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Abstract: This study proposes a new coor dinate
measuring machine (CMM) based on a spatial 3DOF
parallel mechanism. The useof this mechanism will
potentially improve the stiffness, accuracy and
ef ficiency. This paper descr ibesthe fundament alsand
an experimental CM M. The influence of link layout
on the measurement uncertainty, mor eover, hasb een
investigated analytically and experimentally. Obtained
results show that theuncert ainty has been decr eased
when the measuring point is in the extensional
direction of the scale unit. Consequently, the Abbe’s
principle can be applied to proposed paralle
mechanism.
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1. INTRODUCTION

In recent years coordinate measuring machines
(CMMs) have been widely wused for precision
measurement in various fields Such the conventional
CMM employs an XYZ mec hanism congsting of three
mutually orthogonal slide mechanisms It gpears
however, the machine’s acauracy and efficiency are
aready at their limit due to several of its characteridics.
(2) violation of the Abbe's principle, which isthe basis of
precision measurement; (2) a weak (cantilever) beam
structure in which deflection is often generated by
minimal bending force; (3) accumulation of measurement
errorsled fromeach axis; and (4) low traverse speed due
to a mass accumulation. In short, these problems which
limit the precision of the CMM, areinherent in its stacked
architecture or serial mechanism.

This study has proposed a new CMM based on a
paralel mechanism[1][2]. This mec hanism conssting of
closed-loop links will potentially improve the stif fress
accuracy and € ficiency of the CMM. Moreover this
mechanism enables to arrange the measuring point in
directions of the scale units. This paper discusses the
fundamentals, congruction and performance of an
experimental CMM, and the influence of measuring point
location on the measurement uncertainty.

2. FUNDAMENTALS

Figure 1 depicts the proposed CMM. The touch
trigger probe attached to the stage is connected to three
prismatic j oints (struts) through the revolutionary joints

Each prismatic joint is connected to the over head base
through three sphericd joints and contains within it a
prismatic joint, the length measuring instr uments (scdes)
and actuators t o expand and contr act itself. Variations in
the length of the three struts move the stage in three-
dimensonal space When the probe touches the
measuring object, the probe tip position can be derived
absolutely from the strut lengths. The proposed CMM has
anumber of advantagesover the conventional CMM; (1)
the truss structure has a high stiffress because its
members are subjectto very few bending forces (2) the
systematic error produc ed by each of the scale unitsis
averaged with the other two; (3) the small iner tial mass
enables high moving speed.

3EXPERIMENTAL CMM

3.10OUTLINE

The experimental CMM with 3 DOF has been
congructed as shown in figure 2 and 3. An octahedral
truss frame and a granite surf ace plate a e mounted on a
vibration-isolation table. The frame supports three
spherical joints connected three struts. The struts with the
prismatic joints are expanded and contracted by three
individual AC servomotors and bal screws The
prismatic joint is guided by four linear ball bearings. Each
length variation of the struts is measured by threelinear
encoders with a nominal acaurecy of £0. 47ump-p and a
resolution of 50nm (Sony, Laser scale). The stage
mounting the touch trigger probe (Renishaw TP200,
Repeatability: +0.65um) is connected to the strut ends
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Figure 1. Proposed CMM based on parallel kinematics
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Figure 2 Scheme of experimental CMM

Figure 3 General view of the CMM

through threerotational joints Maximum stroke of the
struts is 220mm, then measurement work space is
120X 120X 120mm approximately.

3.2JOINTS

This CMM needs the sphericd joints and rotational
joints with high rotating accuracy within 1 um. The
spherical joint and the rotational joint employ 1" and 1/4”
steel balls for ball bearing (nominal sphericity: 0. 5um).
1” balls were friction-welded together shanks After
welding, measured sphericity of the ball was less than
0.75um.

3.3 SOFTWARE FOR MEASUREMENT

A personal computer holds and reads the scale values
when the touch probe contacts the workpiece. The
computer, moreover, calculates XY Z coor dinates of the
probe tip by solving the simultaneous nonlinear equations.
Furthermore, the alignment program defines a work
coordinate system in the machine coordinate system when
the wor kpiece is located for any position and any attitude
on the surface plate.

4. RESULTSOF ACCURACY TEST
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Figure 4 Deflection and standard deviation of measured
datain Z direction before calibration
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Figure 5 Deflection of measured data in XYZ directions
after calibration

The accur acy tests has been per formed by measuring
the | ength of the block gaugeswith several sizes bef ore
and &f ter calibraion. Figure 4 shows def lections and
standard deviations of measured valuesin Z direction
before the calibraion. The deflections increae in
proportion to the gauge sizes because of the measurement
space distortion caused by the disagreement bef ore
calibration. The standard deviations of the measured value,
however, are less than 0.15um. This results show that this
CMM has high repeatability of the mechanism.

Figure 5 shows deflections measured in XYZ
directions after simple calibration. The def lections are
independent of the gauge block size, and areless than
10um in XYZ directions. In the near future, exact
calibration will improve the measurement accuracy of the
CMM.

5.ERROR ANALYSIS

It isexpectedthat joint motion er rors or runouts have
a strong ef fect on the mechanism motion error or the
measurement uncertainty. In particular, in conve ntional
CMM, the motion er ror of each prismatic joint causes on
the measurement er ror bec ause the meaauring point isn't
in sendtive directions of the scales. However, it is too
difficult t hat the measuring point islocated ineach scale
direction.

Contrarily, the pardld mechanism enables that
arrangement. In this chapter, error analysis has been
performed by using a singular value dec omposition to
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Figure6 Motion errors of joints and probetip

obtain the relationship between the link layout and the
influence of joint runouts on the measurement error.

5.1 EFFECT OF JOINT MOTION ERROR

Figure 6 shows coordinate system of proposed CMM
and components of joint motion errors in various
directions. For instance, whe nthe revolutionary joints on
the stage have radial motion errors drg, displacement of
the probe tip dxg ae shown in following eguation
provided quantities of them are very small:

OX = Jisdrs, @

where J.5 is Jac obian matrix, and is numerically derived
from the forward kinematics Because this Jacobian
represents the rel ationship between the joint radial motion
error and the probe motion error, singular values of the
Jacobian show magnitude of that &f fect. In the same way
as the radial error, & fects of the other error compone nts
are obtained. In calculation, the base radius and the stage
radius have been set to 550 mm and 100 mm respectively.
The pogition of the probe tip, moreover, has beenfixed at
the isotropic point at which the measurement resolution in
XY Z directions becomes equal.

52 CALCULATED RESULTS

Figure 7 shows the singular values related to the
motion error of the joints on the stage. When probe length
is 70.7mm, the measuring point is in the extendonal
direction of threescale units. The left figure represents
the effect of the trandational motion of the joints, and the
right figure represents the e fect of the angular motion.
Thus, the angular motion of the joint haslittle & fect on
measurement er ror when the measuring point is in the
scale directions. The results of the base joints are identical
to above.

Moreover, analysis of the singular valuesrelated to
the scale direction component of the joint motion error (J)
and related to two direction components at aright angle to
the scale direction (J, and J) has been per formed. As
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Figure 7 Influence of link layout on singular value
related to stage joint motion error
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Figure 8 Eff ect of joint motion er rorsin scale direction
and its orthogonal directions

shown in figure 8, the joint motion error in the scale
direction strongly affects the measurement error. Effect of
the motion er rors exc ept the scale direction ar e negligible
when the measuring point isin the scale direction.

6. EXPERIMENT

Figure 9 shows procedures of length measurementsin
XYZ directions. The measurement using the block gauge
has been per formed in various probe extenson. In this
repetitive measurement, considerable plays (0. 5-1mm)
have been purposely given to the joints in order to
exaggerate the ef fect of joint motion errors Figure 10
shows the influence of the measuring point location on the
standard deviation of measured values Meshed zone in
the figure represents the link layout at which the
measuring point isin the scale directions. The disperson
of the measured valuesin XYZ directions decreases in
above link layout.

7. DISCUSSION

In thischapter, the f fect of the joint motion er ror on
the measurement eror has been investigated
quantitatively. Figure 11 shows a relationship between one
of the struts and the stage with amotion error caused by the
joint motion error. The gage makesavery amal turn Do
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Figure 9 Procedures of length measurementsin XYZ
directions
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Figure 10 Influence of measuring point location on
dispersion of measured value

around the axis a. For accurae measuremernt, it is
necessary to measure precisely the change of the lengthL.
Figure (a) represents a situation with a off st h between
the meaauring point and the scale direction. The
measurement error DL increases propor tionally to the
angular motion D and the off set h indepe ndently of the
angle ¢ as the following equation:

ho
DL»WD(psm(p—th. @

On the other hand, figure (b) represents an arrangement in
which the measuring point is in the scale direction. Then
the error DL becomes a secondary error as following
equation:

2

DL = E(1- cost)»lZE(DP) : ®

Therefore, the angular motion Do has little ef fect on the
length L. The eguations are the same as that of
conventional length measuring machine. Moreover, small
displacement of thestage in the scale direction a causes
directly the measurement error. Thus, the e fect of the
joint motion error in the scale direction cannot be

4o (" Angular motion

” Actuator
age and Scale

Offset
h%

s —l—k
L
h
| 5 .
AL . A = g Ag singehAg
E——Ag T Probe tip b
sin @ G T~ s Ag
h %”H“E‘fé;}& :
W g
(a) with offset between scaL and measuring point

=" TAngular motion

¢

Work

(b) without offset between scale and measuring point

Figure 11 Effect of stage motion error on measured
value

disregarded. However, displacements in per pendicular
directionsto the scale direction ( b and c) havelittle effect
on thelength L. Angular motionsar ound axes a and b,
moreover, have little effect because of the secondary
error.

7. CONCLUSION

New CMM based on a par dlel mec hanism instead of
XY Z mechanism has been proposed. Fundamentals and
an experimental CMM have been described. Moreover,
the influence of the link layout on the measurement
uncertainty has been discussed. In conclusion, the Abbe's
principle can be applied in proposed parallel mechanism.
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