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ABSTRACT

This paper presents a novel hybrid manipulator for computer controlled ultra-precision (CCUP)
freeform polishing. The hybrid manipulator is composed of a three degree-of-freedom (DOF)
parallel module, a two DOF serial module and a turntable providing a redundant DOF. The serial
module holds the polishing tool and gives it no translations on the polishing contact area due to its
particular mechanical design. The parallel module gives the workpiece three translations without
rotations. A kinematics model is established for analyzing the kinematics of the parallel module
and the serial module, respectively. For the parallel module, the inverse kinematics, forward
kinematics, Jacobian matrix, workspace and dexterity distribution are analyzed systematically.
Workspaces are generated for varying structural parameters. For the serial module, a kinematics
model is established and the workspace is investigated. An example of saddle surface finishing
with this manipulator is given and the movement of actuators with respect to this shape is
analyzed theoretically. The results show that the proposed hybrid manipulator is a very suitable

machine structure for CCUP freeform polishing.
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1 Introduction

Freeform surfaces are widely used in many industries [1-4] for high precision optics,

semiconductor applications, precision molds and orthopedic joints. However, no matter how

precise the milling or grinding process is, it will inevitably leave cusps and stripes on the

workpiece during the manufacturing of freeform surfaces. These marks or specific patterns must

be removed by polishing process. Polishing is usually one of the final machining processes in

precision machining to remove surface and subsurface damage from a ground part and correct its

form [5].

Due to the geometrical complexity of freeform surfaces, polishing these surfaces is more

challenging and difficult than polishing flat and spherical surfaces. Nowadays, many freeform

surfaces are still polished manually, which means that the process not only relies heavily on the

expertise and experience of the operator, but also requires much attention be given to processing

and testing. To achieve a given level of precision with high efficiency and reliability, process

automation is clearly the way forward.

In recent years, various approaches to automated polishing have been developed, including

computer-controlled polishing (CCP) [3-6], stressed-lap polishing (SLP) [7, 8], plasma polishing

[9, 10], and magnetorheological fluid polishing (MFP) [11, 12]. CCP is widely used and is

regarded as an efficient polishing method. However, it has significant shortcomings for

ultra-precision polishing of freeform surfaces. Due to the small size of the polishing tool,

high-frequency errors may be produced. If the size of the polishing tool is increased, the polishing

tool and the surface may not fit well, which results in poor quality finishing. SLP technology can

overcome this problem. The tool can be actively deformed by on-board actuators to conform to the



target surface. However, this results in a very complex tooling, control system and a weak

capability to correct errors of form. Plasma polishing is a non-contact polishing method that can

overcome the shortcomings of traditional contact polishing methods, but it has low polishing

efficiencies and high environmental requirements for processing. MFP is a flexible polishing

technology that can achieve high precision, but its cost is high and it is difficult to polish concave

surface and high steepness surfaces using this technology.

CCUP based on precession polishing is a novel polishing method proposed and developed by

Walker et al. [13, 14]. Unlike traditional CCP technology, the precession polishing process makes

use of compliant tooling controlled by air pressure. Due to the compliance of the tool, the fit

problem between the tooling and the workpiece in the traditional CCP polishing method can be

solved. The position and orientation of tooling in space is orchestrated by a machine tool with an

open kinematic chain and serially connected links. Zeeko Ltd. has developed a series of Intelligent

Robotic Polishers (IRP) for this process. However, the constructions of these machines are based

on serial manipulators. The motions of the actuators require high accuracy because of the

cumulative error effect of the serial manipulator. Furthermore, to minimize processing time, the

machine needs to achieve maximum linear traverse speed, which imposes stringent requirements

on the machine dynamics.

A parallel manipulator is one in which there exist two or more closed kinematic chains

linking the base to the end effector. The parallel manipulator has some favorable characteristics

compared to the serial manipulator, such as higher stiffness, high dynamic performance, superior

accuracy, low mobile masses and greater load-to-weight ratio, allowing a wide range of

applications as an industrial robot and machine tool [15-20]. The most notable shortcoming of



parallel manipulators is their relatively small workspaces compared with their serial counterparts.

However, in an ultra-precision polishing machine in which accuracy, stiffness and dynamic

performance are more important than the size of the workspace, a parallel manipulator is an

alternative to a serial manipulator.

A hybrid manipulator can be a combination of a parallel manipulator and a serial manipulator

or a sequence of parallel manipulators [21-24]. A hybrid manipulator can provide the features and

possess the advantages of both serial and parallel manipulators. In this study, a new polishing

machining structure is proposed based on the precession polishing process. It is a hybrid

manipulator combining a three DOF parallel module and a two DOF serial module. It is believed

that a machine with the proposed hybrid structure can enhance accuracy and stiffness compared to

a multi-axis serial structure.

Kinematics analysis is a common basis for mechanical design and control system

development. Generally, CAM systems generate tool paths by indicating the tool tip coordinates

and the tool axis orientation vectors in the workpiece coordinate system. These data are

transformed into position commands for the linear and rotary actuators in the machine coordinate

system by the kinematics model of the machine tool [25]. As a result, the kinematic model of the

machine is the key to solving the trajectory control problem. The feed rate control, precision

control, and geometric error compensation also have to use the kinematic model of the machine.

The remainder of the paper is organized as follows. The principle of the precession polishing

process is introduced in Section 2, and the novel polishing machine with a hybrid manipulator is

presented in Section 3. Section 4 addresses the kinematics problems of the parallel manipulator,

and the kinematics problems of the serial manipulator are resolved in Section 5. Section 6 gives an



example of the movement of the actuators in the proposed hybrid manipulator with respect to a

saddle surface. Section 7 presents some conclusions.

2 Precession polishing process

During the polishing process, the polishing tool is rotated about its axis as shown in Fig.1. In
the traditional polishing process, the polishing tool is vertical to the surface. As a result, the
velocity profile has a zero point at the center of the contact area between the tool and the
workpiece. According to the Preston law [26], the influence function is not mathematically

well-behaved and is not optimized for form control algorithms.
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Fig. 1 Precession polishing process

In a precession polishing process [13, 14], the rotation-axis of the polishing tool is inclined to
the surface’s local normal direction. The precession polishing process makes use of a compliant
spherical shaped polishing tool and polishes with the side of the tool. As a result, the point with
zero velocity is shifted outside the contact area. To obtain a uniform surface texture with no
directional properties, the tool axis is then precessed about the local normal direction of the
surface. Precession averages the polishing texture, providing a tool influence function that is

mathematically well-behaved and close to a Gaussian-like polishing influence function.

3 Hybrid manipulator for CCUP freeform polishing



3.1 Structure of the hybrid manipulator

To polish a freeform surface, the polishing machine should have five DOFs including three

traditional DOF and two rotational DOF. The layout of the mechanical structure, transmission

system and driving system all directly affect the performance of the machine. In this study, the

proposed polishing machine consists of a parallel module and a serial module using a hybrid

manipulator as shown in Fig. 2.

The moving platform of the parallel module is connected to the base by three identical serial

chains. Each of the three chains contains one spatial parallelogram, and the vertices of which are

four ball joints. The parallelogram is connected to the base by a prismatic joint. The output can be

obtained through a combination of the actuation to the three prismatic joints. A fixture that holds

the workpiece is mounted on the moving platform. It can be rotated to provide the rotation motion

of the workpiece when polishing axially symmetric surfaces. To improve the stiffness and

workspace performance of the parallel module, the three guideways are inclined and intersect at a

vertex.

The serial manipulator consists of a rotating/tilting table and a polishing tool. The table is

used to rotate the polishing tool about two orthogonal axes. The rotating axis is vertical and the

tilting axis is horizontal to the base. The curvature center of the tool head coincides with the

virtual pivot intersected by the two axes.
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Fig. 2 Configuration of the proposed machine with hybrid manipulator for CCUP freeform
polishing

3.2 Mobility

The first issue to address in the design of the manipulator is its motion capability. The output
motion of the serial module is obvious when the input joints are actuated. The output motion of
the parallel module should be designed to have three translational DOF with respect to the base.
There are twelve ball joints, three prismatic joints and eleven links, including the base. Applying

the Gribler-Kutzbach formula [27]

n

M=6(n-g-1)+> f, 1)

i=1
where n is the number of links, g is the number of joints, and f; represents the DOF of joint i
(1<i<g), yields a mobility of nine. Due to the arrangement of the links and joints, each leg’s
motion is restricted only by ball joints at both ends as shown in Fig. 2. Each leg is thus free to
rotate around its axis and six idle DOF exist within the parallel module. Hence, it leaves the
parallel module with three DOF.
3.3 Applications and novelties

The machine tool provides the following motions. (1) X, Y, Z: positioning the workpiece in



the required location; (2) A, B: orientation of the polishing head to follow the local normal
direction of the surface and impose the precession angle; (3) H-axis: rotation of the polishing head
to create the tool influence function; (4) C-axis: rotation of the fixture to impose rotational
symmetry if required (a redundant DOF). This design provides the capability to polish circular and
non-circular surfaces, flat, aspherical, off-axis aspherical and freeform surfaces and any tool paths
can be implemented.

As the three rotation axes of the serial module intersect at a virtual pivot, rotations in A and B
preserve the same polishing contact area between the polishing tool and the workpiece, causing no
translations along X, Y and Z direction. As a result, the motions are decoupled. The positions are
all controlled by the parallel module and the orientations are all determined by the serial module.
This feature benefits motion control system development.

Freeform surface workpieces are stringent in terms of machine dynamic performance, as
maximum linear traverse speed is required to minimize the polishing time. Unlike the traditional
serial X-Y-Z Cartesian mechanism, the three actuators of the parallel module are placed on a fixed
base and do not move during the polishing process. This enables the moving platform to bear a
relatively small load and inertia, so the machine can obtain high dynamic performance to increase
the acceleration and velocity limitations of the end effector and thus improve polishing efficiency.

Moreover, having actuators on the base also contributes to obtaining good thermal behavior.

4 Kinematics analysis of the parallel module

4.1 Inverse kinematics
The inverse kinematics problem involves mapping a known pose of the output platform of

the manipulator to a set of input joint variables that achieve the pose. A schematic diagram of the



parallel module is shown in Fig. 3. The center of the ball joint that connects the legs to the slider
in each of the three chains is denoted as C;, and the center of the ball joint connected to the legs
with the moving platform in each chain is denoted as D;. A fixed global reference frame denoted
as O-XYZ is located at the center of the regular AA1A>A3 with the Z-axis normal to the base and the
X-axis directed along OA1. Another reference frame, denoted as P-uvw, is located at the center of
the regular AD1D,D3. The w-axis is perpendicular to the output platform and the u-axis is directed
along PD1. Related geometric parameters are OA; = a, PDi = b, BiCi = c and CiD; = L, where i = 1,

2, 3. The angle between OA; and the linear guideways AN is a.

Fig. 3 Schematic diagram of the parallel module

The objective of inverse kinematics is to define a mapping from the pose of reference point P
in a Cartesian space to the set of actuated inputs d; that achieves that pose. The position vector of
point P in frame O-XYZ can be expressed as

P=[x vy z]T. 2

As shown in Fig. 3, the coordinate of the point A;, Bi, Ci in the frame O-XYZ can be described

by the vector A;, Bi, Ci, which can be written as



acosz, (a—d, coser)cos, (a—d,cosa +csina)cosz,
A =|asiny |, B =|(a—d,cosa)sing |, C =|(a—d,cosa+csina)sing |,  (3)
0 -d;sina —d;sina —ccosa
and the coordinate of the point D; in the frame P-uvw can be described by the vector PD;, which
can be expressed as

"D, =[bcosy, bsiny, 0], (4)

where

2(i-1)
3

7= r (5)
is the angle between the line OA; and X-axis or PDj and u-axis.
As there are no rotations of the moving platform, vectors PD; in frame O-XYZ can be written
as
D,=T"D, +P =[bcosz, +x bsinpg+y z], (6)
where T stands for a unit matrix of order 3.
Then the inverse kinematics of the parallel module can be solved by writing the following
constraint equation
D -C|=L. (7
That is
(x—xi)2+(y—yi)2+(z—zi)2:Lz, (8)
where

X, =—d; cosacosz, + Rcosny,, Y, =—d; cosasinzg, +Rsinn,, z,=-d;sina—ccosa,
R=a-b+csina. )

The inputs of the parallel module di can be solved from Eq. (8) when the geometric
parameters are given. It should be noted that there are two solutions for each chain. Hence, there

are totally eight inverse kinematics solutions for a given position of the parallel module. In this



study, only the configuration shown in Fig. 3 is considered.

4.2 Forward kinematics

The forward kinematics problem involves mapping from a known set of input joint variables

to a pose of the moving platform that results from those given inputs. From Eq. (8), if the input

parameter d; is specified, one can see that the equations represent three spheres with the center at

Ci and radii L. The position of point P can be obtained by finding the intersection point of three

spherical surfaces [28, 29]. Another straightforward kinematic model is proposed in this paper. It

adopts the spatial geometry and vector algebra method to solve the forward kinematic problems.

Compared with the equations-based method, the derivation process of the proposed method is

concise and direct.

As shown in Fig. 3, C; is removed to E; along vector DiP. Then, E; and P compose a

tetrahedron as shown in Fig. 4. From a mathematical point of view, the forward kinematics

problem of the parallel module is reduced to calculate the fourth point of a tetrahedron when the

other three points and the edge lengths are known.

Fig. 4 Schematic of the forward kinematics

Let F be the projection of vertex P on the plane, which is constituted by E; expressed as



(a—d,cosa +csina —b)cosz,
E =| (a—d;cosa+csina—b)sinz, |, (10)
—d,sina—ccosa

and M be the center of line E1E», which can be expressed as

M=—"1—2 (12)

As APE;E;is an isosceles triangle, PM is perpendicular to E1E,. Based on the theorem of
three perpendiculars, FM is perpendicular to E:E». Similar results can be derived on the other two
edges. As a result, F is the circumcenter of AE;E2E3 and the position vector of F can be obtained

as
F=M+MF. (12)

The vector MF can be expressed as
MF =|MF|n,,. , (13)
where |[MF| is the norm and nye is the unit vector.

IMF| can be derived as

MF|=EF[ -[EM?], (14)

where
|E1F| — |E1E2||E2E3||E3El| (15)
4S
represents the circumcircle radius of AE1E3E3, in which
1
S=\Ja@-[EENA-|EEDG-|EE) . 9=5(EE:l+[EE[+[EE]). (16)
nmr can be derived as
E,E,xE,E,xEE
n — 12 2—3 1—2 . (17)
" |EE,| x|E,E,|x|E,E,
When the position of F is obtained, the point P can be derived as
P=F+FP. (18)

The vector FP can be expressed as



FP =|FP|ng, (19)
where |FP] is the norm and nep is the unit vector.
|FP| and ngp can be derived as
PPl JEEFT = BT 20
At this point, the forward kinematic model of the parallel module is established.
4.3 Jacobian matrix analysis
The Jacobian matrix is defined as the matrix that maps the relationship between the output
velocity of the moving platform and the input velocities of the actuated joints. Eq. (8) can be
differentiated with respect to time to obtain the velocity equations, which leads to
J™d=J39X, (21)
where X and d are respectively the vector of output velocities and the vector of input velocities
defined as
=[x y 2]', d=[d, d, dJ, (22)
J™ is the inverse Jacobian matrix expressed as

J™ =diag(d,;,d,,dy;), (23)
where
d,, =Xcosa+zsinae—acosa+bcosa +d,
d,, = —%xcoswrgycowm zsing—acosa+bcosa+d,,

ds, =—%xcosw—§ ycosa +zsina—acosa +bcosa +d,, (24)

and J9 is the direct Jacobian matrix expressed as

X Y 4
Jo = X Y, 2, (25)
X3 Y3 I3

where



X, =—-a+d,cosa—csina+x+b, y, =y, z =d;sina+ccosa+z,

1.1 1 1 V3. B N J3

xz:Ea—zd2c05a+§csma+x—5b, y2=—7a+7d cosa —7csma+y+7b,

z,=d,sina+ccosa+z,

3:la——d 005a+1csma+x— b Y, = £a—£d c03a+£csma+y—£b
2 2 2 2 2 2
z,=0d,sinx+ccosa+z. (26)

When the manipulator is away from singularities, the following velocity equation can be

derived from Eq. (21)

d=JX (27)
where
BN
dll dll dll
—inv iv X y 4
J=Jgvgdv _y 2 J2 %2 (28)
d22 22 d22
X Y3 L
_d33 d33 d33_3X3

is defined as the Jacobian matrix of the parallel module.
4.4 Workspace analysis

As mentioned, parallel manipulators have relatively small workspaces. As a result, the
workspace of a parallel module is one of the most important factors reflecting machine working
capacity, and it is necessary to analyze the shape and volume of the workspace to determine the
size of workpiece that can be polished. Moreover, it is essential to investigate the relationship
between the workspace and the structural parameters to guide the mechanical design. The
workspace is defined as the space that can be achieved by the three translations of point P in the
global reference frame O-XYZ. The geometric method [30] and the numerical method [15] are

used to obtain the workspace in this paper.



From Eq. (8), it can be seen that the workspace of each chain is a set of spheres with radii L

when the actuators move. As a result, the workspace of each chain is an enveloping solid of these

spheres whose centers move along the line between dmin and dmax. As the parallel module has three

chains, the workspace can be derived geometrically by the intersection of three such enveloping

solids as shown in Fig. 5.

Workspace of one chain Intersection part of three chains Workspace

Fig. 5 Workspace of the parallel module obtained from geometric method

To facilitate the analysis of dexterity, a numerical approach using a search method in an
anticipated area is also adopted to obtain the workspace. From Fig. 5, it can be seen that voids
exist within the workspace. This requires special attention when the search method and workspace
volume calculation are used in cylindrical coordinates. The related structural parameters of the
parallel module are listed in Table 1. The flowchart to determine the workspace is shown in Fig. 6.
A cylinder with a height range from -800 mm to -300 mm and a radius of 400 mm is selected as
the search area. The cylinder is divided into a number of layers along the Z-axis with a resolution
of AZ =5 mm. A number of grid points are then generated in each layer with a resolution of AR =
5 mm and A8 = 3< The active prismatic joint positon d; for each grid point is calculated by using
the inverse kinematics model and checked to see if it is within the motion range. The

three-dimensional shape of all boundary points constituting the workspace is shown in Fig. 7.



Table 1 Parameters of the parallel module

Parameters Value Parameter Value
a 400 mm o 45°
b 100 mm dmin 141.4 mm
c 0 mm Omax 424.3 mm
L 447.2 mm
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—
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Fig. 6 Flowchart to determine the workspace
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Fig. 7 Workspace of the parallel module obtained from numerical method



From both the geometric method and the numerical method, it can be seen that the shape of
the workspace is 120°symmetric about the Z-axis. This is consistent with the global reference
frame and the symmetrical structure of the parallel module. The coordinates of the extreme values
of the reachable workspace are: X € [-314 mm, 310 mm], Y €[-298 mm, 298 mm], and Z € [-735
mm, -432 mm]. The total workspace volume is approximately calculated as the sum of the

subworkspace and the subworkspace volume on each layer V;, which can be expressed as
1 1 2
v, =§Zp,.AyAz, (29)
j

where pj is the polar radius of the boundary, Ay is the polar angle increment and AZ is the height
increment.

There are five main structural parameters (a, b, c, L, «) for the parallel module. It is necessary
to identify the effect of varying the structural parameters on the workspace. The workspace
volumes of the parallel module with variation of structure parameter b are shown in Fig. 8(a),
which illustrates that the maximum workspace size occurs when b is about 100 mm. Fig. 8(b)
describes the variation in the tendency of workspace size with increasing actuator layout angle a.

It is observed that the maximum workspace volume occurs when o is around 45<
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Fig. 8 Workspace volume varies with structural parameters. (a) Moving platform radius b. (b)

Guideway inclined angle a.



4.5 Dexterity analysis

The dexterity as well as isotropy of a parallel manipulator is frequently evaluated by the

condition index, which is defined as the reciprocal of the condition number of the Jacobian matrix

[31]. That is

_ 1
where 7 is the condition number of the Jacobian matrix, and ||-|| denotes the Euclidian norm of a
matrix.

Condition number 7 is an important issue for machine design, trajectory planning and control.

n is a value between 0 and 1. When # = 0, the manipulator is in its singular configuration, and » =

1 indicates its isotropic configuration. As # is configuration dependent, with parameters as

described in Table 1, the dexterity distributions in different planes in the workspace are shown in

Fig. 9. From the figure, one can see that the workspaces at different cross-sections have different

shapes and sizes. The dexterity distribution exhibits mirror symmetry with respect to the X-axis

and 120<=centrosymmetry with respect to the Z-axis. This is consistent with the global coordinate

system and the structural characteristics of the parallel module. Moreover, dexterity is maximal

when the moving platform lies along the Z-axis, and decreases when it approaches the boundary of

the workspace in a plane at a given height.
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Fig. 9 Dexterity distribution in the workspace. (a) O-YZ plane with x = 0 mm. (b) O-YZ plane with
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plane with z = -500 mm. (i) O-XY plane with z = -550 mm.
5 Kinematics analysis of the serial module

5.1 Forward and inverse kinematics

The schematic diagram of the serial module is shown in Fig. 10. As the rotations of A and B
cause no translations of the tool head, a fixed global reference frame o0-xyz is located at the center
of the tool head with the z-axis along A and the x-axis along the initial direction of B. The rotation
angles of A and B are, respectively, set as 61 and 6-. The initial configuration is shown in Fig. 2. 6
and r are the structural parameters, which represent the angle between the axis of the polishing
tool and the x-axis and the radius of the tool head, respectively. The rotational axis of the polishing
tool intersects with the tool head at point p. The kinematics problem of the serial module is to find
the corresponding orientation of the polishing tool when analyzing a random point being polished

[32].



Fig. 10 Schematic diagram of the serial module
The forward kinematics problem is to map given angles 61 and 6, to the orientation of op. In
the frame o-xyz, p can only rotate around the x-axis and the z-axis. The detailed kinematics
schematic of the serial module can be solved by focusing on the polishing head. As shown in Fig.
11, p reaches py after rotating 6, around the x-axis and then reaches pa after rotating 61 around the
z-axis. The position vector of p and pa in the frame 0-xyz can be written as
p=[rcoss -rsins 0]', p,=[x y z], (31)
with the coordinate of pa under the following constraint

(32)

Fig. 11 Schematic of the forward kinematics



p and pa have the relation
P, =Ry, D, (33)
where
cosg, —siné cosd, sing;siné,
Ry, =| SiN6,  cos@ cosd, —cosésind, (34)
0 siné, cosé,
is the rotation matrix due to the rotational angle 61 and 6-.
The inverse kinematics problem aims to map a given orientation of op to the input angles 61
and &,. As shown in Fig. 12, ¢ and d are the projected points of pa and p, on the o-xy plane. o1 and

e are the projected points of ¢ and d the on the x-axis. 61 and &, can be derived according to the

geometric relationships

0, = —arcsin B aresin Pa_d =—arcsin——, (35)
Ro, posiné rsiné
P
6, =y — & =arctan hecotd, arctan de_ arctan Zo0thy arctan 1‘ : (36)
opcoso X

in which the signs of 6; and 6, should be determined according to the quadrant of the coordinate

system.

Fig. 12 Schematic of the inverse kinematics



5.2 Workspace analysis

To design the hybrid manipulator for the polishing machine, it is essential to analyze the

workspace of the serial module, as it is similar to the parallel module. The workspace is defined as

the space that can be reached by point p. The workspaces of the serial module with different input

motion ranges when §=45<and r=20 mm are shown in Fig. 13.

a b

z (mm)
z (mm)

Fig. 13 Workspace of the serial module. (a) 61 € [-180< 1809, 8. [-180< 1809. (b) 6. €[-60<

1159, 6, € [-180< 180

The effect of structural parameters on the workspace should also be investigated. The top

views of the workspace when 6, €[-60< 1159 and 6, [-180< 1809 with the different o are

shown in Fig. 14, which illustrates that the workspace increases as d is increased. When ¢ = 90<

op and the y-axis coincide and the workspace expands to fill the whole spherical surface.

Fig. 14 Top view of the workspace with different 6. (a) 0=30< (b) 6=45< (c) 0=60°
5.3 Precession analysis

As shown in Fig. 15, the axis of the polishing tool should be inclined and rotate around the



local normal direction of the surface with the precession angle p during the polishing of freeform

surfaces. The axis of the polishing tool changes constantly, but the polishing tool always maintains

contact with the surface at a determined position because the tool’s shape is spherical and the

center remains unchanged. The precession trajectory can be regarded as the polishing tool’s

rotation around an arbitrary axis in space that is consistent with the local normal direction. The

trajectory of the axis is a conical surface and the trajectory of p is a circle.

Local Normal w

Precess Angle

Radius Virtual Point

Motion of Workpiece

—% Offset
Workspiece 3

Spot Size I

Fig. 15 Precession motion of the polishing tool

The motion schematic of the polishing tool axis is shown in Fig. 16. po (Xo, Yo, Zo) represents

the initial position of p during the precession process; w is the arbitrary axis in space; o is the

angle between the projection on and the x-axis; S is the angle between the w and z-axis.

Fig. 16 Motion schematic of the polishing tool axis

The local normal unit vector of the polishing point is denoted as (4, &, »). The relationship

between angles « and S of arbitrary axis w in space and the unit vector (4, x, v) can be expressed as



a =arctan

%‘ , [ =arccosv (37)
in which the sign of the o should be determined according to the quadrant of the coordinate
system.
po can be obtained by rotating p to coincide with the w-axis, and then rotating ¢ around the
z-axis. That is
X, =rsingcos(a—o), y,=rsingsin(a—o), z,=rcosp, (38)
where ¢ is the projection of precession angle p on the o-xy plane and it can be expressed as
o =arcsin % : 39)
With precession angle p, when the polishing tool axis rotates from po (Xo, Yo, Zo) With the
angle ¢, the orientation of point p can be derived as
p,=R,P,, (40)

where

cosg+A°(1-cosg) Au(l—cosg)—vsing vA(l-cosg)+ using
R,=|Au(1-cosg)+vsing cosg+u’(1-cosg) uv(l-cosg)—Asing|. (41)
vA(1-cosg)—using puv(l-cosg)+Asing cosg+v*(1-cosg)
By substituting po into Eqg. (35) and Eq. (36), the initial parameters 610 and 02 can be

obtained. Similarly, by substituting p, into the two equations, 61 and 6. during the precession

polishing process can be determined.
6 An example

Due to the unique movement and process parameters of precession polishing, specialized
Tool Path Generator software is developed to automatically generate the G-M code for a surface
with different process parameters, modes and trajectories. For the hardware platform, a PC-based

Open-CNC system with an “IPC+PMAC” structure is adopted. By using this structure, the system



software and the data processing ability of the IPC and the real-time control ability of the PMAC

can be completely utilized. The software platform can be divided into a management model

consisting of a human-machine interactive interface and a trajectory simulation interface, and a

control model that provides decoding, coordinate conversion, kinematics conversion, servo control

model and auxiliary functions according to the modularized design principle. The structure of the

hardware platform is shown in Fig. 17 and a data-flow diagram of the software platform is shown

in Fig. 18.
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Fig.17 Structure of the hardware platform
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Fig. 18 Data-flow diagram of the software platform
A saddle surface is selected as an example, a simulation is conducted to show the movement
of the actuators in the proposed polishing machine based on the established kinematic model.
Mathematically, the saddle surface is described by z(x, y)=x2/2p—y2/2q with p=200 and

g=200. The polishing area is 100 mm > 100 mm as shown in Fig. 19. The height between the



center of the surface and the workpiece frame P-XwYwZw is 20 mm. In the following analysis, the
orientation vector of the polishing head and the position coordinates of the moving platform are
obtained according to the cutter location data of the surface. By using the inverse kinematics
model of the parallel module and serial module derived in this paper, the position command of the

actuators in the proposed manipulator with respect to this shape is analyzed theoretically.

AN

0

Zw(mm)

Xw(mm) 50 -0 Yw(mm)
Fig. 19 Saddle surface

A raster polishing path is chosen and the detailed trajectory planning method can be found in
the author’s previous study [5]. This surface is polished twice by two mutually perpendicular
tracks to obtain randomness. To reduce the number of polishing points during the simulations
analysis, the spacing between the points is selected to be 1 mm and the spacing between the traces
is selected to be 25 mm. As a result, 761 polishing points are obtained for the selected surface
which also involve transition polishing points between the adjacent traces. Without considering
the tool size, the polishing points and the normal vector are shown in Fig. 20. The blue lines
represent the polishing trajectory and the red dash lines represent the polishing points and the
corresponding normal vector. The precession angle is set to p=15<and inclination angle is set to
¢=0< After post processing, these data can be transferred into the G-M code for the polishing

machine.
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Fig. 20 Polishing trajectory and normal vectors. (a) Trace in Ow-XwZw plane. (b) Trace in Ow-YwZw
plane.

For the serial module, the angle variation of the actuators is consistent with the motion of the
polishing head and the rotation angle can be directly obtained from the angle information in the
G-M code, as shown in Fig. 21. For the parallel module, there is a nonlinear relationship between
the motion of the workpiece on the platform and the actuators. According to Fig. 9, the initial
position of the moving platform is selected on the O-XY plane with Z = -600 mm. Assuming the
polishing head is connected to the workpieces at this position and the origin of the workpiece
frame and the moving platform frame coincide, the motion trajectory of the moving platform can
be obtained with X = X, Y = Yy and Z = -Z,, - 600 from the positon information in the G-M code.
By using the inverse kinematic model of the parallel module, the position variation of the actuator
of the parallel module is shown in Fig. 22. As it can be seen from Fig. 20(a) and Fig. 22(a), d: is

equal to ds when the moving platform is in the O-XZ plane (Y = 0). This is consistent with the

setting of the coordinate system and confirms the validity of the results.
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Fig. 21 Angle variation of the actuators on the serial module corresponding to (a) trace in Ow-XwZw

plane and (b) trace in Ow-YwZw plane.
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Fig. 22 Position variation of the actuators on the parallel module corresponding to (a) trace in

Ow-XwZw plane and (b) trace in Ow-YwZw plane.

7 Conclusions

Machine tool users usually seek faster, stiffer, more compact and more accurate machines. To
overcome the drawbacks of current automated polishing systems, a novel hybrid manipulator for
polishing freeform surfaces is proposed. It comprises a two DOF serial module and a three DOF
parallel module with a redundant rotation on the moving platform. The advantages of the proposed
hybrid manipulator include: (1) the precession polishing process leads to a Gaussian-like tool
influence function; (2) decoupled translation and orientation leads to a relatively simple control
strategy; and (3) the parallel module leads to greater stiffness and better dynamic performance.

This paper presents a detailed theoretical investigation of machine kinematics. For the



parallel module, the solutions for both the inverse and forward kinematics problems are derived
and the velocity analysis is performed. A straightforward kinematics model is proposed that has a
concise and direct derivation process compared with the equations-based method. Taking into
consideration the physical joints’ limits, the reachable workspace of the parallel module is
generated by using mutually verifying geographical and numerical approaches. The optimal
structural parameters to maximize the workspace volume are obtained with b = 100 mm and a =
45< Dexterity characteristics of the parallel module are investigated in different section planes.
The module exhibits mirror symmetry with respect to the X-axis and 120<centrosymmetry with
respect to the Z-axis. In a plane at a given height, the dexterity decreases when the moving
platform moves from the center to the boundary. For the serial module, the kinematics model,
workspace and precession analysis is conducted according to the topological structure. An
example of saddle surface finishing with this manipulator is given. The motion of the actuators
with respect to this shape is analyzed theoretically and the validity of the results is confirmed by

simulations. This study provides an important means in the design of the polishing machines.
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