THE UNIVERSITY OF ARIZONA UA CAMPUS

®

University Libraries REPOSITORY

Touch Probe Tip Compensation Using
a Novel Transformation Algorithm for

Coordinate Measurements of Curved Surfaces

ltem Type Article

Authors Ahn, Hee Kyung; Kang, Hyukmo; Ghim, Young-Sik; Yang, Ho-Soon

Citation Ahn, H.K., Kang, H., Ghim, YS. et al. Int. J. Precis. Eng. Manuf.
(2019) 20: 193. https://doi.org/10.1007/s12541-019-00076-2

DOI 10.1007/s12541-019-00076-2

Publisher SPRINGER/KOREAN SOC PRECISION ENG

Journal INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND
MANUFACTURING

Rights © Korean Society for Precision Engineering 2019.

Download date

27/08/2022 19:46:18

[tem License

http://rightsstatements.org/vocab/InC/1.0/

Version

Final accepted manuscript

Link to Item

http://hdl.handle.net/10150/632026



http://dx.doi.org/10.1007/s12541-019-00076-2
http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/632026

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. X, No. X, pp. X-XX

XXXX201X /1

DOI: XXX-XXX-XXXX

Touch Probe Tip Compensation using a Novel

Transformation

Algorithm

for Coordinate

Measurements of Curved Surfaces

Hee Kyung Ahn'#, Hyukmo Kangz, Young-Sik Ghim' and Ho-Soon Yang'

1 Space Optics Team, Advanced Instrumentation Institute, Korea Research Institute of Standards and Science, 267 Gajeong-ro, Yuseong-gu, Daejeon, South Korea, 34113
2 College of Optical Sciences, University of Arizona, 1630 E. University Blvd., Tucson, AZ, USA, 85721

# Corresponding Author / E-mail: hk.ahn@kriss.re.kr, TEL: +82-42-868-5947

KEYWORDS : Coordinate Measuring Machine, CMM, Free-form optics, Probe tip radius compensation

A transformation algorithm compensating a radius of the probe tip and pre-travel errors is proposed to improve measurement
uncertainty of a coordinate measuring machine (CMM). The transformation algorithm does not only compensate a radius of
the probe tip, but it also compensates a slipping displacement from the predicted contact point caused by vertical tension for
each data point. The performance of the transformation algorithm was successfully demonstrated by applying the
transformation algorithm to raw data of an on-axis lens and an off-axis mirror measured with the CMM and comparing them
with a reference data measured with UA3P-5 having several tens of nanometer accuracy.

NOMENCLATURE
(%, ¥, z) = coordinates of measured point
(¢, Ve, ze) = coordinates of the predicted contact point
(xc, ye, z¢) = coordinates of the predicted contact point
r = distance from the origin to the measured point in xy plane
r» = probe tip radius
R = radius of curvature of the test surface
k = conic constant of the test surface
0 = slope of the test surface
¢ = azimuthal angle in the xy-plane
(T, Ty, Tz) = translation in x-, y-, z-axes
(R, Ry, R:) = rotation about x-, y-, z-axes
(dx, dy, dz) = differences between measured data and target
data in x-, y-, z-axes

1. Introduction

A Coordinate Measuring Machine (CMM) is a measurement
instrument widely used in various manufacturing processes including
the fabrication of turbine blade, car model development and surface
milling [1]. It has also been employed in the aerospace and automotive
industries, especially for measuring curved surfaces such as aspheric
or free-form surfaces [2,3].

CMM can be classified into two main categories, contacting
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CMM and non-contacting CMM. Of the two, contacting CMM is more
highly favored than non-contacting CMM because it provides higher
accuracy. Furthermore, non-contacting CMM has some disadvantages
when it measures diffusing surfaces such as ground mirrors or surfaces
with limited viewpoints due to optical occlusions [4].

Nevertheless, when using contacting CMM, to maintain its
original accuracy, probe radius compensation needs to be performed
[1-2,5-18]. This is because the CMM can only read the coordinates of
the center of the probe tip called indicated measured points, not those
of the actual contact point [2,16-17].

When a computer-aided design (CAD) model of the testing
surface is provided, the normal vectors along the surface can be easily
calculated so that the testing surface can be accurately measured by
approaching the probe toward its normal vectors. In this case, users can
determine the coordinates of the measurement point by simply
considering the radius of the probe tip, since the contact point is a
tangent of the surface. There are a lot of correction methods based on
the CAD model [13-15].

However, when the testing surface is unknown so the CAD model
is not given in advance, the user cannot obtain the normal vectors of
the surface. To overcome this problem, other methods such as
compensation using a force sensor [11-12] have been studied, but for
these hardware-focused approaches, expensive sensors which have
many degrees of freedom are needed. Alternatively, software-focused
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compensation approaches have been developed such as using the
information on the reciprocal position of the adjacent indicated
measured points [6-10]. In this case, a normal vector for a specific
indicated point can be calculated and radius compensations are
performed to each indicated measured point. However, those
compensations are incomplete since the direction of the modeled
correction vector deviates from the corrected one [17]. Furthermore,
the pre-travel errors [18] caused by slipping of the touch probe tip is
not considered in those methods.

In this paper, we propose a novel transformation algorithm to
accurately measure aspheric surfaces by compensating both the error
from the radius of the probe tip and the pre-travel errors. Its
performance was demonstrated by measuring an on-axis aspheric lens
and an off-axis aspheric mirror using the algorithm and comparing the
results with data measured by a UA3P-5 profilometer, which has
nanometer accuracy. It is expected that the novel transformation
algorithm can improve measurement accuracy by compensating probe
tip radius and pre-travel error of the probe tip from slipping on a test

surface when unknown test targets are measured.

2. Methods

z
Measured point (x, y, z)

y

contact point
(-"r' Ve zr)

Fig. 1 Touch probe in the ideal case

As shown in Fig. 1, the coordinates of the contact point (xc, ye, zc)
which CMM users are interested in are different from the coordinates
of the indicated measured point (x, 3, z). They have a relationship as
shown below [19]:

x =rcos¢, y=rsing, r= x2+y? @]
where ¢ represents the azimuthal angle in the x-y plane. The angle
6 is assumed to be the derivative of the curve equation.

tand = df (r)/dr =7v?/(R — (k + Df (r)) @

where f(r) = r?2/(R++R%— (k+ 1)r2) . f{r) represents the
aspheric equation of the testing surface, and R and k represent the
radius of curvature and the conic constant of the surface, respectively.
Therefore, the displacement Ar between the indicated measured point
and the contact point in r direction, and the displacement 4z between
the indicated measured point and the contact point in the z-direction are
calculated below.

Az = —m,cos8, Ar = 1,sin0 3)
As a result, the coordinates of the contact point (xc, ye, zc) are
calculated below.
r'= r+Ar,
Yy, =1r'sing,

X, =r'cose, (4)

zZ,=z+ Az

However, the relationship is valid only in the ideal case. In
practice, the contact point is not equal to the actual contact point since
the probe stylus can be deformed and slipped while it is vertically
moving down and contacting to the inclined surface. Consequently, the
probe tip contacts the unwanted point (actual contact point), and there
is a difference between the predicted contact point and the actual
contact point (pre-travel errors). Fig. 2 shows the difference.

Predicted contact point
(x(" y{" z(')

Actual contact point
(e’ ve' ze')

Fig. 2 The contact point error in practice

What concerns users are the predicted contact points, which are
well-fitted with the target surface. Therefore, the coordinates of the
actual contact point need to be compensated to the predicted contact
point in order to fit the target surface well.

The pre-travel errors are treated as translations and rotations of the
surface about the coordinate x, y, and z. The translations and the
rotations of the surface can be expressed as a rigid-body motion
including translation and rotation. In this case, the difference between
the predicted contact point and the actual contact point can be counted
as a displacement due to the rigid-body motion. The theoretical
displacement d%;, dy;, dZ; canbe defined as below [20]:

dfi = TX + ZiRy - yiRZ
dj;i = Ty - ZiRX + x,-RZ (5)
dZL' = TZ + J/in - xiRy

where x;, y;, zi represent the coordinate of the i predicted contact
point. T, T), T: and Ry, R), R: represent three translations and three
rotations, respectively. Since we already know the coordinates of the
actual contact point (the measured data) and the actual displacements
dx, dy, dz (the differences between the measured data and the target
data), we can obtain the coordinates of the predicted contact point by
using a least-squares fit. Specifying ground mirrors as our target, the
differences (i.e. the surface error of them) are about several um to
several tens of um RMS. Therefore, the differences between the
predicted contact points and the target data are negligible compared
with the 3 mm diameter of the probe tip. The error £ is defined as the
difference between the actual displacement and the theoretical
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displacement which can occur by a linear combination of the
translations and the rotations.

E= ) wil(dx - d2)® + [y — d7)* + (dz — d2] ()

Here, dx;, dy;, dz: represent the i™ actual displacements. To obtain
the minimum £, we took partial derivatives of £ with respect to 7, Ty,
T, and Ry, Ry, R: and set the result to zero.

OE/0T, =0 - X;wi(T, +zR
8E/aT, =0 - ¥, wi(T,

y — yiR,) = Xiwidx;
—ziR, + xiRz) = Yiwdy;

7
0E/0T, =0 -3, Wi(Tz + YR, — xiRy) =Yiwidz; 7
OE/0R, = 0 - X wi(z;dy; — yidz)
=Yiwi(zTy + yiT, — % + 2R, + x; ¥R, + x;2,R,)
0E/OR, = 0 = ¥, w;(x;dz; — z;dx;) (8)
=Yiwi(—z Ty + T, + xy;iR, — (2.2 + x*)R, + yiz;R,)

OE/0R, = 0 - X, wi(y;dx; — x;dy;)
=Y w;(iTy — %, Ty + x,2;R+y:12,R, — (2 + x5)Ry)

By summing the left terms and the right terms respectively, the
above equations were developed further. For simplicity, we set the
weighting factor w; to be one.

dx;
dy; \

| dz; | _
Z| zdy, —yidz; |
x;dz; — z;dx;
yidz; — x;dy;
N 0 0 0 z; Vi (9)
/ 0 N 0 -z 0 x \
[ 0 0 N y, —x;, 0 I
ZI 0 z; y —*+z%) XiYi XiZ; |
\ zZ; 0 X; XY —(z% +x?) YiZi }
Yi 0 XiZ; YiZi -2 +y2)

N represents the total number of points. As a result, we can obtain
the three translations 7% 7, 7 and three rotations R, Rj, R: and
compensate the coordinates of the actual contact points.

3. Experimental results

3.1 On-axis target

To prove the feasibility of the transformation algorithm for on-
axis aspheric targets, we evaluated a target lens, which is an aspheric
lens having a radius of curvature (ROC) R of 51.12 mm and a conic

* Aspheric equation

Z=Y%/R(1+J1— (1 +k)YZ/R? + A Y* + AY® + AgY8 + A, Y10
Table 1 The information of a target aspheric lens (on-axis).

Then, we measured the target lens by employing UA3P-5
(Panasonic) in Korea Basic Science Institute (KBSI), which has +50
nm measurement accuracy [21]. Here, we did not measure the target
lens by using interferometers since it needs specially designed optical
components such as computer-generated hologram (CGH) to measure
aspheric lenses. The ROC of the target surface was recorded to be
51.142 mm. We call this the reference data. An image of the target
lens measured with the UA3P-5 is provided in Fig. 3.

PV: 227 ym  RMS: 0.27 um

Y (mm)

0
-23—

X (mm)
Fig. 3 An image of the target aspheric lens measured using UA3P-5

Afterward, we measured the target lens with a gantry type CMM
(Dukin Co., Ltd.), which probe head is PHIOM in Renishaw. The
calibration results of the CMM provided by the manufacturer is shown
in Table 2, which procedure was based on ISO10360-2.

Measurement uncertainty (um) (95%

Range (mm) confidence level, k=2)

0 0.0

60 1.0
140 1.0
280 1.5
420 2.1
560 2.8

(@
Range (mm) Measurement uncertainty (um) (95%

confidence level, k=2)

constant k of -0.575. The clear aperture (CA) of the lens is 90 mm and 0 0.0
the material of the lens is N-BK7. Table 1 shows the information of the 60 0.9
target lens in detail. 140 13
* Asoheri e 280 1.7
spheric coefficients 220 24
S 560 3.1
TS Ry (b)
S2
R k A4 As As Ao Measurement uncertainty (pm) (95%
R

SI| 5112 | -0575 | 4837 | 8576 | -2014 | 4598 ange (mm) confidence level, k=2)
e-11 e-12 e-15 e-19 0 0.0
S2 | Infinite - - - - - 60 1.0

140 1.7
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280 1.2 45 e PY: 2.69 um__RMS: 0.25 PV:1.32 um  RMS: 0.24 pm
25 12
420 17 !
1
560 2.2 :
€ 15 o8
© f 5 08
1
Table 2 Measurement uncertainties of the CMM: (a) in x-axis (b) in y o4
-axis (c) in z-axis 0% 02
45— 5 o 0
X (mm) X (mm)

After we measured the target lens with the CMM, we obtained the
image of the target surface by applying the radius compensation (Fig.
4-(a)) and the transformation algorithm (Fig. 4-(b)). As a result, the
recorded ROCs of the target surface applying those two algorithms
were the same as 51.130 mm. However, the repeatability was
somewhat different. The repeatability of the result applying the radius
compensation was 3.6 um while that of the result applying the
transformation algorithms was 2.6 um. The PV value difference in Fig.
4-(a), -(b) shows that the repeatability could affect the results. The
difference between the reference ROC and the ROC of the results
applying those two cases was about 13 pum.

PV:5.07 um

PV: 4,93 ym

RMS: 0.63 pm

RMS: 0,63 um

Y (mm)

23—

X (mm)
(@) (b)
Fig. 4 Images of the target lens measured with CMM: (a) data applying
the radius compensation only (b) data applying the transformation
algorithm

3.2. Off-axis target

Fig. 5 The target surface (off-axis parabolic mirror, a =48 mm)

In addition, we evaluated an off-axis target mirror to verify its
performance for off-axis targets. The picture of the target parabolic
mirror is shown in Fig. 5. The nominal ROC and the conic constant of
the target mirror are 203.2 mm and -1, respectively. The CA of the
target mirror is 90 mm and the material of the mirror is aluminum,
which surface is coated with protected aluminum.

Then, we measured the target mirror by employing the UA3P-5
as well. The ROC of the target surface was recorded to be 203.2003
mm. An image of the target surface is depicted in Fig. 6.

Fig. 6 Images of the target surface measured using UA3P-5: (a) raster
scanned along x-axis, (b) raster scanned alogn y-axis

Afterward, we measured the target surface with the previously
mentioned CMM and then obtained the two images by applying the
two cases. The radius-compensated result and the result applying the
transformation algorithm are shown in Fig. 7. In this case, the ROC of
the radius-compensated result was 203.570 mm while the ROC of the
result applying our algorithm was 203.194 mm. The gaps of the ROC
between the reference and those two cases are about 370 pm and 6 pm,
respectively. The result shows that the transformation algorithm is
well-functioned in the case of the surface with slippery slopes. The
repeatabilities of both cases were 3 um and 1.9 um, respectively.

PV: 6.49 um  RMS: 1.30 pm PV:8.17 ym

RMS: 1.44 ym

X (mm) X (mm)
Fig. 7 Images of the target mirror measured with CMM: (a) data
applying the radius compensation only (b) data applying the
transformation algorithm

Considering the performance of the CMM, the additional error may
have originated from the uncertainty of the conic constant and the error
of the actual surface from target surface. Moreover, the fixed weighting
factor (wi = 1) could cause the error.

4. Conclusions

A transformation algorithm which can calculate predicted contact
points by compensating the radius of the probe tip and deviation from
pre-travel error was presented. The algorithm was applied to the raw
data of an on-axis lens and an off-axis mirror measured with CMM.
The results were compared with reference data from UA3P-5. In the
case of an on-axis lens, the radius-compensated result and the result
from the transformation algorithm have the same ROC, but the
repeatability of the latter is somewhat better than that of the former.

The merit of the transformation algorithm was more obvious in
the case of testing surfaces with steep slopes. In the case of an off-axis
mirror, the differences between the reference ROC and the ROCs of
the two cases were recorded to be 370 pm and 6 pm, respectively.
Furthermore, the repeatability had the same tendency as in the case of

the on-axis lens.
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From the above results, we concluded that by applying this
transformation algorithm, when testing surfaces such as aspheric or
free-form surfaces are unknown, they can be measured more accurately
with the help the transformation algorithm by compensating the probe
tip radius and by minimizing the error from slipping.
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