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Abstract

The special configuration of a serial-parallel type machine tool possesses five degrees of freedom and provides more flexibility
in NC machining. The parallel spindle platform plays the key role in manipulating three directions of movement. In this study, the
inverse kinematics analysis of the platform is derived first. A sensitivity model of the spindle platform subject to the structure
parameters is then proposed and analyzed. All the parameters influencing the position and orientation of the spindle platform are
discussed based on the sensitivity model and the simulated examples. Critical parameters to the accuracy of the cutter location can
then be found, which are the slider position, the strut length, and the tool length.

00 2003 Elsevier Ltd. All rights reserved.
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1. Introduction [3-5]. Some reports dealt with the kinematics of three-
legged parallel manipulatof§,7]. Most of these articles
To obtain higher accuracy and greater dexterity, focused on the discussion of both the analytical and the
machine tool manufacturers are developing parallel type numerical methods to solve the kinematics of pure-paral-
structures for the next generation of machine tools. It is lel mechanismg6-8]. Some papers also discussed the
always a goal to pursue an interesting development inaccuracy analysis of the Stewart platform manipulators
the machine tool industry that holds great promise for [9—11]. A new type of serial-parallel machine tool has
improving accuracy. Machine tools with their high rigid- been developed by the Mechanical Laboratory of ITRI
ity and accuracy are ideally suited for precision appli- in Taiwan. Simulation analysis and experimental tests
cations. Parallel manipulator offers a radically different have shown the necessity of its accuracy enhancement
type of machine structure relative to the traditional serial [12-14]
type machines. It is believed that the inherent mechan- Even though many researches have made contri-
ical structure of the parallel type machines provides high butions to the theory and design of the parallel kinematic
dexterity, stiffness, accuracy and speed compared to themechanism, however, commercial applications of this
conventional multi-axis structur.,2]. potential parallel machine have not been widespread yet.
In the past, many comprehensive studies and worksThe main obstacle to the applications of this kind of
have been made in the area of parallel manipulators. Themachine tool is their unsatisfactory accuracy. Similar to
kinematic behavior of the parallel mechanism with the traditional machine tool, there are several major fac-
extensible strut has been discussed in many literaturedors, such as the structural imperfection, the elastic
deformation and the thermal deformation, that will
degrade the machine accuracy. In order to find out the
* Corresponding author. Tek02-23620032; fax+02-23641186.  €ssential error sources, sensitivity analysis of the spindle
E-mail address: fan@ccms.ntu.edu.tw (K.-C. Fan). platform movement and error identification are neces-
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sary for the purpose of accuracy enhancement of the
machine tool.

In this paper, the kinematics model of parallel mech-
anism is derived in the first part. Sensitivity model of
the spindle platform subject to structural and kinematic
parameters is then proposed. All parameters influencing
the position and orientation of the spindle platform are
analytically estimated. Simulated example are given to
identify the most critical error sources.

2. Machine tool configuration

The machine tool under investigation is called a serial-
parallel type machine tool. The configuration is shown
in Fig. 1. It consists of athree-degree-of-freedom spindle
platform and a conventional two-degree-of-freedom X—
Y table to form a five-axis structure. The spindle is
assembled in the platform, which is connected to three
struts of constant length by means of ball joints (or U-
joint) that are equally spaced at a nominal angle of 120°.
The other end of each strut is connected to a dider with
a rotational joint. Each dlider can move up and down
along the corresponding vertical dideway fixed to a col-
umn that is also spaced at nominal 120° angle from one
another. The platform, such constructed, has one linear
motion in the Z-axis and two angular rotations (oc and
B) in the X- and Y-axes, respectively. The X-Y table that
supports the workpiece provides the linear motions of
the workpiece in two horizontal directions. The features
of this configuration are easy to manufacture and control,
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Fig. 1. Structure of the serial-parallel type machine tool.

more accurate and larger workspace, compared to the
Stewart platform-based parallel machine tool.

3. Inverse kinematic analysis

In order to analyze the kinematics of the parallel
mechanism, three relative coordinate frames are
assigned, as shown in Fig. 2. A static Cartesian coordi-
nate frame XYZ is fixed at the base of the machine tool
with the Z-axis pointing to the vertical direction, the X-
axis pointing toward B, and the Y-axis pointing along
the B,B; line. The movable Cartesian coordinate frame,
XYZ, is fixed at the center of the X-Y table with the
same axes directions as the XYZ coordinate frame. The
third coordinate frame, xyz, is assigned to the tool tip,
with the z-axis coinciding with the spindle axis. The ball
joint b, is located in the plane xo.z

Let R and r be the radii of circles passing through
joints R and by; (i = 1-3), respectively. The positions of
R, referenced to the coordinate frame XYZ can be
expressed by

r T T

3 V3

Rl = ER 0 Hl R2 - 0 7R H2 (1)

where H; is the height of R, along the Z-axis.
The positions of the ball joints b, with respect to the
coordinate frame xyz are

T

e

1
by =[r 0 W™, =|~r rh @)

T

where h is the distance from the tool tip o; to the center
of the platform.

The coordinate frame xyz with respect to the coordi-
nate frame XYZ, can be described by the homogeneous
transformation matrix [T].
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A

Fig. 2. Schematic diagram of the serial-parallel structure.
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where [%r Yr z]" = °p isthe position vector of the origin
of the frame xyz (tool tip position), and the orientation
unit vectors k = [k; ky k], m =[m, m, m]T, and n
=[n, n, ng]" are the directional cosines of the axes x,
y and z with respect to the coordinate frame XYZ. S,
B, Sy, Ca, CB and Cy indicate sin ¢, sin 3, sin ¥, cos
o, cos  and cos v, respectively. a, B and y are the
rotational angles (also caled the Euler angles) of the
spindle platform with respect to the X-, Y- and Z-axes,
respectively.

The Cartesian position of the ball joints b; with respect
to the frame XYZ can be expressed by

b; _8TR°p_bi _ .bi C
[1]0_ [o 1”1L 7] [1L =123 @

Substituting those vector forms of Eq. (2) into Eq.
(4) yidds

Xy rk,; + hn; + x¢
[bl] Yo |rke A+ hnp +oyr ©)
1o Z, rks + hng + z;
1 1
- T \/ér -
_ _ _ékl + Tml + hnl + XT
b :/(2 Iy +@mz+hn Ly
|:12:| _ ZZ _ 2 2 2 2 T (6)
2 i \/él’
_1 | _§k3 + 5 M + hn; + z;
L1 -

- T \/I_Sr

—Ekl—Tml + hnl + XT-

X3 r \/él'
[23] _ ;3 _ _ékz_Tmz + hn, + yr ™
o 3
1 3
L i _Ekg_TmS + hn3 + ZT

L1 -

Obvioudly, as each strut is constrained by the corre-
sponding rotational joint and ball joint, strut 1 can only
move in the plane ;: Y = 0; strut 2 in the plane ,:
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Y = —V3(X—R/2); and dirut 3 in the plane Qg Y =
V3(Y —R/2), as shown in Fig. 3. According to Egs. (5)
and (7), three constraint equations can thus be
obtained as

rk, + hn, + yy =0 (8)

3

1

1 3 R
—\@(—Zrkl + \/_rml + hn; + xT—2)

2
1 \E”
7

1 R
\/1_3(—2rk1 + ST + hn, + xT—2>

Summing up Egs. (9) and (10), and then simplified by
Eq. (8), it yields

m, = k; (12)
Subtracting Eq. (9) from Eq. (10), it yields

r R
S(ka—my)—hn, + 2 = x; (12)
Substituting m, and k, from Egs. (3) and (11), the y can
be obtained as

sinasing ) (13)

Y= f(OC,ﬁ) = —arCtan(Cosa_i_cosﬁ

Eq. (13) indicates that yis afunction of o and . Egs.
(12) and (8) indicate that x; and y; are both functions
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Fig. 3. lllustration of the three constraint planes.

of directional cosines. x; and y; can further be expressed
in terms of the Euler angles as:

r
Xr = é(cosﬁcosy + sinosinBsiny—cosocosy) (19)

. R
—hsing +§

y+ = hsinecos—rsinasinfcosy—rcosasiny

Egs. (13) and (14) show that if , 8, and z; are known,
Xt and y; can be determined. The transformation matrix
[T] can then be obtained by Eq. (3), and the Cartesian
position of each ball joint with respect to the frame XYZ
can be calculated using Eq. (4). As the strut length |; is
constant, the position component of the rotational joint
in the Z-axis can be calculated using the inverse kin-
ematics as

Hi = Rz = * \IP—(Rx—bx)?—(Ry—biy)? (15)
+b, i=123

Eg. (15) has two solutions, but the position of rotational
joint is always above the ball joint. Only the positive
solution is effective.

The inverse kinematics problem involves the compu-
tation of the position of each of the rotational joint (the
dlider) through the corresponding ball joint if the spindle
platform’s position and orientations are known.

4. Sensitivity analysis of the spindle platform

On the basis of the machine tool configuration, its
structure actually consists of three parallel structural
loops. For each loop, a closed form of vector chain of
the linkage can be drawn, as shownin Fig. 4. The related
equation can be presented in the following vector form.

X

Fig. 4. Close loop of linkage i of the machine tool structure.
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°Li = °by + °p—°R; = g [R-°h; + p—°R; i (16)
=123

where the matrix 3 [R] describes the relative orientation
of the spindle platform coordinate frame xyz to the base
coordinate system XYZ, the left upper script o denotes
the vector with respect to the base coordinate system
XYZ, and the left under script o denotes the vector with
respect to platform coordinate system xyz.

Since the position and the orientation of the spindle
platform depend on the structural configuration of the
machine tool, all these structural parameters will influ-
ence the positional accuracy of the spindle platform. In
this section, the influences of different structure para
meters on the position and orientation of the spindle plat-
form are studied. An analytical method is proposed to
investigate the sensitivity of different structure para-
meters to different positions and orientations of the plat-
form.

For simplicity, al the scripts are omitted. Eq. (16) can
thus be expressed by the following matrix form:

Lix ke my ng || big Xt Rix
Liv| = |ke my ny || by | + |yr[—| Ry (17)
Liz ks mg ng|| by, Zt Rz

Rewrite Eq. (17) into three components as

Lix = kibix + miby + niby, + Xr—Ry = cosBcosy,
—cosBsimby, + sinfb;, + Xr—Ry

Liv = kobix + mpbyy, + by, + yr—Ry = (sinasinBcosy
+ cosasiny)by, + (—sinasinfsiny + cosacosy)b,
—sinacosBb;, + yr—Ry

Liz = ksbix + mgbyy + ngb, + z—Rz =
(—cosasinfcosy + sinasiny)b;, + (cosasingsiny
+ sinacosy)b,, + cosacosBby, + z—R;

Hence, the length of strut i can be calculated by

12 =|ILilP = L& + L&} + L% (18)

Introducing the following trigonometrical formulae

o — 2tan(p/2)
0= 11 @l
_ 1-tan*(¢/2)
% = 1 1 tae(9/2)
and letting the variables a = tan(x/2), b = tan(3/2); c
= tan(y/2) we have
1-&2
1+ @

sing = coso =

a .
1+ &

. 2b 1-b?
SP=1 g P (19)
1-¢

.2 B
=1 1@ Ty

According to the kinematics analysis described in the
earlier session, those three degrees of freedom of the
spindle platform are defined as one linear motion z; in
the Z direction and two angular motions, a and 3, about
the X- and Y-axes, respectively. In other words, para
meters X, Y+, and y are dependent on the orientation
angles of the platform, as clearly seen in Egs. (13) and
(14). Now, substituting Eqg. (14) and Eqg. (19) into Eqg.
(18), a new agebraic equation can be aobtained as fol-
lows:

F= F(ZTyaabyC;Ryr1bix1biy’bi21RiX1RiY’RiZ’|i) = A12
+ A22 + AZ—(1 + @1 + b)*1 + A2 (20)
=0

where
AL=(1+ a2)(1—b2)(1—02)(bix + ;)—2c(1 + @)

(1-a9)(1 + b)(1-¢? N
2

(1-b?b, + 4rabc—r

@a+ay@a+ )@+ cZ)(F;—RiX>

A2 = [4ab(1—c?) + 2c(1—-ad)(1 + bd)](by,—r) +
[(1-a)(1 + b?)(1—c?)—8abc]by,—(1 + a?)(1 + b?)
(1 + CZ)RN

A3 = [-2b(1-a?)(1-c?) + dac(l + bA)]by, +
[4bc(1—a?) + 2a(l + b?)(1—c?)]by, + (1-a?)(1—b?)
@A@+cAb,+ @1+ a)(1+bHA + AR

It is noted from Eq. (13) that the variable ¢ in Eq.
(20) is also afunction of a and b. In addition, as shown
in Fig. 2, the radius R of the outer circle passing through
point R, is afunction of Rx and Ry (i = 1 to 3), and the
radius r of the inner circle passing through joints b, isa
function of b, and by, (i = 1 to 3). Therefore, variables
R and r in Eq. (20) can be expressed by

R = f(RwRy) = {(Rx—;ZRX)Z + (RY—éERYﬂ

1/2

B o

Eg. (20) shows that a complete kinematics model of
the parallel mechanism composes of two sets of para-
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meters, namely the structure parameters (l;, by, by, b,
Rx Ry R and the platform’s position parameters (z,
o, B). The influences of the structure parameters on the
position parameters reflect the structural sensitivity, or
the positional sensitivity of the platform. This can be
realized mathematically by the operation of partia dif-
ferentiation as follows.

Differentiating Eqg. (20) with respect to al structure
parameters and position parameters for each structure
loop yields

SF=AST+B6P =0 i=123 (21)
where

oF oF oF
AoT = (aa)F“ ! (6ﬁ>i5ﬁ y (azT)PZT

OF oF oF oF OF OoF oF
B=|o oo o o 2 o oo |eRY7
aRix aRly aRIZ abix abiy abiz aII

OP; = [0Ry OR, OR, 6b 6b,, 6b, o] e R

Integrating the three loops of Eq. (21) together and sepa-
rating the position parameters and structure parameters
to different sides yields the following simplified
matrix form

—AST = BSP (22)

where

oF

0

oF oF 3
9 ) (azT>2 =X
oF

0

B, 0O O
B=|0 B, 0 [eR¥#
0 0 B;

6P = [6P; 6P, 6P;] e R?2

Then

6T = (—A HxBSP

Let

C = ((—A) *B)eR>* (23)

Matrix C represents the sensitivity matrix of position
parameters with respect to the structural parameters with
the coupling effect of three independent structure loops.
The differential terms are

F Al A2 A
oF _ 2Ala— + 2A20— + ZAﬁ—4a(1 + &)
oa oa oa oa

1 + b)2(1 + c?)22
oF 0Al 0A2 0A3

—_— = - ) — 2\2

ap =~ Al T 2A2 5 + 2A3 "~ 4b(1 + @)
1+ )1 + c?2?

OF _ AL | 0082 )\ 0A3 2

ac_ZAlac +2A26c +2A3ac 4c(1 + @)
1+ )1+ )

OF _OF 0R  OF 0A1

dR, OROR, 0AldR,

OF _OF 0R OF 0A2

0R, OROR, 0A20R,

OF _ OF 0A3

0R, 0A30R,

OF _OF or OF 0Al OF 0A2 OF 0A3

ob, Or ob, O0Aldb, 0A20db, 0A3 db,

OF _OF or  0F 0Al OF 0A2 OF 0A3

ob, Or db, O0AL10db, 0A20b, 0A3dDb,

oF

o = 2A3 X (1-a)(1-b7)(1-¢?)

oF

AR s @)*(1 + b?)*(1 + @)

oc

- P

%_ _a

ob

5. Examples and discussions

Based on the sensitivity matrix of Eq. (23), simulated
examples are given in terms of different platform poses
(xx and B = 0°, 5°, 10°, 15°, 20°, 25°). The calculation
is performed according to the obtained data of the proto-
type machine tool from experiments as:. (R = 349.368
mm, r = 199950 mm, |, = 1107592 mm, |, =
1107.664 mm, |; = 1107.526 mm). The results are listed
in Tables 1-3. It is seen that when the platform pose is
at a=p=0, the parallel structure is symmetric so that the
difference in sensitivity values between three structure
branches is dlight. The sensitivities of all position para-
meters with respect to specific structure parameter at dif-
ferent platform poses are summarized in the following.

1. With spindle platform pose o = 8 = 0, because
the structure branch #1 coincides with the X-axis,
the  sendgitivities  of all the  parameters
(Rix Ry Ry, by by by, 1;) have no influence on the
orientation parameter of «.
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Table 1
Sensitivity analysis of the position z; (zr = 300 mm)

a=0,=0 a=5p=5 «=10,=10 «®=15p=15 a=20,=20 o=25p[=25

021/ 0Ry, 0.0302 0.0210 0.0118 0.0023 —0.0077 —0.0180
0z;/0Ry, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0z;/0R,, 0.3333 0.2311 0.1282 0.0244 —0.0783 —0.1744
0z;/0b,, —0.0453 —0.0112 0.0048 0.0030 —0.0160 —0.0495
0z;/0by, 0.0000 —0.0202 —0.0222 —0.0062 0.0258 0.0692
0z/0b,, —0.3333 —0.2294 —0.1243 —0.0228 0.0691 0.1433
0z;/01, —0.3364 —0.2326 —0.1288 —0.0245 0.0786 0.1753
0z1/ 0R,, —0.0264 —0.0384 —0.0525 —0.0699 —0.0910 —0.1159
0z;/0Ry, 0.0457 0.0665 0.0910 0.1210 0.1577 0.2008
0Z:/0R,, 0.3333 0.4747 0.6199 0.7680 0.9163 1.0581
0z;/0b,, 0.0226 0.0738 0.1504 0.2519 0.3760 0.5166
071/ db,, —0.0392 —0.0977 —0.1815 —0.2883 —0.4132 —0.5462
0z;/0b,, —0.3333 —-0.4711 —0.6012 —0.7166 —0.8092 —0.8693
0z;/al, —0.3364 —0.4819 —0.6344 —0.7939 —0.9589 —-1.1231
021/ 0R, —0.0264 -0.0232 -0.0197 —0.0159 —0.0121 —0.0084
071/ 0Rs, —0.0457 —0.0402 —0.0341 —0.0276 —0.0210 —0.0145
02;/0Rs, 0.3333 0.2941 0.2519 0.2076 0.1619 0.1163
02/ 9bs, 0.0226 0.0456 0.0609 0.0679 0.0665 0.0571
0z;/0bs, 0.0392 0.0089 —0.0138 —0.0281 —0.0338 —0.0317
0z;/0bs, —0.3333 —0.2919 —0.2443 —0.1937 —0.1430 —0.0955
0z:/0l5 —0.3364 —0.2966 —0.2543 —0.2100 —0.1643 —0.1184
Table 2

Sensitivity analysis of the orientation angular o (zr = 300 mm)

0=0,8=0 «=5p=5 «=10=10 a=15B=15 «=20,8=20 a=25pB=25
da/ ARy, 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0001
daul Ry, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
da/dRy, 0.0000 -0.0001 -0.0002 -0.0003 -0.0005 -0.0007
90/ dby, 0.0000 0.0000 0.0000 0.0000 -0.0001 -0.0002
dal by, 0.0000 0.0000 0.0000 0.0001 0.0002 0.0003
da/dby, 0.0000 0.0001 0.0002 0.0003 0.0004 0.0006
daldl, 0.0000 0.0001 0.0002 0.0003 0.0005 0.0007
00/ ARy, -0.0002 -0.0002 -0.0003 -0.0003 -0.0004 -0.0004
dalOR,, 0.0004 0.0004 0.0005 0.0005 0.0006 0.0008
0/ OR,, 0.0029 0.0030 0.0031 0.0033 0.0036 0.0040
90/ b,y 0.0002 0.0005 0.0008 0.0011 0.0015 0.0020
doul by, -0.0003 -0.0006 -0.0009 -0.0013 -0.0016 -0.0021
da/db,, -0.0029 -0.0029 -0.0030 -0.0031 -0.0032 -0.0033
da/al, -0.0029 -0.0030 -0.0032 -0.0035 -0.0038 -0.0043
da/OR,, 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
da/ORy, 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004
dc/dR,, -0.0029 -0.0029 -0.0030 -0.0030 -0.0031 -0.0033
90/ dbg, -0.0002 -0.0005 -0.0007 -0.0010 -0.0013 -0.0016
dauldbs, -0.0003 -0.0001 0.0002 0.0004 0.0007 0.0009
da/ db,, 0.0029 0.0029 0.0029 0.0028 0.0028 0.0027
daldl, 0.0029 0.0029 0.0030 0.0031 0.0032 0.0033

2. The sensitivity values of all structure parameters to
displacement parameter (z;) are larger than the orien-
tation parameters (e, B). It is because the unit of angle
is in degree and the unit of displacement isin mm.

3. With the spindle platform pose o = 8 = 0, branches
#2 and #3 are symmetric in the coordinate system, so
the sensitivities are equal in magnitude but could be dif-
ferent in the sign.

4. Table 1 shows that the sensitivities of the para-
meters Ry, Ry, b, by, and b, (i = 1 to 3) influencing
the position z; of the spindle platform are varied with
the platform’s angles o and S in different cases of 0°,
15° and 25°. For example, the sensitivity of the para
meter Ry varies from 0.0302 at the pose (o = 8 = 0°)
to —0.018 at the pose (o = 8 = 25°). Compared to R,
the sensitivities of the parameters Ry and Ry to z: are



1568 K.-C. Fan et al./ International Journal of Machine Tools & Manufacture 43 (2003) 1561-1569

Table 3
Sensitivity analysis of the orientation angular 8 (z; = 300 mm)

0=0,=0 a=5pB=5 «=10,8=10 a=158=15a=20,=20 a=25p=25
9BIORy, -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003
OBIORy, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
9BIOR,, -0.0033 -0.0033 -0.0033 -0.0033 -0.0033 -0.0032
0B/ dby, 0.0005 0.0002 -0.0001 -0.0004 -0.0007 ~0.0009
3B/ dby, 0.0000 0.0003 0.0006 0.0008 0.0011 0.0013
dB/aby, 0.0033 0.0033 0.0032 0.0031 0.0029 0.0026
aBlal, 0.0034 0.0033 0.0033 0.0033 0.0033 0.0032
OB/9R,, -0.0001 -0.0001 -0.0001 -0.0002 -0.0002 -0.0002
BI0R,, 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003
dBIOR,, 0.0017 0.0017 0.0017 0.0017 0.0017 0.0016
B/ 9bsy, 0.0001 0.0003 0.0004 0.0006 0.0007 0.0008
3B/ b, -0.0002 -0.0003 -0.0005 -0.0006 -0.0008 -0.0008
dBldb,, -0.0017 -0.0017 -0.0016 -0.0016 -0.0015 -0.0013
aBlal, -0.0017 -0.0017 -0.0017 -0.0018 -0.0018 -0.0017
9B/9Rs, -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001
OB/OR,, -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002
9BIOR, 0.0017 0.0016 0.0016 0.0016 0.0016 0.0016
9B/ 9bs, 0.0001 0.0003 0.0004 0.0005 0.0006 0.0008
3B/ b, 0.0002 0.0000 -0.0001 -0.0002 -0.0003 -0.0004
dB/dbs, -0.0017 -0.0016 -0.0015 -0.0015 -0.0014 -0.0013
aBlal, -0.0017 -0.0016 -0.0016 -0.0016 -0.0016 -0.0016

significantly less. Similarly, the sensitivities of the para-
meters by, and by, influencing the position z; are also less
than b;, (h). It means the cutter’s height position is more
sensitive to the height related joint parameters.

5. Tables 2 and 3 show that the sensitivities of al the
parameters Ry, Ry, Rz, by, by, and by, (i = 1 to 3) influ-
encing the orientation of the spindle platform are aso
varied with the platform’s angles o and § in different
cases of 0°, 15° and 25°. Obvioudy, the Z-coordinate
parameters also have larger influence on the orientation
angles of the spindle platform, compared to the X- and
Y-coordinate parameters. In other words, the positioning
accuracy of the diders (Rz) and b;, are more important
to the accuracy of the orientation angles of the spindle
platform.

6. The datain Tables 1-3 clearly show that parameter
l; (i =1 to 3) have larger influence on the platform pos-
ition z; and orientation angles oz and 3 and at different
platform’s poses. Therefore, the nominal strut length (1;)
isavery sensitive parameter to the accuracy of the cutter
position z; as well as the platform’s angles.

7. As o and 3 increase the platform is tilted to the
loop 2 direction. The sensitivity of this loop’s structure
parameters is more significant.

8. The computational results are consistent with the
physical phenomenon of the machine tool. The sensi-
tivity investigation of the position and the orientation of
the spindle platform in the workspace can aso be calcu-
lated by using Eq. (23), while the platform’s angles «
and 3 are either assigned positive or negative.

6. Conclusions

Inverse kinematics model of the parallel mechanism
has been derived to compute the positions of the
rotational joints R and the ball joints b; (i = 1 to 3) at
given vaues of ¢, B and z. The sensitivity analysis of
the accuracy of the cutter location with respect to some
structure parameters is also proposed in this study. From
simulated examples it shows that the sensitivity of struc-
ture parameters will change as the platform varies its
orientations. Among al parameters, the Z-coordinate
parameters have larger influence on the position and the
orientation of the spindle platform in different poses.
The sensitivity analyses of platform’s position with
respect to the structure parameters have demonstrated
that the positioning accuracy of the parallel diders, the
original strut length, and the tool length are the most
sensitive parameters influencing the position and orien-
tation of the spindle platform, or the cutter location, in
practice.
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