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Abstract

Complex surface parts are widely used in the industrial applications, and 5-axis NC machining with ball-end cutter is the
commonly adopted method for curved surface parts. Due to the additional rotary feed axis comparing with 3-axis NC machining,
the tool orientation control is complex for curved surface machining. With the more complexity of curved surface parts, it is a
known problem that the large incoherent movement of the rotary feed axis will easily appear in curved surface machining, which
may even be beyond the kinematical performances of the rotary feed axis in machine tool, so as to affect the machining quality of
curved surface parts. In order to overcome this issue, an optimization method of tool axis vector based on the kinematical
characteristics of the rotary feed axis for curved surface machining is proposed. Firstly, the optimizing interval of the toolpath
for tool axis vector is selected based on the relationship between the rotation angle of rotary feed axis and the accumulation arc
length of toolpath. Then, the equalization method of tool axis vector based on the quaternion method is used to optimize the tool
axis vector with the kinematical characteristics of rotary feed axis. Finally, the angular change curve of rotary feed axis with the
optimized angular value and cumulative arc length is adjusted by the principle of least-squares fitting after the local optimization
of'tool axis vector. Simulation and experiment on test parts are carried out to verify the validity of the proposed method, and the
achievements are significant to improve the processing quality of complex curved surface parts.

Keywords Curved surface - Tool axis vector - Kinematical characteristics - Rotary feed axis - Angular velocity - Angular
acceleration

1 Introduction

Complex surface parts are widely used in aerospace, ship-
building, mold, and other fields. With the increasing require-
ments on the performance of high-end equipment, the local
structural features of key parts and components become more
and more complicated. For example, the shape of blades, im-
pellers, and propellers is complex with the curvature changing
greatly. And the traditional 3-axis NC machining cannot meet
the processing requirements, in which case 5-axis NC ma-
chine tool has been widely developed. Compared with the 3-
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axis NC machine tool, 5-axis NC machine tool has two addi-
tional rotary freedoms. By programming tilt angles and yaw
angles of the cutter relative to the workpiece during machining
process, the cutting relationship between the cutter and the
workpiece can be ensured and the processing efficiency can
be improved. However, due to the two additional rotation
axes, the control complexity of the tool axis vector is in-
creased. Especially in the area for machining of the complex
curved surface with sharp change curvature, the control of tool
axis vector is more complex, which will easily lead to the tool
axis vector change drastically in 5-axis NC machining. When
the feed rate is too large, the kinematical characteristics for the
rotary feed axis of machine tool may even be beyond the
allowable range, which will directly affect the machining ac-
curacy of the curved surface parts and the service life of the
machine tool.

Usually, the tool axis vector is generated based on the sur-
face geometry. For a complex curved surface with sharp
change curvature, the adjacent tool axis vectors may cause a
sudden change in kinematical characteristics. In order to make
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the tool axis vector between adjacent tool contact positions
change uniformly in 5-axis machining process and meet the
kinematical characteristics of the rotary feed axis in the ma-
chine tool, the traditional method is just to reduce the feed rate
to prevent the kinematical characteristics from the exaggerate,
which to some extent reduces the processing efficiency. In this
way, the planning of tool axis vector in the complex curve
surface machining should not only meet the machining accu-
racy requirement but also avoid the exceeding of kinematical
characteristics for the rotary feed axis. Meanwhile, the tool
axis vector optimization method based on the kinematical
characteristics of the rotary feed axis is also a hot and difficult
point in the 5-axis NC machining.

There are lots of researches on the planning of tool axis
vector in the 5-axis NC machining. To avoid the interference
between tools and parts, Li et al. [1] proposed a novel gener-
ation method of interference-free inspection path for the im-
peller blades using an on-machine probe. By comparing the
position relations between points in tool projection area and
tool in tool coordinate system, Wang et al. [2] proposed a
method to detect the tool interference based on the coordinate
system transformation theory. Tang and Bohez [3] proposed a
new collision avoidance strategy and combined it with the
collision detection in 5-axis NC machining by using the
bounding sphere algorithm. In toolpath planning, Yoon et al.
[4] presented locally optimal cutting positions for cutting di-
rections in the collision-free 5-axis milling of sculptured sur-
faces to optimize the toolpath based on the second-order ap-
proximations of machined strip width. Ho et al. [5] proposed a
tool orientation smoothing couple with cutting error improve-
ment method for controlling the nonlinear error to generate the
toolpaths. Morishige et al. [6] applied a three-dimensional
configuration space (C-space) and showed the relationship
between all tool positions and postures and the existence of
tool collision to generate the toolpath. Castagnetti et al. [7]
proposed the domain of admissible orientation (DAO) method
to optimize the rotation axis coordinate in the machine tool
coordinate system, which could automatically avoid the sin-
gularity problem in post-processing and optimize the toolpath.
Srijuntongsiri and Makhanov [8] proposed and analyzed a
new numerical algorithm to reduce the kinematic errors of a
5-axis toolpath by using minimization of the variation of the
rotation angles.

In order to optimize the tool axis vector, Choi et al. [9]
established an analytic expression of tilt angle and yaw angle
to optimize the tool axis vector. Grandguillaume et al. [10]
presented a tool axis vector optimization method around the
singular point based on B-spline curves. Li et al. [11] present-
ed a new method for generating 5-axis toolpath with smooth
tool motion based on the accessibility map (A-map) of the
cutter at a point on the parts surface. Jun et al. [12] presented
the methodology and developed the algorithm for optimizing
and smoothing the tool orientation control in the C-space for
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5-axis sculptured surface machining based on the machined
surface error analysis. Lavernhe et al. [13] optimized the tool
axis orientations to respect the high-speed machining. Geng
et al. [14] analyzed the relationship between the nonlinear
error and the rotation angle of the rotation axis, and proposed
a rotation axis position optimization algorithm. For eliminat-
ing both local and rear gouging in the 5-axis machining, Li
et al. [15] presented a cutter partition-based tool orientation
optimization algorithm. Based on the improvement of the C-
space method, Zhou et al. [16] proposed a safe space method
that could generate continuous and uniform tool axis vectors
before and after the interference region. In order to generate
the interference-free 5-axis surface machining toolpaths,
Wang and Tang [17] presented an approach to smooth the tool
axis vector by directly involving the angular velocity limit in
the search process. Luo et al. [18], considering the physical
limit on velocity and acceleration of the rotary motions, pre-
sented a kinematics method to reduce the angular acceleration
of the machine tool by optimizing the tool orientation between
neighboring tool-workpiece contact points. In order to solve
the problem of time-consuming computation in the direction
of the tool axis, Wang et al. [19] proposed a new method for
tool axis vector optimization based on the critical constraint,
which could guarantee the smooth motion for the tool axis
vector.

Based on the above, it can be seen that though the tool axis
vectors are optimized, the previous researches are mainly fo-
cused on reducing the angle between adjacent tool axis vectors
in the local coordinate system, which is rarely optimized under
the machine coordinate system. Meanwhile, the kinematical
characteristics of the machine tool, such as angular velocity
and angular acceleration of the rotary feed axis, are less con-
sidered. Due to the extensive use of ball-end cutter in complex
surface machining, any tool axis orientation does not affect the
cutter-to-workpiece contact state and thus does not affect the
machining quality of complex surface. In order to make the
kinematical characteristics of rotary feed axis meet the con-
straints of machine tool without affecting the machining effi-
ciency, a method is proposed to improve the motion charac-
teristics of rotary feed axis by optimizing the tool axis vector
in this study based on ball-end cutter, which can not only
reduce angular velocity and angular acceleration of the rotary
feed axis but also improve the processing quality of the curved
surface with sharp change curvature. Firstly, the optimizing
interval of the toolpath for tool axis vector is selected based on
the relationship between the rotation angle of rotary feed axis
and the accumulation arc length of toolpath. Then, the equal-
ization method of tool axis vector based on the quaternion
method is used to optimize the tool axis vector with the kine-
matical characteristics of rotary feed axis. Finally, the angular
change curve of rotary feed axis with the optimized angular
value and cumulative arc length is adjusted by the principle of
least-squares fitting after the local optimization of tool axis
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vector. Simulation and experiment on test parts are carried out
to verify the validity of the proposed method, and the achieve-
ments in this study are significant to improve the processing
quality of complex curved surface parts.

The rest of this paper is organized as follows. In Section 2,
the kinematical characteristics analysis of the rotary feed axis
in machine tool is given. The optimization interval of tool axis
vector is selected and the optimization method of tool axis
vector is proposed in Section 3. Section 4 is the simulation
and experiment results. Conclusions are summarized in
Section 5.

2 Kinematical characteristics analysis
of rotary feed axis in machine tool

In this section, the structure and the inverse kinematics of
machine tool are introduced firstly, and then the calculation
of angular velocity and angular acceleration for the rotary feed
axis is given, which lay the basis for the optimization of tool
axis vector in curved surface machining with the kinematical
characteristics of rotary feed axis.

2.1 Structure and inverse kinematics of machine tool

A 5-axis NC machine tool has three moving axes and two
rotating axes. In this study, the structure of the machine tool
with a double rotary table of A-axis and the C-axis is shown in
Fig. 1. The A-axis has a typical working range of + 30° to —
120°, and the C-axis can generally rotate to 360°. The advan-
tages of NC machine tool with a double rotary workbench of
AC axis are simple structure, good rigidity, and low
manufacturing cost.

For the machine tool with a specific structure, the control
method of the tool axis vector based on the kinematical char-
acteristics of the rotary feed axis in the machining process is

Fig. 1 Structure of 5-axis NC machine tool

given in this section. In 5-axis NC machining, the toolpath is
described in the CAM software by tool position files. Usually,
the tool position files are expressed in workpiece coordinate
system with six coordinate parameters, such as {P, V} = {x, y,
i, j*, k*}. The first three represent the coordinates of the tool
tip point P[x, y, z]" and the last three represent the direction of
the tool axis vector V[i*, j*, k*]T. However, the tool position
files generated by the CAM software cannot be directly rec-
ognized by the machine tool. The tool position files in work-
piece coordinate system need to be converted into the machine
coordinate system, so as to be recognized by the machine tool.

In this study, the ball-end cutter is used in machining. No
matter how the tool axis vector is varied, the tool center is
fixed that means that the cutting area does not change with
the tool axis vector variation. In the machining process of
curved surface, the cutter contact point P between the cutter
and the curved surface is as shown in Fig. 2. S(u, v) is the
machining curved surface and r(¢) is a machining toolpath. At
the cutter contact point P along the toolpath, N is the unit
normal vector of the curved surface and V is the unit tool axis
vector. According to the cutter tip point P, the coordinates of
cutter contact point P¢ can be obtained as

Pc =P+ RV-RN (1)

In which, R is the radius of the ball-end cutter.

For the given surface S(u, v), the geometric information of
unit normal vector N and unit tangent vector T can be calcu-
lated as

~ Su(u,v) xSy (u,v)
N= |§u(”7v) Sv(u,v)| (2)
e

Curved surface S(u, v)

\ Toolpath r(&)

Fig. 2 Machining surface and local coordinate system
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in which S,(u, v) and S,(u, v) are the first derivatives of the
surface. r (€) is the first derivative of a specific toolpath on the
curved surface. K=N x T is the cross product of unit normal
vector and unit tangent vector at the cutter contact point.

In Fig. 2, the local coordinate system PcX; Y, Z; is
established by setting T, K, and N as the directions of X;,
Y;, and Z; at the cutter contact point Pc. For the tool axis
vector V in the machining process, the rotation angle « along
the K direction is defined as tilt angle and the rotation angle 3
along the N direction is defined as yaw angle in the local
coordinate system. Then the tool axis vector can be complete-
ly determined by the two angles in the local coordinate system
as shown in Fig. 3. In the local coordinate system, the tool axis
vector can be obtained as
VECS — Rot(N, 8)-Rot(K, a)-[0,0,1,0]" (3)

axis

VL CS

in which V.0 represents the tool axis vector in the local

coordinate system. The specific form of the rotation matrix is
as

cos@ -—sinB 0 O
sin cos 0 0
Rot(N,g) = [ 07 <o/ 0 9
0 0 0 1
cose. 0 sina O (4)
0 1 0 0
Rot(K, o) = —sine 0 cosa 0
0 0 0 1

The transformation from the machine coordinate system
to the workpiece coordinate system belongs to the positive
kinematic transformation. However, the tool position files in
the workpiece coordinate system need to be transformed into
the machine coordinate system. Therefore, the relationship
between the workpiece coordinate system and the machine
coordinate system needs to be established by the inverse
kinematics transformation.

The tool axis vector V at the cutter contact point P¢ in the
workpiece coordinate system can be obtained by CAM soft-
ware. As V=[i"j" k" 0]", it can be converted into the machine
coordinate system OXYZ as Vy; by

V =MV
Vi (5)

In which, M is the transformation matrix from the machine
coordinate system to the workpiece coordinate system.
Vam = [0 0 1 0]" is the initial tool axis vector in the machine
coordinate system. Based on the structure of 5-axis NC ma-
chine tool as shown in Fig. 1, the rotary angles of axis A and
axis C relative to the initial state are 64 and 6 respectively,
then the transformation matrix is expressed as
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Fig. 3 Tool axis vector in local coordinate system

M= R?t(Z, ec)'ROt(X, HA)

cosc —sinf 0 O 1 0 0 0
| sinfc  cosfc O O 0 cosfy -—sinfy O
- 0 0 1 0 0 sinfy, cosfy O
| 0 0 0 1 0 0 0 1
[cosfc —cosbsinfc  sinfsinfe 0
| sinfc cosfacosfc  —sinfucosfc 0
o 0 sinf, cosf, 0
0 0 0 1
(6)

Therefore, the tool axis vector in the workpiece coordinate
system can be obtained as

i" = sinfc-sinfy
J* = —cosfc-sinf, (7)
k" = cosO,

According to the above equation, the relationship between
the angle of the rotary feed axis and the tool axis vector in the
workpiece coordinate system can be obtained as

0y = arctan2<\/i*2 + 572, k*) (8)

O¢c = arctan2 (i*,j*)

According to the above, the position of tool axis vector in
workpiece coordinate system can convert to the G code that
can be identified by machine tool in the machine coordinate
system.
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2.2 Calculation of angular velocity and angular -
acceleration for rotary feed axis Wy = AL AL,
9Ci+L1i_96i (11)
For the given toolpath r(€) on the machining curved surface We = —7
i

S(u, v), the movement of each feed axis should satisfy the
kinematical characteristics of the machine tool such as maxi-
mum speed, angular velocity, and angular acceleration. If the
toolpath is complex, especially with sharp change curvature, it
may cause the change of angular velocity and angular accel-
eration for the rotary feed axis of machine tool too large.

In order to satisfy the kinematical characteristics, the kine-
matics characteristics of the rotary feed axis need to be recog-
nized firstly. Assuming the position of the rotary feed axis is €
and for the given toolpath r(¢), the angular velocity and the
angular acceleration of each rotary feed axis can be expressed
as

A0 doode | de
=T x&a %a

420 dzf 2 d2§ )
a=—= 955(—> +0:—
de? de? de?

in which 6, and 0, represent the first and second deriva-
tives of the rotary feed axis angle for toolpath parameter &

respectively. % and % represent the first and second deriva-
tives of the toolpath parameter £ for the processing time .

In practice, it is difficult to express the toolpath with a clear
equation. In order to recognize the motion state of the rotary
feed axis in the machine tool, the discrete method is adapted to
recognize the angular velocity and the angular acceleration for
the rotary feed axis. For the toolpath r(¢), there are n cutter
contact points and Pc; is the ith cutter contact point. {P,
Vi={x,yzi,./,k} isthe tool position files corresponding
to the cutter contact point. When the cutter moves from the
cutter contact point Pc¢; to P¢; . 1, the tool axis vector changes
from V; to V;. ;. The A-axis and C-axis angle values of the
machine tool corresponding cutter contact positions can be
calculated by Eq. (8), just changing from 6, and 6¢ to 04 4
and 0, respectively. L; represents the approximate arc
length between the cutter contact points P¢; and P¢;+ 1, and
the step length between adjacent cutter contact points is not
fixed. When the feed rate is v, the processing time of adjacent
cutter contact points is also different. For discrete points on the
toolpath, the angular velocity and the angular acceleration of
the rotary feed axis can be solved as
Oir1—0;

L
witw, (10)

L;

a;
Correspondingly, the specific calculation of the angular

velocity for the A-axis and the C-axis of the machine tool
can be obtained as

in which 6,; and 0; represent the rotation angles of A-axis
and C-axis in the machine tool corresponding for the ith cutter
contact point, respectively. w,; and wc; respectively represent
the angular velocities of A-axis and C-axis in the machine tool
corresponding for the ith cutter contact point.

Thus, the angular velocity for rotary feed axis of machine
tool can be calculated as

Oir1=0;
w; = {—'V =V wa? + we?

L[ = 1,K7}’l_1 (12)
i=n

In the same method, the angular acceleration for A-axis and
C-axis of the machine tool can be calculated as

W1~ Wy,
ay = I Ai+1 Ai
Li+l +Li (13)
Wcir1—Wgi
aAc; =V
Ly +L;

Thus, the angular acceleration for rotary feed axis of ma-
chine tool can be calculated as

i T a2 i— _
a; = {2\/ To 1 T, = \/au~ + ag i=2,K, n1 (14)
0

i=1,n

Through the above analysis, the kinematical characteristics
of the rotary feed axis of the machine tool is recognized, so the
angular velocity and angular acceleration for rotary feed axis
at any cutter contact point can be obtained.

3 Optimization of tool axis vector based
on kinematical characteristics of rotary feed
axis

In Section 2, the way how the position of tool axis vector
converts from workpiece coordinate system to the machine
coordinate system which can be directly recognized by the
machine tool is obtained. Then, the method for recognizing
the kinematical characteristics of the rotary feed axis of the
machine tool is given. In this section, the above method is
used to simulate the kinematical characteristics for the rotary
feed axis of machine tool. According to the simulation results,
the tool axis vector is reasonably adjusted to reduce the angu-
lar velocity of rotary feed axis during the curved surface ma-
chining. Firstly, the optimizing interval of the toolpath for tool
axis vector is selected, and then, the equalization method of
tool axis vector is given based on quaternion method. On this
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basis, the least-squares fitting method is used to optimize and
smooth the relationship between the angle value of rotary feed
axis and the cumulative arc length of toolpath, thus making
the tool axis vector smooth better.

3.1 Optimizing interval of toolpath for tool axis vector

The kinematical calculation for the rotary feed axis of the ma-
chine tool at the cutter contact point on the toolpath is completed,
and then the optimizing interval of toolpath for tool axis vector
according to the calculation results can be selected. The interval
with large change of tool axis vector is selected as the optimizing
interval, and then optimize the tool axis vector. A complex sur-
face with sharp change curvature is designed to verify the validity
of the proposed method at last.

For a machining toolpath on a complex surface S with un-
known equation in Fig. 4, there are n cutter contact points Pc on
it. The arc length between current cutter contact point Pc; and
starting cutter contact point is defined as cumulative arc length
Lcand Lo=Y L. Angular value, angular velocity, and angular
acceleration of rotary feed axis for each cutter contact point Pc;
can be obtained according to the formulas in Section 2.
Through MATLAB simulink, the relationship between the an-
gular value of rotary feed axis (A-axis and C-axis) and the
cumulative arc length of toolpath is shown in Fig. 5.

The purpose of tool axis vector optimization is just to make
the tool axis vector at the adjacent cutter contact points change
smoothly. From Egs. (7) and (8), the relationship can be
established between the tool axis vector in workpiece coordi-
nate system and the angle of rotary feed axis (A-axis and C-
axis). In this way, each rotary feed angle corresponds to a
specific tool axis vector. If the rotary feed angle change largely
for the adjacent cutter contact points, the tool axis vector of the
adjacent cutter contact points will change too much.
Considering the large variation of tool axis vector will be
affected by the large change of the rotary feed angle (A-axis
and C-axis) in the machine tool, the angle value of rotary feed
axis which corresponds to the adjacent cutter contact points
should be ensured to change uniformly, so as to make the tool
axis vector of adjacent cutter contact points smoothly transit.
In order to reasonably choose the optimizing interval of
toolpath for tool axis vector, the selection method for the op-
timizing interval is proposed based on the relationship be-
tween the rotation angle of rotary feed axis and the accumu-
lation arc length of toolpath.

As shown in Fig. 6, through Eq. (8), the angular sequence
of the rotary feed axis at each cutter contact point on the mth
toolpath can be obtained. The vector P;Pc;— 1 = (b, ¢;) is de-
fined, in which b, = L; represents the arc length between adja-
cent cutter contact points and ¢;=6;— 6, | represents the an-
gular difference for the rotary feed axis of adjacent cutter
contact points. The angle between the vectors of the adjacent
cutter contact points can be obtained as
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PceiPci1-PciPcivi
PP NP Pl

m@,—arccos( ) i=2,,n"1 (15)

The angle between the vectors of the adjacent cutter contact
points can reflect the variation of ¢ value of the adjacent vec-
tors. The smallest angle between vectors of the adjacent cutter
contact points is, the greatest angular velocity of the adjacent
cutter contact points changes, which will lead to a larger an-
gular acceleration. So the angle between the vectors of the
adjacent cutter contact points is small, from Eq. (13), and the
larger angular acceleration occurs. In order to avoid excessive
angular acceleration of the rotary feed axis, the interval with
small angle should be selected by using the average angle
value as a standard. Then, the average value of the included
angle can be calculated as

g L 5N 16
0=-5% 10 (16)

And the optimizing interval of toolpath for the tool axis
vector is selected by comparing the value of the angle at a
cutter contact point and the average value of the included
angle, just as

|,,0i< 0 e<i<f (17)

in which e and f are the first and last cutter contact points
respectively that satisfy Eq. (17) in the optimizing interval.
Through the above discussion, the optimizing interval [e, f]
can be selected, which provides the preparation for the follow-
ing optimization of tool axis vector.

3.2 Optimization of tool axis vector for curved surface
machining

The optimizing interval of toolpath for the tool axis vector can
be chosen properly by the proposed method, which not only
reflect the geometric feature information of the machined sur-
face parts well but also can select the optimizing interval by G
code when the surface equation is unknown. Next, the tool
axis vector will be optimized in the optimizing interval of
toolpath for curved surface machining.

For the optimizing interval of toolpath for tool axis vector,
the angular velocity for the rotary feed axis of the machine tool
is too large due to the sharp change of the tool axis vector,
which may be beyond the allowable range of the maximum
angular velocity of the machine tool, and even affects not only
the machining quality but also the service life of machine tool.
In order to prevent the angular velocity of the rotary feed axis
from exceeding the kinematical characteristics of the machine
tool, the equalization method of tool axis vector is proposed
based on the quaternion method to optimize the tool axis vec-
tor, so as to limit the tool axis vector in the feasible boundary.
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Fig. 4 Machining surface and
toolpath

_—Toolpath

tarting cutter contact point

Through Section 3.1, the optimizing interval [e, f] for tool
axis vector has been selected. In optimizing process of tool
axis vector for curved surface machining, the starting tool axis
vector at the cutter contact point P¢, is V; and the ending tool
axis vector at cutter contact point P¢ris V,,. The tool axis
vector V; is optimized by the quaternion method in the interval
of [e, f].

As shown in Fig. 7, 0 represents the angle formed by tool
axis vectors V; and V,, A\ represents the angle formed by
tool axis vectors V; and V;, and (1-\)f, represents the angle
formed by tool axis vectors V; and V,,. In this way, the tool
axis vector V; between V; and V,, can be obtained by the
quaternion interpolation as

Vi= KO)V) +u)V, e, ] (18)

in which x(\) and p()\) are coefficients about parameter
variable A, A € [0, 1]. In order to determine the coefficients,
Eq. (18) should do dot product with V; and V,, respectively
and can be expressed by the following formula, as

{ V]'Vl' = H(A)V]'V] + ILL()\)V]Vn

VoV = KV Vi £ g(A)VeV, (19)

(=)
o]

Angular value 6, /°
N ()
N N

N
[}S]

60

0 50 100 150 200 250
Cumulative arc length L/ mm

For V4, V,,, and V; are all the unit tool axis vector, Eq. (19)
can be translated as

cos(Ap) = K(A) + p(A)costy (20)
cos[(1=-N\)fg| = r(A)costp + pu(A)
And then, the coefficients are calculated as
in(Go-(1-X\

sy = e 170)

sinfp 1)

\) — sin (GQ)\)
- SiHQQ

in which the calculation for the parameter variable A and
the angle 0 is as

A= }—_e
—e
ViV, (22)
0o = arccos
‘V] ”Vn‘

By Egs. (18)—(22), the optimized tool axis vector V; can be
calculated as

-50 |

-100 ¢

Angular value 6. /°

-150 ¢

-200

250 - L L L L .
0 50 100 150 200 250
Cumulative arc length L/ mm

Fig. 5 Relationship between angular value of rotary feed axis and cumulative arc length of toolpath
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PCi+l

PCi-l

Fig. 6 Calculation of angle between vectors of adjacent cutter contact
points

sin (QQ— Jg 0Q>
Vv, = ¢ v

sinflp

sin(i_TeﬂQ)
M Ty, iele+ 1, /1] (23)

1

sinflp

From the above, the tool axis vector at each cutter contact
point in the interval [e, f] can be gotten and converted to the
angle value for the rotary feed axis of the machine tool ac-
cording to Eq. (8). In this way, the optimized angular sequence
S{Saopss Scopet for the rotary feed axis can be obtained as

{ SAopt = Eerptla “.,HAapl‘n} (24)
SCopt = HCoptl y GCoptn}

Fig. 7 Equalization method of tool axis vector
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By MATLAB simulink, the relationship between the opti-
mized angular value of rotary feed axis (A-axis and C-axis)
and the cumulative arc length of toolpath is shown in Fig. 8.

In order to further reduce the angular velocity for the rotary
feed axis of the machine tool, the relationship between the
optimized angular value of rotary feed axis and the cumulative
arc length of toolpath is analyzed and the cutter contact point
with the largest curvature in the toolpath curve is selected.
And then a method based on the principle of least-squares
fitting is proposed to adjust the shape of the angular change
curve for rotary feed axis with the optimized angular value and
cumulative arc length, and makes the angular change curve F'
of rotary feed axis satisfy the following constraint as

e+3 , 2
F=min Y i (aopt(Li)feopti) (25)
i=e—.

in which w; represents the weight coefficient of each cutter
contact point. To make the calculation simple, the weight co-
efficient is set 1. 9/01” (L;) represents the re-optimized angular
value of the rotary feed axis at cutter contact point.

As shown in Fig. 9, the maximum curvature is at the cutter
contact point Pc;, which is selected in the angular change
curve of rotary feed axis with the optimized angular value
and cumulative arc length. In order to adjust the shape of the
angular change curve for rotary feed axis near this cutter con-
tact point, the angular change curve of rotary feed axis
respected the Eq. (25) is calculated in the cutter contact point
interval of [Pc;3, P, 3]. So the re-optimized angular se-
quence S{S’ 4o, S’ cope} Of rotary feed axis is finally obtained
as

! / /
SAopt = {erptl D) erptn}

S/C()pt = {H/C()pH? o e/C()ptn} (26)

Through MATLAB simulink, the relationship between the
re-optimized angular value of rotary feed axis (A-axis and C-
axis) and the cumulative arc length of toolpath is shown in
Fig. 10.

From the above analysis and Figs. 5, 8, and 10, it can be
concluded that the optimization method of tool axis vector
based on the kinematical characteristics of rotary feed axis
proposed in this study can make the angular change curve of
rotary feed axis smoother without fluctuation, which is bene-
ficial for the curved surface machining.

4 Experimental results and discussion

To further illustrate the effectiveness of the proposed optimi-
zation method of tool axis vector, a curved surface with
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different curvatures is designed and to carry out the experi-
ment, and the ring cut method is used in experimental process-
ing. As shown in Fig. 4, the initial cutter position files of the
curved surface can be obtained by the CAM software, and the
kinematical characteristics for the rotary feed axis of the ma-
chine tool can be calculated. To achieve a better transition of
the tool axis vector during the curved surface machining and
reduce the calculation cost, the unreasonable interval of
toolpath for the tool axis vector is firstly selected, and then
the proposed method is used to optimize the tool axis vector.

4.1 Simulation analysis

Taking a toolpath at the middle round of the curved surface in
Fig. 4 as an example, the optimizing interval of toolpath for the
tool axis vector can be obtained based on the kinematical cal-
culation according to Section 2 and Section 3.1. As shown in
Fig. 11, the blue curve represents the optimizing interval and
the corresponding cutter contact point sequences are {2647,

Y A
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Fig. 9 Principle of least-squares fitting to adjust shape of angular change
curve

69-72, 116-122}. For example, the initial tool axis vector for
cutter contact points 6972 are {(—0.828, 0.358, 0.432), (—
0.810, 0.398, 0.430), (—0.791, 0.438, 0.428), (—0.786, 0.447,
0.427)} and the corresponding rotation angles of rotary feed
axis are {(64.407, —66.599), (64.504, —63.854) (64.689, —
60.987), (64.735, — 60.385)}. Based on the optimization meth-
od of tool axis vector in Section 3.2, the optimized tool axis
vectors are obtained as {(—0.828, 0.358, 0.432), (—0.810,
0.398, 0.430), (—0.791, 0.438, 0.428), (—0.786, 0.447,
0.427)}, and the corresponding rotation angles of rotary feed
axis are {(64.420, —62.413), (64.434, —62.564), (64.447, —
62.714), (64.461, — 62.865)}.

Before optimizing of the tool axis vector, the relationship
between the angular velocity and the angular acceleration of
rotary feed axis and the cumulative arc length of toolpath can
be obtained and is shown in Fig. 12. From Fig. 12, it can be
found that the angular velocity for the rotary feed axis of the
machine tool fluctuates frequently, thus causing the angular
acceleration of the rotary feed axis large. In this way, the
optimization method of tool axis vector proposed in this study
is used to optimize the tool axis vector. After optimizing of
tool axis vector, the kinematics characteristics for the rotary
feed axis of the machine tool are shown in Fig. 13.

In order to obviously reflect the kinematical characteristics
of the rotary feed axis before and after optimizing of the tool
axis vector, the curve for the relationship between the kine-
matical characteristics of rotary feed axis and the cumulative
arc length of toolpath before and after optimizing of tool axis
vector is plotted in the same figure, as shown in Fig. 14.
Analyzing the optimization result of tool axis vector, the max-
imum angular velocity is reduced from 24°/s to 12°/s and the
maximum angular acceleration is reduced from 127°/s* to 89°/
s2. It should be noted that the processing efficiency is deter-
mined by the feed rate. In this study, the tool axis vector is
optimized to reduce the angular velocity and acceleration of
rotary feed axis of the machining tool, and the feed rate in the
machining process is invariant, so the processing efficiency is
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Fig. 10 Relationship between re-optimized angular value of rotary feed axis and cumulative arc length of toolpath

invariant. However, with the same feed rate, the optimization
of the tool axis vector with the kinematical characteristics of
rotary feed axis can make the quality of the machined curved
surface better.

4.2 Experimental verification

In order to prove the effectiveness of the optimization meth-
od for tool axis vector proposed in this study and the cor-
rectness of the simulation analysis, experiment is carried out
with the curved surface parts based on a 5-axis NC machine
tool. The material of experimental workpiece is 7075 avia-
tion aluminum alloy, and the machining curved surface is a
workpiece with continuous change curvature as shown in
Fig. 4. The ball-end cutter used is SANDVIK 1B230-

50
0 OPtimizing
interval
30t
20
10
0t
-10 ¢
20
30 b . .
Starting cutter
40 contact point
Toolpath
-50 . . . . . . . .

-50 -40 -30 -20  -10 0 10 20 30 40
Fig. 11 Optimizing interval on toolpath for tool axis vector

@ Springer

0800-XA 1630 solid carbide coating ball-end cutter with
two flutes. The diameter is 8 mm, the nominal helical angle
is 30°, and the whole length is 50 mm. According to the
engineering experience for aluminum alloy curved surface
machining, the machining parameters are empirically select-
ed as the spindle speed » =3000 r/min, the feed rate f =
250 mm/min, and the cutting depth a,, = 1 mm. The machin-
ing process is shown in Fig. 15 with the scallop height
between adjacent toolpaths as 0.02 mm.

As shown in Fig. 16, the machining result for optimiza-
tion method of the tool axis vector proposed in this study is
compared with that of conventional method for tool axis
vector planning. Because the angular velocity and angular
acceleration for the rotary feed axis of machine tool are
large, that may make the kinematical characteristics of the
machine tool change a lot and lead to the chatter mark on
the machined curved surface, so as to affect the machining
quality [10]. While the proposed optimization method for
tool axis vector can notably decrease the change of kinemat-
ical characteristics for rotary feed axis, consequently the
chatter mark can be avoided, so as to significantly improve
the machining quality.

For the machined curved surface, the surface contour is
firstly measured at the same position (as shown in Fig. 16)
by the three coordinate measuring machine, and then the
measured data points are fitted as shown in Fig. 17. It can
be obviously found that the local machined surface with
sharp change curvature is more smooth after optimization
of tool axis vector based on the kinematical characteristics
of rotary feed axis.

In order to further explain that the machining effect is
improved after optimization, the surface roughness of the
machined workpiece with sharp change curvature is mea-
sured, as shown in Fig. 18 for the circle position. The sur-
face roughness is measured by 120-mm phase grating inter-
ference roughness profiler (PGI 840) in the direction of A
and B respectively. That because the surface roughness
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measured in direction A mainly reflects the scallop height
between adjacent toolpaths and the surface roughness mea-
sured in direction B can verify the optimization effect for
tool axis vector. The measured results before and after opti-
mizing of the tool axis vector are shown in Fig. 19 and
Fig. 20.

25 - . . - . -
—— Before optimization
—— After optimization

201

Angular velocity o / (°/s)

0 50 100 150 200 250
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From the experimental results as shown in Table 1, some
results can be obtained as follows. The surface roughness in
direction A is almost the same before and after optimizing
for tool axis vector, which verifies that the optimization of
tool axis vector does not affect the cutter-to-workpiece con-
tact state and thus does not affect the machining quality of
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Fig. 14 Kinematical characteristics of rotary feed axis before and after optimizing
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Fig. 15 Machining process of
workpiece with continuous
change curvature

Fig. 16 Machining results of
workpiece before and after
optimizing for tool axis vector
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Fig. 17 Fitting curve of machining surface contour before and after
optimizing for tool axis vector
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complex curved surface due to the use of ball-end cutter, and
the surface roughness in direction A can be improved by
reducing the scallop height value between adjacent
toolpaths. In direction B, it is clear that the surface rough-
ness with the optimized tool axis vector is significantly bet-
ter than that with tool axis vector before optimizing, shown
as the surface roughness parameters in Table 1. The Ra
value decreases from 1.6143 to 1.1868 um with a decrease
of 26.5%, and the Rz value decreases from 6.4960 to
5.1970 pum with a decrease of 20.0%. In this way, the pro-
posed optimization method of tool axis vector for the curved
surface machining can not only reduce angular velocity and
angular acceleration of the rotary feed axis but also improve
the processing quality of the curved surface parts with sharp
change curvature.
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Fig. 18 Measure position of
surface roughness
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Fig. 19 Surface roughness in direction A before and after optimizing for tool axis vector
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Fig. 20 Surface roughness in direction B before and after optimizing for tool axis vector

Table

1

Comparison results of surface roughness before and after
optimizing for tool axis vector

Method of measurement  Direction A Direction B
Ra(um) Rz (um) Ra(um) Rz (um)
Before optimizing 2.9599 12.4656 1.6143 6.4960
After optimizing 2.9330 12.6047 1.1868 5.1970
Reduce percentage 0.90% -1.10%  26.5% 20.0%

5 Conclusions

In 5-axis NC machining process of the complex surface, the
sharp change curvature of the curved surface will cause the
tool axis vector to change greatly, which may make angular
velocity and angular acceleration of the rotary feed axis
change a lot, so as to affect the machine tool life and the
machining quality. To overcome this problem, this study pre-
sents an optimization method of tool axis vector based on the
kinematical characteristics of the rotary feed axis for curved
surface machining. Based on the calculation of angular veloc-
ity and angular acceleration for the rotary feed axis, the
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optimizing interval of the toolpath for tool axis vector is firstly
selected based on the relationship between the rotation angle
of rotary feed axis and the accumulation arc length of toolpath,
so as to reduce the computation amount. Then taking the tool
axis vector at both ends of the optimizing interval as con-
straints, the equalization method of tool axis vector based on
the quaternion method is used to optimize the tool axis vector
with the kinematical characteristics of rotary feed axis, and the
angular change curve of rotary feed axis with the optimized
angular value and cumulative arc length is adjusted by the
principle of least-squares fitting after the local optimization
of tool axis vector. Through the comparison of simulation
results before and after optimizing of tool axis vector, it can
be concluded that the optimized tool axis vector can signifi-
cantly reduce angular velocity and angular acceleration of the
rotary feed axis in the machine tool. Finally, the experimental
investigations on a test workpiece in 5-axis ball-end milling
are carried out to verify the validity of the proposed optimiza-
tion method, and the machining results show that the local
machined surface with sharp change curvature is more smooth
and the surface roughness with the optimized tool axis vector
is significantly better than that with tool axis vector before
optimizing. To sum up, the achievements in this study are
significant to reduce angular velocity and angular acceleration
of rotary feed axis and make the machine tool run more
smoothly, which further can improve the processing quality
of complex curved surface parts.
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