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Abstract The purpose of this paper is to propose a kinematic
analysis and optimization method for a kind of six-axis nu-
merical control (NC) belt grinding machine tools when grind-
ing blades. Six-axis NC abrasive belt grinding machine tools
have been widely used for grinding blades in the aero engine
manufacturing enterprises. Kinematic analysis and feedrate
optimization play an important role in efficient machining
with NC machine tools. After analyzing the basic kinematic
relation of the six-axis NC abrasive belt grinding machine
tool, coordinate systems are established to calculate the gen-
eralized kinematics model. The formulas of the rotary angles
and the motion coordinates are provided by simultaneously
transforming the three vectors which control the motions of
the abrasive belt contact disk. An efficient strategy for feedrate
optimization is developed to meet the accuracy requirements
of blade abrasive belt grinding process. Both the load capacity
of process system and the servo drive capability of machine
tools are considered. The validity is demonstrated with simu-
lations and experiments on a TX6-1000HV computer numer-
ical control (CNC) machine tool.

Keywords Six-axis . Abrasive belt grinding . Kinematic
analysis . Feedrate optimization

1 Introduction

Blades are the most critical components of an aero engine and
assembled along the engine stages in different sizes and roles.

A small change in blade geometry can lead to a large change
in engine performance. Therefore, it is crucial to guarantee the
machining quality of blades and to maintain the blade shape
design. Currently, blades are always rough machined by mill-
ing. After milling, it is necessary to grind the blade surface
because of its high machining precision requirements. A robot
belt grinding system has a good prospect for releasing hand
grinders from their dirty and noisy work environment [1].
Also, it can greatly improve the machining precision and work
efficiency. Therefore, numerical control (NC) belt grinding
has been widely used in blade grinding field, and more recent-
ly, six-axis computer numerical control (CNC) abrasive belt
grinding machine tools have been introduced into the aero
engine manufacturing enterprises.

Kinematic analysis is of great importance for the usage of
NC machine tools. It plays an important role in the NC
postprocessing program development process. Also, it is the
basement of feedrate optimization which considers the kine-
matic characteristics of machine tools. Practically, CAM soft-
ware generate tool paths considering only the relative position
between workpiece and cutter. The tool path data files gener-
ated by CAM software always need to be converted into NC
files by a specially used postprocessing program which takes
the structure characteristics of machine tools into account. The
key technology of NC postprocessing is the kinematic analy-
sis of machine tools.

Generally speaking, machining with six-axis machine tools
can obtain higher machining precision andworking efficiency.
However, as six-axis machine tools have six degrees of free-
dom, it makes the control method of grind wheel be greatly
complex, which may have a bad effect on the machining pre-
cision. Moreover, the machine’s capability is an important
issue affecting the efficiency of the CNC interpolator. The
maximum feedrate, acceleration/deceleration, and jerk that
can be output by a servo motor are generally limited and
should be specified in the design of the kinematic profiles

J. Wang :D. Zhang (*) :B. Wu :M. Luo :Y. Zhang
Key Laboratory of Contemporary Design and Integrated
Manufacturing Technology of Ministry of Education, Northwestern
Polytechnical University, Xi’an 710072, China
e-mail: dhzhang@nwpu.edu.cn

Int J Adv Manuf Technol (2015) 79:405–414
DOI 10.1007/s00170-015-6824-9



[2]. The velocity or the acceleration may exceed their limits
even if the feedrate remains a small value. If the exceeding
conditions happen, the motion of machine tools would be
unsteady because of servo delays. It may lead to increases in
error, surface quality questions, cutting tool wear, and other
bad issues. This problem is closely related with the machine
structure, which makes it hard to solve when programing with
CAM software. Kinematic analysis of machine tools gives it a
chance to solve this problem with feedrate optimization.

Kinematic analysis of a machine tool is intended to make
clear the relationships among moving elements and obtain the
motion coordinate of each axis whenmachining, which makes
it be the basic and key technology of the postprocessing for
machine tools. It can be accomplished through a series of
transformation among the coordinate systems set up on the
machine elements, which are similar to arms of robot. Many
scientists have done great works in this field. Sakamoto and
Inasaki [3] classified the configuration of commercial five-
axis machine tools into three types. Based on this, Lee and
She [4, 5] described the three types of five-axis machine tools
by a generalized kinematic structure and presented the method
for deriving the complete analytical NC code expressions.
More practically, Bohez [6] investigated the geometric and
kinematic properties of five-axis machine tools such as
workspace utilization factor and machine tool space efficiency
by modeling the machine tool kinematics. In the same year,
Jung et.al [7] analyzed the kinematic properties for a typical
five-axis milling machine of table-rotating/tilting type and
proposed two efficient algorithms for the postprocessing con-
sidering the characteristics of TRT-type machines. Later,
Tutunea-Fatan and Feng [8] presented a generic and unified
model for all the five-axis machine tools with two rotational
axes, analyzed the kinematic characteristics, and derived a
general coordinate transformation matrix for five-axis ma-
chine tools. Similarly, Sørby [9] examined the inverse kine-
matics of a five-axis machine tool and proposed an approach
for avoiding kinematic singularities. She and Chang [10] later
extended their previous researches and developed a generic
five-axis postprocessor system from a generalized kinematics
model adding four rotational degrees of freedomwhere two of
them are applied to the workpiece table and the other two are
applied to the spindle. Also, they accomplished a kinematic
analysis of the machine tools and gave the complete analytical
solutions of NC data dealing with different configurations
effectively. Recently, Boz and Lazoglu [11] introduced a
postprocessor for table-tilting-type five-axis machine tool
based on generalized kinematics with variable feedrate
implementations. Furthermore, they presented a method for
avoiding kinematic singularities by spherical interpolation
and NC data correction is presented as well.

Based on the kinematic analysis, feedrate can be optimized,
and the objective is to obtain a more suitable feedrate profile
which makes best use of the kinematical characteristics of

machine tools while the machining quality is assured. Various
studies have addressed this issue. The identification of an
optimal feed profile without exceeding the saturation limits
of the actuators was first studied mainly by the robotics re-
searchers. Bobrow et al. [12] and Shin and McKay [13] were
the first to solve the minimum time control problem. They
proved that the actuator torque constraints limit the velocity
along the manipulator path. They controlled the acceleration
between its maximum and minimum limits at the identified
path points to generate a bang-bang style trajectory. In recent
years, more researches were focused on the CNC machine
tools. Lavernhe et al. [14] proposed a predictive model of
kinematical performance in five-axis milling within the con-
text of high-speed machining. The capacities of each axis as
well as NC unit functions can be expressed as limiting con-
straints for feedrate prediction. Sencer et al. [15] presented a
feed scheduling algorithm for CNC systems to minimize the
machining time for five-axis contour machining of sculptured
surfaces. The velocity, acceleration, and jerk limits of the five
axes were considered in finding the most optimal feed along
the tool path in order to ensure smooth and linear operation of
the servo drives with minimal tracking error. Beudaert,
Pechard, Tournier [16] smoothed 5-axis tool paths based on
drive constraints in order to maximize the real feedrate and to
reduce the machining time. Based on their previous works,
Beudaert et al. [17] later controlled each axis kinematical pa-
rameter based on a decoupled approach which separates the
problem of geometrical treatment of the programmed tool path
and of feedrate interpolation. Recently, Erkorkmaz et al. [18]
presented a novel and comprehensive strategy for planning
minimum cycle time tool trajectories, subject to both machin-
ing process and machine tool drive limits. They computed the
workpiece-tool engagement along the tool path and set local
feed limits tomaintain a specified resultant cutting force. Also,
they limited the velocity, acceleration, and jerk magnitudes
commanded to each actuator.

Most of these studies focused on five-axis NC milling ma-
chine tools, and the researchers accomplished a kinematic
analysis and optimization for almost all types of five-axis
NC milling machine tools in these studies. However, few
studies have paid attention to the kinematics of six-axis
CNC abrasive belt grinding machine tools which have a more
complex motion control mechanism when grinding blades; in
this situation, six freedoms are considered and three control
vectors are introduced. What’s more, the surface cutting
feedrate which has an effect on the grinding quality was not
taken into account in past literatures.

The goal of this paper is to propose a kinematic analysis
and optimization method for six-axis NC belt grinding ma-
chine tools when grinding blades. The paper is organized as
follows. Section 2 deals with the kinematic analysis of the
machine tools. The formulas of the rotary angles and the mo-
tion coordinates are calculated in this part. Section 3 is
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dedicated to the feedrate optimization. A feedrate optimization
is made considering both the load capacity of process system
and the servo drive capability of machine tools. Section 4
validates the method through a machining example. Experi-
ment and simulation are also carried out in this part. At last,
this paper ends with some conclusions.

2 Kinematic analysis

2.1 Machine tool structure and code format

A kind of six-axis NC belt grinding machine tools used for
grinding and polishing the surface of aero engine blades is
focused on in this paper. The structure is shown in Fig. 1. This
type of machine tools has moving spindles in X, Y, and Z-
direction and rotating tables with respect to A-, B-, and C-axis.
The belt mechanism which moves along the X, Y-direction
with the column adapts horizontal arrangement. When ma-
chining, the blade is fixed on the A-axis rotary table. The
directions marked in Fig. 1 are the positive directions of each
CNC axis motion.

The format of cutter location points is defined as (Bx,By,
Bz, iw,jw,kw, im,jm,km), where (Bx, By, Bz) is the center co-
ordinate vector of the abrasive belt contact disk, (iw,jw,kw) is
the supporting axial vector which is similar with the tool axis
vector of milling cutters, and (im,jm,km) is the axial vector of
the abrasive belt contact disk. All of the three vectors are
defined in the workpiece coordinate system. The center coor-
dinate vector (Bx, By, Bz) is used to define the location of
abrasive belt contact disk while the other two are used to
control the attitude of the abrasive belt contact disk. Three
vectors are combined to define the motion of the abrasive belt
contact disk, as shown in Fig. 2.

2.2 Kinematic transformation

The kinematic analysis of machine tools is attended to make
clear the motion transmission of mechanical system and obtain

the machine tools’ motion coordinates. For this purpose, the
generalized kinematics model needs to be calculated for
converting the relative movement between the tool and work-
piece into the movement of machine tools’ moving parts. The
transformation between the workpiece coordinate system and
the cutter coordinate system is accomplished through analyzing
the series local coordinate systems which are established, re-
spectively, on the tool, workpiece, and other moving elements.

2.2.1 Establishment of coordinate systems

The tool motion of multi-axis CNC machine tools is con-
trolled by a kinematic chain which is made up of moving
elements connected in sequence. The kinematic chain consists
of translational and rotary joints. The synthetic motion of all
the moving elements forms the real cutting motion. By ana-
lyzing the machine structure shown in Fig. 1, the kinematic
chain can be built up as shown in Fig. 3.

Local coordinate systems, as shown in Fig. 4, are
established on the tool, workpiece, and other moving

Fig. 1 Structure of the six-axis NC belt grinding machine tools

Fig. 2 Control vectors of the abrasive belt contact disk

Fig. 3 Kinematic chain of the machine tools
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elements at the initial state to further describe the motion
of machine tools, where OwXwYwZw (Ow for short) is the
workpiece coordinate system which is set up on the ma-
chining blade, and it is also the program coordinate sys-
tem. OtXtYtZt (Ot for short) is the cutter coordinate sys-
tem whose origin is set at the cutter location point and
initial direction is the same with the world coordinate
system. Similarly, the coordinate systems OA, OB, OC,
OX, OY, and OZ are established on the other moving
elements, respectively. The origin of Ot coincides with
the origin of OA when the machine tool is at the initial
state, which means st(X,Y,Z) is the location vector of
translational joints relative to the initial state. The dis-
tance values between contiguous local coordinate sys-
tems are shown in Fig. 4.

2.2.2 Calculation of transformation matrices

The local coordinate systems have been established in
Sect. 2.2.1; as all the motion pairs are connected in series,
the overall transformation matrix of the transformation
from coordinate system Ot to Ow can be obtained by mul-
tiplying the transformation matrices between contiguous
local coordinate systems. In this part, the transformation
matrices of translational and revolute pairs will be calcu-
lated, respectively, and the overall transformation matrix
will be obtained finally.

Assume Oi and Oj are two local coordinate systems which
are established on two arbitrarily contiguous moving elements
i and j. The moving elements i and j are connected by a

kinematic pair. Let Qji be the transformation matrix of the
transformation from Oi to Oj.

If the connecting kinematic pair is a prismatic pair, then

Qji ¼ P r ji
� �

•T s ji
� � ð1Þ

Where P(rji) is a translation transformation matrix defined
by the initial positional relationship between the two local
coordinate systems, rji(xji,yji,zji) is the position vector of the
origin of coordinate Oi in Oj, and

P r ji
� � ¼

1 0 0 x ji
0 1 0 y ji
0 0 1 z ji
0 0 0 1

2
664

3
775 ð2Þ

Where T(sji) is a translation transformation matrix; assume
sji(sxji,syji,szji) is the translation vector, then

T s ji
� � ¼

1 0 0 sx ji
0 1 0 sy ji
0 0 1 sz ji
0 0 0 1

2
664

3
775 ð3Þ

If the kinematic pair is a revolute pair, then

Qji ¼ P r ji
� �

•R θ ji

� � ð4Þ

Where R(θji) is a rotation transformation matrix and θji is
the counterclockwise rotation angle of the revolute pair. As-
sume the values of the counterclockwise rotation angles along
with X-, Y-, and Z-axis are A, B, and C, respectively, then

Fig. 4 Coordinate systems for
transformation matrix
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if the revolute pair rotates along with X-axis,

R θ ji

� � ¼ R Að Þ ¼
1 0 0 0
0 cosA −sinA 0
0 sinA cosA 0
0 0 0 1

2
664

3
775 ð5Þ

If the revolute pair rotates along with Y-axis,

R θ ji

� � ¼ R Bð Þ ¼
cosB 0 sinB 0
0 1 0 0

−sinB 0 cosB 0
0 0 0 1

2
664

3
775 ð6Þ

If the revolute pair rotates along with Z-axis,

R θ ji

� � ¼ R Cð Þ ¼
cosC −sinC 0 0
sinC cosC 0 0
0 0 1 0
0 0 0 1

2
664

3
775 ð7Þ

Based on this, the transformation matrices between local
coordinate systems can easily be obtained by analyzing the
motion relation of kinematic pairs.

Finally, the overall transformation matrix Qwt can be de-
rived bymultiplication of the transformationmatrices between
each two contiguous local coordinate systems based on the
basic motion relation of machine tool:

Qwt ¼ Qwn•Qnn−1•Qn−1n−2• ••• •Q32•Q21•Q1t ð8Þ

For the machine tool shown in Fig. 1, the cutter coordinate
system is established on the center of the abrasive belt contact
disk, and the overall transformation matrix is derived as the
following:

Qwt ¼ QwA•QAC•QCB•QBZ•QZX •QXY •QYt ¼

1 0 0 h
0 1 0 0
0 0 1 0
0 0 0 1

2
664

3
775•

1 0 0 0
0 cosA −sinA 0
0 sinA cosA 0
0 0 0 1

2
664

3
775•

1 0 0 0
0 1 0 0
0 0 1 −d
0 0 0 1

2
664

3
775•

cosC −sinC 0 0
sinC cosC 0 0
0 0 1 0
0 0 0 1

2
664

3
775•

cosB 0 sinB 0
0 1 0 0

−sinB 0 cosB 0
0 0 0 1

2
664

3
775•

1 0 0 X
0 1 0 Y
0 0 1 Z þ d
0 0 0 1

2
664

3
775

ð9Þ

Where the parameters h and d have been given in Fig. 4, d
is determined by the machine structure and h can be measured
during a machining process.

2.2.3 Solution for motion coordinates

It can be seen from the format of cutter location points that
three vectors define the position and attitude of abrasive belt

contact disk simultaneously. Correspondingly, all the three
vectors must be transformed to ensure the synthetic motion
of moving elements accord with the tool path. In addition, the
three vectors transforming procedure simplifies the solving
processes of transformation equations, and the motion coordi-
nates of machine tools can be derived easily.

The generalized kinematics model is proposed by
transforming these three vectors.

Transformation of the supporting axial vector of abrasive
belt contact disk is as follows:

iw; jw; kw; 0½ �T ¼ Qwt• 0; 0; 1; 0½ �T ð10Þ

Transformation of the axial vector of abrasive belt contact
disk is as follows:

im; jm; km; 0½ �T ¼ Qwt• 1; 0; 0; 0½ �T ð11Þ

Transformation of the center coordinate vector of abrasive
belt contact disk is as follows:

Bx;By;Bz; 1½ �T ¼ Qwt• 0; 0; 0; 1½ �T ð12Þ

By substituting Qwt derived from Eq. (9) into Eqs. (10),
(11), and (12), three systems of equations can be obtained as
following:

iw ¼ sinBcosC
jw ¼ cosAsinBsinC−sinAcosB
kw ¼ sinAsinBsinC þ cosAcosB

8<
: ð13Þ

im ¼ cosBcosC
jm ¼ cosAcosBsinC þ sinAsinB
km ¼ sinAcosBsinC−cosAsinB

8<
: ð14Þ

Bx ¼ cosBcosC⋅X−sinC⋅Y þ sinBcosC⋅Z þ sinBcosC⋅d þ h

By ¼ cosAcosBsinC þ sinAsinBð Þ⋅X þ cosAcosC⋅Y

þ cosAsinBsinC−sinAcosBð Þ⋅Z
þ cosAsinBsinC−sinAcosBþ sinAð Þ⋅d

Bz ¼ sinAcosBsinC−cosAsinBð Þ⋅X þ sinAcosC⋅Y

þ sinAsinBsinC þ cosAcosBð Þ⋅Z
þ sinAsinBsinC þ cosAcosB−cosAð Þ⋅d

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð15Þ

By combining and solving Eqs. (13) and (14) on the basis
of the actual motion relation of the machine tool, the motion
coordinates of the machine tool can be determined as the fol-
lowing:

B ¼

arctan
��� iw
imj iw

im
>¼ 0

−arctan
��� iw
imj iw

im
< 0

π
2

or −
π
2

im ¼ 0

8>>>>><
>>>>>:

ð16Þ
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For the case when im=0, the value of rotation angle B
reaches its limit value, which happens very few in actual pro-
cessing. As workpiece is on the operator side when B ¼ π

2, let
B ¼ π

2 here in order to monitor the machining situation con-
veniently.

C ¼

arccos
��� im

cos Bð Þ

����� im > 0 jm >¼ 0

2π−arccos
��� im

cos Bð Þj im > 0 jm < 0

π−arccos
��� im

cos Bð Þj im < 0 jm >¼ 0

πþ arccos
��� im

cos Bð Þj im < 0 jm < 0

−arccos iwð Þ im ¼ 0 jm < 0
arccos iwð Þ im ¼ 0 jm >¼ 0

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð17Þ

sinA ¼ sinB⋅sinC⋅kw−cosB⋅ jw
sinB2⋅sinC2 þ cosB2

cosA ¼ cosB⋅kwþ sinB⋅sinC⋅ jw
sinB2⋅sinC2 þ cosB2

8><
>:

ð18Þ

A ¼
arcsin sinAj jð Þ sinA >¼ 0 cosA >¼ 0
π−arcsin sinAj jð Þ sinA >¼ 0 cosA < 0
πþ arcsin sinAj jð Þ sinA < 0 cosA >¼ 0
2π−arcsin sinAj jð Þ sinA < 0 cosA < 0

8>><
>>:

ð19Þ

By substituting the values of A, B, and C into Eq. (15), the
values of translational coordinates X, Y, and Z can be derived
finally.

3 Feedrate optimization

Feedrate has an important influence on the efficiency, accura-
cy, and surface quality of machining. A constant contact force
throughout the grinding process is necessary to provide a
smooth finish on the workpiece [19]. A constant feedrate is
often taken when programing for blade grinding to obtain a
constant contact force. Feedrate is kept constant in order to
maintain cutting condition at a steady state, which means the
feedrate refers to a constant surface cutting feedrate. Further-
more, the running precision of each axis must be assured to
keep machine tool running steadily. Nowadays, machine tools
have possessed certain abilities of motion monitoring and
modification for alerting operators and realizing automated
processing when the motion parameters exceed their limit
values. However, it reduces the processing efficiency and is
limited by the processing speed. Thus, feedrate optimization
considering kinematic analysis of machine tools before ma-
chining can effectively improve the smoothness of machine

tools’ motion, and it is important for high efficient machining
realization.

3.1 Feedrate optimization based on the extended linear
displacement method

The feedrate instructions in tool path files refer to the servo
control velocity of each moving axis. Actually, only a unified
value is given instead of a value for each moving axis, respec-
tively. The servo control velocities of each moving axis are
determined by their motion quantity. The actual surface cut-
ting feedrate with a same feedrate can be different because the
linear and rotarymotions differ in different program segments.
Feedrate can be treated as actual surface cutting feedrate if
only linear motion exits. Thus, the feedrate needs to be mod-
ified to realize the machining process with a same cutting
feedrate when grinding blades. It is well known that NC sys-
tem controls the linear motion and rotary motion in the same
way based on the extended linear displacement method which
treats 1° as the same with 1 mm. Next, the feedrate will be
modified base on this fact.

Assume (pw0,uw0,vw0) and (pw1,uw1,vw1) are two adjacent
cutter locations, ΔX,ΔY,ΔZ,ΔA,ΔB, and ΔC are the mo-
tion values of each axis between the two adjacent cutter loca-
tions. Based on the extended linear displacement method, the
motion equivalent ΔS can be calculated as the following:

ΔS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔXð Þ2 þ ΔYð Þ2 þ ΔZð Þ2 þ ΔAð Þ2 þ ΔBð Þ2 þ ΔCð Þ2

q

ð20Þ

The feedrate F given in the tool path files refers to the
equivalent displacement of cutter per time unit. The execution
time T of this program segment is calculated as:

T ¼ ΔS

F
ð21Þ

Then, the actual cutting feedrate f of abrasive belt contact
disk can be calculated as:

f ¼ δS
T

¼ F•
δS
ΔS

ð22Þ

Where δS=|pw1−pw0| is the distance between the two adja-
cent cutter locations in the workpiece coordinate system
which is actual motion displacement of the abrasive belt con-
tact disk.

Finally, the feedrate F can be modified according to the
actual surface cutting feedrate f given in the processing tech-
nology as following:
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F ¼ f •
ΔS

δS
¼

f •

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔXð Þ2 þ ΔYð Þ2 þ ΔZð Þ2 þ ΔAð Þ2 þ ΔBð Þ2 þ ΔCð Þ2

q

pw1−pw0j j
ð23Þ

3.2 Feedrate optimization considering drive constraints

The feedrate F has been optimized preliminarily considering
the load capacity of machining system in Sect. 3.1 in order to
obtain a constant cutting feedrate. However, sometimes, the
constant value of the cutting feedrate f is set unsuitable, which
makes the optimized feedrate reach a large value and the mo-
tion parameters exceed their limits. It may cause bad damages
to the machining quality and even the running precision of
machine tools. This problem must be dealt with even when
the cutting feedrate cannot keep constant. Thus, further opti-
mization of feedrate is done with the servo drive capability of
machine tools taken into account by building a motion con-
straints model according to the kinematic analysis of machine
tools.

The machine tool drive constraints are the velocity, accel-
eration, and jerk limits of all active linear and rotary feed

drives. It is possible to express the velocity of the drives q̇ as
a function of the geometry qs multiplied by a function of the
motion using the formula for the derivative of the composi-
tion of two functions (Eq. (24)). The acceleration q̈ and jerk q
of the drives can be obtained identically in Eqs. (25–26):

q̇ ¼ dq

dt
¼ dq

ds

ds

dt
¼ qs ṡ ð24Þ

q̈ ¼ qss ṡ
2 þ qs s̈ ð25Þ

q⃛ ¼ qsss ṡ
3 þ 3qss ṡs̈þ qss⃛ ð26Þ

Fig. 5 Simulation result with VERICUT

Table 1 Velocity limits of six drives

Drives

X-axis Y-axis Z-axis A-axis B-axis C-axis

Velocity
limits

24 m/
min

24 m/
min

24 m/
min

46 rpm 33.7 rpm 33.7 rpm

Fig. 6 The cutting row (green row on the blade) for the practical example

Fig. 7 Optimized and initial feed profiles
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Where s is the path displacement along the tool path,
q=q(s)=[X(s),Y(s),Z(s),A(s),B(s),C(s)]T are the axis posi-
tion interpolation vector function and its six scalar com-
ponents, q̇ ¼ Ẋ sð Þ;Ẏ sð Þ;Ż sð Þ;Ȧ sð Þ;Ḃ sð Þ;Ċ sð Þ½ � is the axes
velocity, q̈ ¼ Ẍ sð Þ; Ÿ sð Þ; Z̈ sð Þ; Ä sð Þ; B̈ sð Þ; C̈ sð Þ½ � is the ax-
es acceleration, q ¼ X sð Þ; Y sð Þ; Z sð Þ;A sð Þ;B sð Þ;C sð Þ½ � is
the axes jerk, qs,qss, and qsss are derivatives of the axis
positions, and ṡ; s̈; and s refer to the tangential velocity
(feed), acceleration, and jerk profiles as a function of the
path displacement, respectively.

The velocities, accelerations, and jerks of six drives given
in Eqs. (24–26) must not exceed their saturation limits. Thus,
the following set of equations is obtained, respectively, for the
velocity, acceleration, and jerk constraints:

���j q�i
���≤V i

max;
���j q̈i

���≤Ai
max;

���jq⃛ i
���≤ J imax

ð27Þ

Where i=X,Y,Z,A,B,C represents each axis of the machine
tools, j=1,…,N is the discretized value along the path, Vmax

a b

c d

e f

Fig. 8 Comparisons between velocity limits-based optimized and un-optimized velocity profiles (a, b, c, d, e, and f)
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¼ VX
max VY

max VZ
max VA

max VB
max VC

max

� �
is the axes

velocity limits, and Amax and Jmax are the limits of axes accel-
eration and jerk identically.

Optimization considering the velocity constraints is
discussed in detail here, and the acceleration and jerk con-
straints can be handled similarly. As we know, the velocity
of each axis must be within limits, which means a modifica-
tion should be taken for each machine axis velocities by the
same proportion when some motion axis velocities exceed
their fair values. Take X-axis for example, if its velocity ex-
ceeds the limits, then the federate should be modified as the
following:

F ¼ VX
max•

ΔS j

ΔX j
ð28Þ

4 Simulation and experimental results

The simulation was carried out with VERICUT software. A
postprocessor was developed based on the kinematic analysis.
The CL data for grinding the blade is generated by the
Unigraphics CAMmodule and then converted to the NC code
by the developed postprocessor software. The result is shown
in Fig. 5, the abrasive belt contact disk moves along the tool
path well, which verifies that the kinematic analysis is feasible
and correct.

The feedrate optimization algorithm of this paper was val-
idated by a practical example. In this example, a TX6-
1000HV six-axis CNC abrasive belt grinding machine tool
was used. Its structure is the same with the structure shown
in Fig. 1 and drive velocity constraints are given by its supplier
in Table 1. The motion of the abrasive belt contact disk which
moves along the cutting row (Fig. 6) was optimized in accor-
dance with our algorithm. The initial feedrate was set to be
15m/min and optimized by the axes velocity limits after being
controlled by the extended linear displacement method. The
optimized feedrate is illustrated in Fig. 7. It can be seen in

Fig. 7 that the feedrate controlled by the extended linear dis-
placement method changes rapidly and reaches high values
sometimes. It is because that the rotary axes have violent
movements when grinding blades, which means the velocities
of rotary axes tend more to exceed their fair values. The
feedrate optimized by the axes velocity limits reaches a more
steady state and the peak values are decreased. The optimized
velocities of each axis are compared with the extended linear
displacement (ELD)-optimized ones in Fig. 8. As is shown in
Fig. 8, the optimized velocities of each axis are successfully
limited under their fair values, which validates our algorithm.

Finally, the optimized NC program was tested in actual
processing, the experiments were conducted on the TX6-
1000HV six-axis CNC abrasive belt grinding machine tool
(Fig. 9). A Siemens Sinumerik 840D industrial NC controller
is used by the machine tool. The machining result is shown in
Fig. 10. It satisfies the demands of enterprises and demon-
strates that the proposed methodology can be successfully
applied to the practical machining.

5 Conclusion

Six-axis CNC abrasive belt grinding machines have been
widely used in the blade processing enterprises, which makes
the efficiency and precision of blade machining be largely
improved. In its practical applications, the tool path files gen-
erated by CAM software need to be converted to NC files,
which calls for specially used postprocessing programs. To
overcome this issue, this paper presents a kinematic analysis
for a class of six-axis NC belt grinding machine tools with
similar structures when grinding blades. Also, the formula of
the rotary angles and the motion coordinates is provided
which can be directly used in the postprocessing.

Fig. 10 Experiment resultFig. 9 TX6-1000HV machine tool for experiment
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The kinematic analysis makes it possible to optimize the
grinding procedure on the basis of machine structure charac-
teristics. A constant surface cutting feedrate is usually used
when grinding blades. In this paper, feedrate is optimized
firstly based on the constant cutting feedrate. However, each
axis kinematical parameter may exceed their limits if the con-
stant value of the cutting feedrate is set unsuitable, which
causes heavy damage to the machining quality and even the
running precision of machine tools. To solve this problem,
feedrate optimization considering the servo drive capability
of machine tools is done in this paper. The results of a practical
example showed that the optimization considering machine
tool drive constraints can greatly improve the motion of six-
axis CNC abrasive belt grinding machine tool when grinding
blades.

The research results have been successfully tested on a
TX6-1000HV six-axis CNC abrasive belt grinding machine
tool. The results can also serve as references to the kinematic
analysis and optimization of other types of six-axis CNC ma-
chine tools.
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