 47.70, 78.74, — 68.03, 179.99) (54.78, 47.70, 78.67, — 66.49, 179.90)
(0.38,0.47) 1.79 13.09, 0.11 (55.80, 47.69, 77.35, — 66.70, 179.98) (55.77,47.70, 77.26, — 64.70, 179.89)

(0.39, 0.47) 1.80 12.98,0.12 (56.79, 47.69, 76.03, — 65.00, 179.98) (56.75, 47.69, 75.93, — 62.99, 179.88)

(0.40, 0.47) 1.37 12.63,0.18 (57.74, 47.68, 74.79, — 62.89, 179.99) (57.71,47.69, 74.67, — 60.52, 179.82)
0.41,0.47) 0.57 14.16,0.13 (58.70, 47.69, 73.62, — 60.37, 179.93) (58.69, 47.69, 73.58, — 59.53, 179.86)

@ Springer



Int J Adv Manuf Technol (2019) 102:4273-4287

4281

(X,Y,Z,B,C) of CL point before the adjustment

(X,Y,Z,B,C) of CL point after the adjustment

(53.78, 58.01, 79.88, —68.87, 179.81)
(54.81, 58.04, 78.41, —67.79, 179.93)
(55.81, 58.07, 77.02, — 66.44, 179.98)
(56.80, 58.09, 75.69, —64.72, 179.99)
(57.76, 58.09, 74.44, — 62.61, 179.89)

Table 2  The interference along the parameter curve S (u, 0.53)
CC point d,pin(Mmm)) Adjusted 2O

(0.36, 0.59) 0.47 14.48,0.29

(0.37,0.59) 1.17 13.56, 0.38

(0.38,0.59) 1.53 13.20,0.39

(0.39,0.59) 1.52 13.23,0.40

(0.40, 0.59) 1.09 13.75,0.30

(0.41, 0.59) 0.31 14.58,0.31

(58.71, 58.09, 73.28, —60.09, 179.68)

(53.77, 58.01, 79.86, — 68.38, 179.71)
(54.78, 58.03, 78.34, —66.33, 179.62)
(55.78, 58.06, 76.93, — 64.67, 179.61)
(56.77, 58.08, 75.61, —62.99, 179.60)
(57.74, 58.09, 74.39, — 61.38, 179.60)
(58.71, 58.09, 73.26, — 59.68, 179.58)

(120, 40, 109.3), (150, 40, 85), (0, 60, 75), (22.57, 60,
106.46), (37.3, 60, 113.10), (59.37, 60, 69.49), (78.93, 60,
67.03), (95.86, 60, 97.49), (120, 60, 109.3), (150, 60, 85),
(0, 100, 60), (22.57, 100, 91.46), (37.3, 100, 98.11), (59.37,
100, 54.49), (78.93, 100, 52.03), (95.86, 100, 82.49), (120,
100, 94.34), and (150, 100, 70). The node vectors in u and v
directions are expressed as u = {0, 0, 0, 0, 1/5, 2/5, 3/5, 4/5, 1,
1,1,1}andv=1{0,0,0,0, 1, 1, 1, 1}. All of the weight factors
corresponding to control grid points are set to 1. The example
surface is shown as in Fig. 7.

The sizes of fillet-end milling cutter are selected as R, =
2 mm, R, =2 mm, and /# =75 mm. The initial rear angle of the
cutter is \o= 15, and the tilt angle is wy = 0. A method based
on equal parameter increment is used to generate the tool path
along the direction of the parameter u, and the degree of de-
tection accuracy is 0.01 mm.

It can be seen from Fig. 7 that the region where the inter-
ference most likely to occur on the part surface is located in
the area corresponding to parameter u € [0.25,0.70]; so, the
calculation of interference detection was mainly carried out
in the range of u from 0.25 to 0.80. When the cutter is cutting
along the parameter curve S (u, 0.47), according to the inter-
ference detection algorithm, the global interference exists
when the rear angle equals to 15°. The minimum distance d-
min Detween the cutter axis and detection area is calculated at
every CC point along the parameter curve S (u, 0.47), as
shown in Fig. 8a. It can be seen from Fig. 8a that the interfer-
ence occurs within the range of parameter « from 0.36 to 0.42
and there are six CC points where the interference occurs. The
shortest distances d,,;, corresponding to six CC points are
shown in Table 1. Similarly, when the cutting is performed
along the parameter curve S (i, 0.53), the interference still
takes place within the range of parameter u from 0.36 to
0.42, as shown in Fig. 8b. The shortest distance corresponding
to six CC points can be calculated by the interference detec-
tion algorithm proposed in this paper, as shown in Table 2.

When the initial rear angle ), is set to 20°, more serious
interference took place. For example, when the cutting is
along the parameter curve S (1, 0.47), the interference range
of parameter u changes from [0.36, 0.42] to [0.30, 0.46], and
there are sixteen points at which the interference between tool

and workpiece occurs. The shortest distances corresponding
to sixteen CC points are all less than 5 mm, as shown in Fig. 9.
In order to verify the correctness of the interference detec-
tion method, the cutting simulation of the sample surface was
carried out by the VERICUT software, as shown in Fig. 10.
In the process of cutting simulation by VERICUT software,
if there is global interference between the tool and the work-
piece, in the region where interference occurs, the tool will
move along a specially designed path, and the tool does not
cut the workpiece during the movement. Cutting continues
when the tool crosses the interference region. The specific
interference region can be determined from the generated sim-
ulation NC program. As shown in Fig. 11, when the rear angle
and tilt angle are set to 15° and zero, respectively, a special
program block surrounded by green boxes is inserted between
the two program segments surrounded by red boxes. This
special program block corresponds to the special path of tool
movement in the interference region mentioned previously. In
other words, it can be seen from Fig. 11a that the global inter-
ference between the cutter and the workpiece occurs between

50 T ‘
the shortest distance

45t

radius value of cutterf|

40} 1

35} 1

301 b

25t .

dmin(mm)

20 1

15+ b

10+ 1

5r i

o 1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

u
Fig. 9 The shortest distance for Ay =20"
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Fig. 10 Cutting simulation by
VERICUT software

CL point 1 (53.029, 49.446, 78.463) and point 2 (59.261,
49.447, 70.128). In order to describe more vividly the CL
points where interference occurs in the process of tool

Fig. 11 Results of cutting
simulation along the cutter
contact curve S (u, 0.47) for \g=
15°
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(a) Partial NC program of cutting simulation

movement, the CC point corresponding to the CL point on
the cutter contact curve can be used to represent the position
where interference occurs, as shown in Fig. 11b. The red

(b) CC points where interference occurs
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Fig. 12 Results of cutting
simulation along the cutter
contact curve S (u, 0.47) for \g=
20°
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(a) Part of the generated simulation NC code (b) CC points where interference occurs

section of the cutter contact curve indicates that the global
interference occurs when the cutter moves in this section,
and the blue section indicates that there is no global interfer-
ence. According to the coordinate values of CL point 1 and
CL point 2 in Fig. 11a, the range of parameter u corresponding
to interference occurrence can be calculated out. As shown in

Fig. 11, when the cutter cuts along the cutter contact curve S
(u, 0.47), the range of parameter u corresponding to interfer-
ence occurrence is from 0.3602 to 0.4199.

Similarly, when the rear angle is set to 20° and the cutter
moves along the same cutter contact curve S (u, 0.47), accord-
ing to the results of cutting simulation shown in Fig. 12, the

Fig. 13 Comparisons between 0.44
calculated results and VERICUT
simulation results 0.43
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Fig. 14 The second example surface

range of parameter u corresponding to interference occurrence
can be calculated, and the result is from 0.299 to 0.4603.

In order to compare the simulation of results VERICUT
with the results calculated by the interference detection algo-
rithm, eleven cutter contact curves are used for experimental
verification. Each cutter contact curve can be expressed
as Si(u,i-Av)(i=0,1,2:--10; Av=0.1). The results of simula-
tion and calculation are shown in Fig. 13. Two red curves

distance(mm)

distance{mm)

(c) Ay = 54.5°

Fig. 15 Distances between the tool axis and detection points at CC point S (1 =0.55, v=0.25)

@ Springer

obtained by the interference detection algorithm represent
the range boundaries of parameter u corresponding to interfer-
ence occurrence, respectively. Two blue curves obtained by
VERICUT simulation indicate the range boundaries of param-
eter u corresponding to interference occurrence. It can be seen
from Fig. 13 that the simulation results and the calculation
results are in good agreement.

5.2 The second example

The second example is a free-form surface which is 100 x
60 mm? in size and 15 mm in height, as shown in Fig. 14.
As can be seen from Fig. 14, the left half of the surface is
convex and the right half is concave. When the tool moves
from left to right along the parametric curve, the global tool
interference mainly occurs on the concave surface correspond-
ing to the parameter u €[0.5,1.0]. A fillet-end milling cutter
with a length of 75 mm and a diameter of 10 mm was used for
interference simulation and machining the example surface.
Assuming that the tilt angle of the tool is set to 0° during
simulation and machining and the degree of detection accura-
cy is 0.01 mm, according to the interference detection

o35
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distance(mm)

a
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o8 i ‘_»/ 0.2
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(b) Ao = 53.5°
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Fig. 16 Interference simulation at
different tool rear angles by the
VERICUT software
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= R

£222222 22 IO 0900

(a) /10 - 53.2o

s

(b) A, = 53.5°

algorithm proposed in this paper, it can be calculated that there
will be no interference collision between the tool and the
workpiece when the rear angle of the tool changes from to
—77.25 to 53.22°. When the tool rear angle is set to 53.2,
53.5, and 54.5°, respectively, at the CC point (u =0.55, v =
0.25), all distances between the tool axis and detection points
in the possible interference area can be calculated out, as
shown in Fig. 15. The blue and red dots represent the distance
between the tool axis and the detection point, and the green
plane is a reference plane, and its corresponding distance val-
ue is 5 mm. When the value of distance between the tool axis
and the detection point is greater than or equal to 5 mm, it is

Fig. 17 Physical experiment of
the second sample surface

(a) The machined sample surface

(©) Ay = 54.5°

indicated by blue dots; otherwise, it is indicated by red dots. It
can be seen from Fig. 15a that all distances are indicated by
blue dots, which means that there is no interference between
the tool and the workpiece surface. The red dots below the
green plane in Fig. 15 indicate that the distance of the red dot
is less than 5 mm, which means that there is interference
between the tool and the workpiece. With the increase of tool
rear angle, interference becomes more and more serious. As
shown in Fig. 15, the number of red dots in Fig. 15c is signif-
icantly larger than that in Fig. 15b.

In order to verify the correctness of the results calculated by
the interference detection algorithm, the cutting simulation

(b) Machining of example surface

@ Springer



4286

Int J Adv Manuf Technol (2019) 102:4273-4287

Fig. 18 Comparison of running
time of three methods for different
detection accuracy ~

running time (second)

e proposed method
+ C -space -

== == convex hull

! ! !

15
0.005

was carried out by using the VERICUT software. Figure 16
shows the simulation results at different tool rear angles. The
red regions in Fig. 16 represent the interference area on the
part surface. It can be clearly seen that the interference region
corresponding to the rear angle of 54.5° is larger than that with
the rear angle of 53.5°. Comparing Fig. 15 with Fig. 16, it can
be seen that the calculated results are consistent with the sim-
ulation results.

The physical experiment of the sample surface was
carried out on a five-axis milling machine named JT-
GL8-V. The tested surface material is aluminum alloy
7075, and the rear angle of the tool was set to 20°. The
machined example surface and the picture of the machin-
ing process are shown in Fig. 17ab.

5.3 Comparison of several different detection
methods

In this paper, the detection accuracy is greatly improved by the
subdivision technology. For the same detection accuracy, the
method proposed in this paper is more efficient than the tra-
ditional interference detection methods. To support this con-
clusion, the proposed algorithm was compared with the tradi-
tional convex hull-based method and C-space-based method.
Any CC point on the surface of the second sample was used as
the experimental point, and the times consumed for interfer-
ence judgment and elimination by the new method, convex
hull-based method, and C-space-based methods were record-
ed, respectively. For example, when the cutter is located at the
CC point (50.35, 10.87), the times consumed for global inter-
ference judgment and elimination corresponding to different
detection accuracy are shown in Fig. 18. It can be seen from
the figure that the new method proposed is more efficient than
the two traditional methods and that the higher the detection
accuracy, the longer the consuming time.

@ Springer
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6 Conclusion

This study presents a novel method for global interference
detection of the five-axis machining. A method based on four
extreme planes was used to rapidly build the initial interfer-
ence detection area. The shortest distance between the tool
axis and the initial detection area is used to judge whether
there is interference collision between the tool and the work-
piece. The shortest distance can be obtained by calculating the
distance between the discrete point in the detection area and
the tool axis. In order to ensure the uniformity of the discrete
points, the dispersion of the detection points is carried out in
the projection area of the detection region rather than on the
part surface. To improve the detection efficiency, the detection
points in the initial detection area are screened using the four-
sided constraint method, and only the points that meet the
screening conditions are selected to form the valid detection
area. For improving detection accuracy, subdivision technol-
ogy is used to achieve high-precision detection. In order to
verify the correctness and validity of the algorithm, two ex-
amples are used to verify the algorithm. Firstly, interference
detection and calculation are carried out by using the
MATLAB programming software. Then, the cutting simula-
tion of two example surfaces is carried out on the VERICUT
software. By comparing the cutting simulation results with the
interference calculation results, it can be seen that they are in
good agreement. By comparing the new algorithm with the
traditional convex hull- and C-space-based methods, it can be
concluded that the new algorithm has higher efficiency. This
novel interference detection method proposed in this study
can be used in 5-axis end-milling of complex surfaces.
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