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surface normal machining by 3SPS+RRPU
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Abstract: A novel 5-degrees-of-freedom (DOF) 3SPS+RRPU parallel machine tool (PMT) and
anovel 5-DOF 2SPS+RRPRR PMT are proposed for a three-dimensional (3D) free-form surface
normal machining. A computer aided design (CAD) variation geometry approach is adopted for
solving the extension/rotation of linear/rotational actuators and the pose of the two PMTs
during machining. First, two simulation mechanisms are created by the CAD variation geome-
try technique for the 3SPS+RRPU PMT and the 2SPS+RRPRR PMT, respectively. Second, a 3D
free-form surface and a guiding plane of tool path are constructed above the moving platform
of the simulation mechanism. Third, the tool axis of the simulation PMT is kept normal to the
3D free-form surface, and two 5-DOF simulation PMTs are created. Finally, in the light of the
two prescribed tool paths, the extension/rotation of linear/rotational actuators, and the pose
of the PMTs are solved automatically and visualized dynamically.
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1 INTRODUCTION

Recently, parallel kinematic machines (PKMs) have
been studied extensively [1, 2]. PKMs, especially
the six-degree-of-freedom (6-DOF) hexapods, possess
novel features of closed-loop and symmetrical
mechanism, and optimized low moving weight. The
hexapod-based parallel machine tool (PMT) has
been often credited with high speed, high rigidity,
high dynamic bandwidth, high accuracy, and low
cost. It has been successfully used to machine a three-
dimensional (3D) workpiece [2—4]. In order to simplify
structure and control processes, some limited-DOF
PMTs have been developed, such as a 3-DOF tripod
machine tool [5], a 3-DOF 3-prizmatic-revolute-
sperical (3-PRS) serial-parallel machine tool [6, 7], a
variax five-axis parallel kinetic machining centre [8],
a three-axis PMT [9, 10], a high-speed three-axis
PMT [11, 12]. In order to improve machining quality,
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computer simulation, parallel machine tool, three-dimensional free-form surface,

a 3D free-form surface normal machining is required
and can be completed by some PMTs with more than
4-DOFs [2, 3]. Fang and Tsai synthesized a class of 5-
DOF PKMs by screws theory [13]; Li and colleagues
synthesized 3R2T 5-DOF PKMs by Lie group of dis-
placements [14, 15]; Gao et al. synthesized new kine-
matic structures for 2-5-DOF PKMs [16]; Zhang and
Gosselin [17] and Alizade and Bayram [18] studied
some 5-DOF PKMs and n-DOF PKMs with a passive
constraint leg.

In the traditional milling and computer numerical
control (CNC) processes, tool axis is required per-
pendicular to the 3D free-form surface for improving
machining quality. However, it is not easy to com-
pile the NC code for machining a complicated 3D
free-form surface, such as a model of an automobile
windshield, an impeller blade of a ship, a launch, or
a turbine [12, 19-22]. Lu proposed a computer aided
design (CAD) variation geometric approach for kine-
matic analysis of some PKMs [23-25], and success-
fully simulated the 3D free-form surface vertical
machining by 6- or 3-DOF PMTs [26-29]. Up
to now, there has been no effort towards the 3D
free-form surface normal machining by 5-DOF
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PMTs with fewer than five legs. The current paper
focuses on a 3D free-form surface normal machining
by a 3SPS+RRPU PTM and a 2SPS+RRPRR PTM. In
addition, a novel CAD variation geometry approach
is developed for the 3D free-form surface normal
machining by this two PMTs without compiling
any NC code.

2 THE 3SPS+RRPU PKM AND ITS
SIMULATION MECHANISM

2.1 The 3SPS+RRPU PKM and its DOF

A 3SPS+RRPU PKM includes a moving platform m, a
fixed base B, and 3 SPS (spherical joint—active prismatic
joint-spherical joint) active legs r; (i = 1, 2, 3) with linear
actuators, and one central RRPU (active revolute joint—
revolute joint-active prismatic joint—universal joint)
active leg r, with a linear actuator and a rotational
actuator; see Fig. 1(a) where m is an equilateral ternary
link Aa,a,a; with three sides ;= [, three vertices a;, and
a centre point o; B is an equilateral ternary link
AA,A,A; with three sides L;= L, three vertices A;, and
a centre point O. Let {m} be a coordinate system
0-xyz fixed on m at o. Let {B} be a coordinate system
O-XYZ fixed on Bat O. L and || denote a perpendicular
constraint and a parallel constraint respectively. Each
of r; connects m to B by a spherical joint S at a;, an
active leg r; with a prismatic joint P, and a spherical
joint S at A;. The central RRPU active leg r, connects
m to B by a universal joint U, a leg r, with an
active prismatic joint P, a revolute Rp,, and an active
revolute joint Rp;. U is attached to m at o, and is
composed of two cross revolute joints R,,; and R;,,.

S, Ay

Y

Rp, is attached to B at O and is connected with the
axis of the motor. R, and Rp, are crossed and con-
nected by a link. Some geometric constraints (Rp;
and Z being collinear, Rp1 LRy, Ry2l|Rp2y Ry LRpo,
and R,,; and x being collinear) are satisfied. Since
each of the SPS active legs r; bears only the axial force
along r;, the 3SPS+RRPU PKM obviously has a relative
large capacity of load-bearing.

In the 3SPS4+RRPU PKM, the number of links are
k=11 for one platform, four cylinders, four pistonrods,
one link for connecting Rp; and Rp,, and one base; the
number of joints is g= 13 for four prismatic joints, two
revolute joints, one universal joint, and six spherical
joints; fy =1 for the prismatic or revolute joint, f, =2
for the universal joint, f, =3 for the spherical joint; the
redundant DOF is F, =3 for three SPS-type active legs
rotating about their own axes, and F has no influence
on the kinematic characteristics. Thus, the DOF F of
the 3SPS+RRPU PKM can be calculated by a revised
Kutzbach-Grubler equation [1] as

g
F=6(k-g-1)+ > fi—Fo
i=1
= 6x(11—-13—1) + (4x1 + 2+ 2+ 6x3)—3 =5

2.2 The simulation 3SPS+RRPU PKM

In order to construct a simulation 3SPS+RRPU PMT
and verify its DOF, a simulation 3SPS+RRPU PKM
(see Fig. 1(b)) is created by CAD variation geometry
techniques of some CAD softwares such as Solid-
Works, Solid-Edge, Solid-Designer, Mechanical
Desktop, Pro/E, and so on. Some basic techniques
of CAD variation geometry techniques for construct-
ing simulation mechanisms and verifying the DOF of

Fig. 1 The 3SPS+RRPU PKM and its simulation mechanism
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the PKM are described in Appendix 2 and references
[23], [28], and [29].

The creation procedures of the
3SPS+RRPU PKM are outlined below.

simulation

1. Construct the base Bin a two-dimensional sketch.

The sub-procedures are:

(a) construct an equilateral triangle AA;A>A; by
the polygon command;

(b) coincide its centre point O with origin of default
coordinate, set its one side horizontally, and
give its one side a fixed dimension in length;

(c) transform AA;A,A; into a plane by the planar
command.

2. Construct the platform m in a 3D sketch. The
sub-procedures are:

(a) create three lines /; (i=1, 2, 3), and connect
them to form a closed triangle Aa,aas;

(b) give each of /; the same initial dimension;

(c) create a line y, and connect its two ends to a,
and l,; (d) create a line ¢, and connect its two
ends to a; and y at point o;

(e) set yLcand cLl,.

3. Construct three SPS-type active legs. The sub-
procedures are:

(a) construct three lines r; (i=1, 2, 3), and con-
nect their two ends to m at a; and to B at A;
by the point-to-point coincident constraint;

(b) give each of r; the initial driving dimension in
length for linear actuators.

4. Construct a RRPU-type active leg. The sub-pro-
cedures are:

(a) construct a line r,, and connect its two ends to
m at o and to B at O;

(b) construct an auxiliary line E for two crossed
revolute joints Rp, and Rp,, and connect its
one end to B at O;

(c) construct an auxiliary line e for the universal
joint U, and connect its one end to m at o;

(d) set ELZ, ell, r,le, 1,LE, and e||E;

(e) give the angle 6 between line E and line L, a
driving dimension for the rotational actuator
of R, and give line r, a driving dimension in
length for the linear actuator.

Thus, a simulation 3SPS+RRPU PKM is constructed.
The pose of m in {B} can be solved by the proce-
dures outlined below.

1. Construct a line Z,, connect its two ends to m at o
and to B at point A,, and set Z, 1 B. Construct a line
z;, connect its one end to B at O and set z; L m.

2. Take the default coordinate O-XYZ as a fixed
coordinate on B, give each of the distances from
A, to Y, X, and o the driven dimensions respec-
tively. Give the angles («, B, y) between z; and
X, Y, Z the driven dimensions respectively.

3. When varying the driving dimensions of (r, r; 72
r3 0), the pose parameters (X,, Y,, Z,, «, B, y) of
m in {B} are solved automatically and visualized
dynamically. Therefore, it is verified that the
3SPS+RRPU PKM has five DOFS.

3 3SPS+RRPU PMT AND ITS
SIMULATION MECHANISM

3.1 The guiding plane P, of tool path
and 3D free-form surface s

When a tool T, such as a milling cutter or a ground-
ing wheel, is installed perpendicularly onto the plat-
form m of the 3SPS+RRPU PKM, a 3SPS-+RRPU
PMT is formed. When a 3D free-form surface s and
a guiding plane P, of the tool path are attached on
B above m of the simulation mechanism, and T is
kept perpendicular to s at any point, a simulation
3SPS+RRPU PMT is created; see Fig. 2. Before creat-
ing simulation PMT, the guiding plane P, and 3D
free-form surface s must be created by the 3D
modelling technique. How to fix s and P, on B of
PMT and arrange them above m of PMT is a key issue
to be solved. A guiding plane P, of the tool path and a
3D free-form surface s are created as follows.

1. Modify B of the simulation mechanism, and con-
struct a datum plane P, by the reference plane
command. Set Py||B, and give the distance from
P, to B a fixed dimension & = 3000 mm. Construct
a rectangle on Py, and transform it into a guiding
plane of the tool path by the plane-forming com-
mand; see Fig. 2.

2. Modify B of the simulation mechanism, construct
several datum planes (P;, j=1, 2,...k), and set
them parallel to each other and perpendicular
to B by the reference plane command.

3. Based on the prescribed curve data or curve
equation, construct a spline u; on the jth plane
P; (j=1, 2,...k) by the sketching spline command
or data table, and arrange each spline curve with
respect to Py above m of the simulation mechan-
ism; see Fig. 2(a).

4. Construct a smooth and continuous 3D free-form
surface s from all u; (j=1, 2,...k) by some special
modelling techniques, such as loft, swept, extrude,
rotation commands, etc. Here, s is constructed by
a loft modelling technique and attached on B
above m and under Py; see Figs 2 and 3(b) (later).

3.2 The simulation 3SPS+RRPU PMT

Generally, there are two kinds of tool path for
machining s. One is a linear reciprocation tool
path; the other is a rectangle or circle spiral tool
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Fig. 2 Two configurations of the simulation 3SPS+RRPU PMT to machine s (a) along a linear reciproca-
tion tool path, and (b) along a rectangle spiral tool path

a motor 2
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Fig. 3 The 2SPS+RRPRR PKM and its simulation PMT

path. Based on the simulation 3SPS+RRPU PKM
in Fig. 1(b), a simulation 3SPS+RRPU PMT with a
linear reciprocation tool path for machining s is
created; see Fig. 2(a).

The creation procedures are outlined below.

1. Transform all the driving dimensions of exten-
sion/rotation (ry, 1, 13, T, 0) of the linear/

rotational actuators in the simulation 3SPS+
RRPU PKM into the driven dimensions by the
dimension command, and give each of (r}, 7,
I3, T, ) a dimension name.

Coincide the tip of Twith s at point p by the coin-
cident constraint command.

Construct a guiding line g, connect its two ends
to s at point p and to P, at point d respectively,
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by the coincident constraint command, and
set gl Py.

4. Construct two short lines e; and e,, connect their
one ends to point p, set e; and e, tangent to s at p,
and set e; Ley, Tle,, Tle, by the geometric con-
straint command. Thus, a geometric constraint
TLls at p is always satisfied.

5. Give each of the distances from d to the left side
and the lower side of Py a driving dimension d;
and d, respectively. When varying the driving
dimensions of d; and d,, the driven dimensions
of the active legs r,, r; rotational angle 0 are
varied automatically.

3.3 Machining s by PMT along a
linear reciprocation tool path

When a linear reciprocation tool path w on P, is used
to machine s, see Fig. 2(a), its constitution procedures
are described as follows.

1. Determine the machining range (d,min, @xmin,
Aymax dxmax) and the feed rate (8, 6,) for each
increment. Set dymin = dymin =300, dymax= 1500,
dymax = 1400 mm, increment 6 =8, =6,= 10 mm.

2. Retain d, = dymin, and gradually increase d, by 6,
each time from d,min t0 dymax by the dimension
automatic fill command.

3. Retain d, = dymax and gradually increase d, by 8,
each time from dymin 10 dymin+1:6,, 1y = 2.

4. Retain d, = dymin+m,, and gradually decrease d,
by —8, each time from d,max t0 dymin-

5. Repeat steps 2 to 4 above, until d, =dmax and
dl = dxmax-

3.4 Machining s by PMT along
a rectangular spiral tool path

When a rectangular spiral tool path w on Py is used in
the simulation 3SPS+RRPU PMT, see Fig. 2(b), the
machining procedures are described as follows.

1. Construct a set of vertical and horizontal lines on
Py, connect them to form a rectangular spiral
curve on P,, and transform it into a rectangular
spiral spline w without any split points.

2. Coincide the free end point d of guiding line g
with w.

3. Construct two driving lines d; and d,, and connect
their one end to point p and the other end to the
two vertices (vy, v») of plane P, respectively.

4. Give d, and d, a driving dimension or a driven
dimension alternately, and gradually vary d, or
d; by using the automatic fill function to move
d outwards along w. The sub-steps are:

(a) give d» and d; a driving dimension and a dri-
ven dimension respectively, and gradually
vary the driving dimension of d, by using the
automatic fill function to move d outwards

along w from the middle of one line to the
middle of the next line;

(b) give d, and d; a driven dimension and a driving
dimension respectively, and gradually vary the
driving dimension of d, by using the automatic
fill function to move d outwards along w from
the middle of one line to the middle of the
next line; see Fig. 2(b) and Fig. 3(b).

5. Repeat step 4 until the required machining of s is
finished.

4 A 2SPS+RRPRR PKM AND ITS
SIMULATION PMT

A 2SPS+RRPRR PKM is similar to the 3SPS+RRPU
PKM except that the central RRPU active leg r, is
deleted, and the SPS active leg r, is replaced by a
new RRPRR (active revolute joint-revolute joint-ac-
tive prismatic joint-revolute joint-active revolute
joint) active leg r, with two rotational actuators and
one linear actuator; see Fig. 3(a). The RRPRR active
leg r, connects m to B by an active revolute joint
R,,1, a revolute joint R,,,, a leg r, with an active
prismatic joint P, a revolute joint Rp,, and an active
revolute joint Rp,. Where, R,,; is attached to m at a,
and connected with the motor 1. Rp,; is attached to
B at A, and connected with the motor 2. R,,; and
R,,» are crossed and connected by a link. Rp; and
Rp, are crossed and connected by a link. In addition,
some geometric constraints are satisfied: Rp; LB,
RBIJ-RBZr RmZJ_rg, anZHRBZ» leJ_Rmz, le andybeing
collinear. Since there are only three active linear
active legs, the 5-DOF 2SPS+RRPRR PKM is
obviously simple in structure.

In the 2SPS+RRPRR PKM, the number of links are
k=10 for one platform, three cylinders, three pis-
ton-rods, two links, and one base; the number of
joints is g=11 for three prismatic joints, four revolute
joints, and four spherical joints; the redundant DOFs
is Fo=2 for two SPS active legs rotating about their
own axes, and F, has no influence on the kinematic
characteristics of the PKM. Therefore, the DOFs F of
the 2SPS+RRPRR PKM is calculated as

8
F=6(k-g—1)+ Y fi—Fo
i=1

=6x(10—-11-1)+ (3x1+2+2+4x3)-2=5
A simulation 2SPS+RRPRR PKM is similar to the

simulation 3SPS+RRPU PKM, except that some addi-
tional creation procedures are conducted as follows.

1. Delete the central RRPU active leg r, of the latter.
2. Transform a SPS active leg r, of the latter into a
RRPRR active leg r,. The sub-procedures are:

(a) create two auxiliary lines E and E,, for revolute
joints Rp; and Rp,, connect their one end to B
at A, and O respectively;
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(b) create two auxiliary lines e and e, for revolute
joints R,,; and R,,, and connect their one
end to m at a, and as respectively;

(c) set ELZ, ely, E||E,, e|le, r2Le, and 1, LE;

(d) give an angle 0, between line E, and line Y a
driving dimension for motor 2, give a line r,
a driving dimension in length for a linear
actuator, and give an angle 6, between line /3
and line e, a driving dimension for motor 1.

Thus, a simulation 2SPS+RRPRR PKM is con-
structed.

Similarly, the pose of m with respect to B can be
solved as follows: when varying the driving dimen-
sions of (6y, 0, 1y, 12, 13), the pose parameters (X,
Y, Zy a, B, v) of m in {B} are solved automatically.
Therefore, it is verified that the 2SPS+RRPRR PKM
has 5 DOFs.

Based on the simulation 2SPS+RRPRR PKM, a
novel simulation 2SPS+RRPRR PMT is created for a
3D free-form surface normal machining along the
rectangle spiral tool path; see Fig. 3(b). Similarly, a
simulation 2SPS+RRPRR PMT is created for s normal
machining along a linear reciprocation tool path.

5 SIMULATION RESULTS OF 3D FREE-FORM
SURFACE NORMAL MACHINING

Since a 3D free-form surface s is smooth and con-
tinuous, and may be any prescribed free-form sur-
face, no specified parameters of the 3D free-form
surface are given in this example. When varying
the driving dimensions of d; and d,, the tool T is
moved and retained perpendicular to s at any point.
At the same time, the driven dimensions of the
active legs in length and rotational angle of motor
and the pose parameters (X,, Y,, Z,, «, B, y) of the
simulation 3SPS+RRPU PMT are solved automati-
cally and visualized dynamically by the Excel Table
and the configuration function of CAD software; see
Fig. 4.

Similarly, the driven dimensions of the active legs
in length and rotational angles of two motors and
the pose parameters (X, Y,, Z,, «, B, y) of the simula-
tion 2SPS+RRPRR PMT are solved automatically; see
Fig. 5.

When machining 3D free-form surface s by the
simulation 3SPS+RRPU PMT along a linear recipro-
cation tool path, the extension r; (i=1, 2, 3) of
active legs and the position components (X,, Y,, Z,)
of platform versus time are solved; see Fig. 4(a);
the angle 0 of the rotational actuator and the orienta-
tion components («, B, y) of platform versus time are
solved; see Fig. 4(b).
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0 . ,
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d timez(s)
Fig. 4 The simulation results of the simulation

3SPS+RRPU PMT (a) and (b) along a linear
reciprocation tool path, and (c) and (d) along a
rectangle spiral, tool path

When machining s by the simulation 3SPS+RRPU
PMT along a rectangle spiral tool path, the extension
r; (i=1, 2, 3) of active legs and the position compo-
nents (X,, Y,, Z,) of platform versus time are solved;
see Fig. 4(c); the angle 0 of the rotational actuator
and the orientation components («, 3, ) of platform
versus time are solved; see Fig. 4(d).

When machining s by a simulation 2SPS+RRPRR
PMT along a linear reciprocation tool path, the exten-
sion r; (i=1, 2, 3) of active legs and the position com-
ponents (X,, Y,, Z,) of platform versus time are solved;
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3000

2000

1000

extension of r;, and X, Y,, Z, (mm)

0 20 40 60 80 100 120 140

orientation a, B, y of m and 6y, 6, (°)

E 2500

g y

= 2000

N

L3 1500

51000

T 500 ¢
<

N VAN N 7, S W v PRSP
i=}

PRV WVE

8 -1000

% 0 10 20 30 40 5 60 70 8 90

160
140
120
100
80
60

orientation a, , y of m and 0, 6, (°)

d
40
20
0
20
-40

0 10 20 30 40 50 60 70 80 90
d timez(s)
Fig. 5 The simulation results of the simulation

2SPS+RRPRR PMT (a) and (b) along a linear reci-
procation path, and (c) and (d) along a rectangle
spiral tool path

see Fig. 5(a); the angle 6, of rotational actuator 1, the
angle 0, of rotational actuator 2, and the orientation
components («, 3, y) of the platform versus time are
solved; see Fig. 5(b).

When machining s by the simulation 2SPS+RRPRR
PMT along a rectangular spiral tool path, the exten-
sion r; (i=1, 2, 3) of active legs and the position
components (X,, Y,, Z,) of platform versus time are
solved; see Fig. 5(c); the angle 6, of rotational actua-
tor 1, the angle 6, of rotational actuator 2, and the
orientation components («, 3, y) of platform versus
time are solved; see Fig. 5(d).

6 SOME SPECIAL TECHNIQUES OF 3D
FREE-FORM SURFACE NORMAL MACHINE

6.1 Machining larger area 3D free-form surface

Generally, the workspace of m is limited by the
extent of the linear actuator [3, 4]. When the area
of the 3D free-form surface s is larger than the work-
space, the extra part of s must be moved into the
workspace. For this reason, the position of s in X
and Y directions should be varied gradually by the
dimension command until the extra part of s is
moved into the workspace. Meanwhile, retain the
original necessary geometric constraints, such as
tool T perpendicular to s, the guideline g perpendi-
cular to the guiding plane P,, P, parallel with the
base B, the surface-point coincident between s and
the end point p of T, the curve-point coincident
between w and the end point d of g, the fixed dis-
tance from P, to B, the fixed dimension of tool T in
length, and all of the geometric constraints of simu-
lation mechanism.

6.2 Combining some simple
machining processes

In general, the whole process of machining s should
be divided into several subprocesses, such as the
tool entering into the machining position, the tool
retreating from the machining position, rough
machining, rough finishing, and finish machining.
For this purpose, the feeding depth of the tool must
be varied. Therefore, by only varying the dimension
of tool T in length, the issue of feeding normal to s
can be solved. In order to complete every subma-
chining process, the following need to be completed.

1. When starting machining, tool T of PMT must be
moved from a preparing position to a machining
position. Therefore, give T an increment 8z at
each step from z,;, t0o zmax by using the dimen-
sion command for its feeding operation. Next,
solve all driven dimensions of driving limbs and
pose of m for each step.

2. When completing machining, 7 must be
retreated from s to a suitable position. Therefore,
give T an increment 6z at each step from z,,x to
Zmin Dy using the dimension command for its
retreating operation, and solve all driven dimen-
sions of driving limbs and pose of m for each
step.

3. During rough machining, rough finishing, and
finish machining, T must be moved into s at the
different depth. For this purpose, the dimension
of T'should be reduced at the different increment
8T in length for different machining processes.

4. Combine all solved data in all subprocesses
together, produce a whole machining data.
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6.3 Inspecting and avoiding interference

When machining s by PMT, the interference among
the active legs and tool path can be checked in the
CAD software. For instance, when the simulation
3SPS+RRPU PMT is closed to its initial configuration
(i.e. z coincides with Z and [;||L;), if an increment of
the driving dimensions of d; and d, is quite small,
the platform rotational angle increases greatly, and
interference among r; and r, may occur. However,
when given a larger increment of d; and d,, the plat-
form rotational angle increases little, and interfer-
ence among r; and r, can be avoided.

From the simulation curves, the workspace of PKM
can be constructed, then the position of s in respect
to platform m can be determined. When the interfer-
ences occur, the tool path or PMT can be varied or
modified. If a tool path is not suitable for machining
s, its size, covered area, position, and path density
can be modified by varying the dimensions of the
start point and the end point of the tool path on
Py in respect to B. Thus, a tool path can be used
repeatedly.

7 CONCLUSIONS

A novel 5-DOF 3SPS+RRPU PMT (parallel machine
tool) has three SPS (spherical joint-active prismatic
joint-spherical joint) active legs and one RRPU
(active revolute joint-revolute joint-active prismatic
joint-universal joint) active leg and has relative large
capacity of load bearing. A novel 5-DOF 2SPS+
RRPRR PMT has two SPS active legs and one RRPRR
(active revolute joint-revolute joint-active prismatic
joint-revolute joint-active revolute joint) active leg
and is simple in structure. They can be used for any
smooth and continuous 3D free-form surface normal
machining of normal lettering or complicated letters
on a 3D free-form surface.

Using advanced CAD software, any prescribed 3D
free-form surface can be constructed from several
precision splines. Based on the 3D free-form surface,
the driven dimensions of the driving limbs and the
pose of the moving platform of two PMTs can be
solved automatically. The simulation solved results
of active legs and pose of platform of two PMTs can
be transformed into NC codes easily. This approach
is straightforward and simple.

A complicated process of machining a 3D free-
form surface can be divided into several simple
processes to produce its corresponding simulation
data. These simulation data in each simple process
are used as orderly input into the driving limbs, so
that the complicated machining process can be
simulated easily.

The kinematic curve of the moving platform can be
used to check the workspace of the moving platform
and to inspect any interference. By comparing the
actual workspace and the simulation workspace of
the moving platform, the desired size and location
of the workpiece in the two simulation PMTs can be
determined.
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APPENDIX 1

Notation

B
Ci

dlr d2

ITTUT OO I TR W

g
2
<

PMT

HNECE L2 »2

base

binary linki =1,2, ..., 6

two driving dimensions

numbers of degree of freedom

local redundant degree of freedom
guiding line of tool

sides of m

sides of base B

moving platform

central point of m

central point of base

tip of tool

prismatic joint

datum plane for sketching spline u;
guiding plane of tool path curve
parallel kinematic machine

parallel machine tool

active legs i =0, 1, 2, 3 or its length
revolute joint

three-dimensional free-form surface
sphere joint

cutter tool

prescribed spline on P;,
universal joint

prescribed tool path curve
three position components of m

ji=L2 .. .k

three orientation components of T
active angles of rotational actuators
perpendicular constraint

parallel constraint

APPENDIX 2

Some basic techniques of CAD geometric variation
techniques are explained.

1.

The dimensions in the simulation mechanism
are classified into the driving dimension, the
driven dimension, and the fixed dimension. The
driving dimensions are given to the driving limbs
for driving m to move. The driven dimensions are
given to the pose of m in the respect to B for
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solving kinematic parameters of mechanism. The
fixed dimensions are given to the sideline of m
and B for modifying the size and configuration
of the simulation mechanism.

Construct a line, when giving it a fixed dimen-
sion, a driving dimension, and a driven dimen-
sion, the line is equivalent a binary link, an

active leg with prismatic joint P and a passive
constraint leg with prismatic joint P, respectively.
Construct a line and a link, connect the one end
of line to any vertex point of link (such as B, m,
and another line) by the point-point coincident
command. Thus, the connecting point is equiva-
lent to a spherical joint S.
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