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Evaluation of measurement techniquefor a
precision aspheric artefact using a nano-
measuring machine

Xiaomei Chen, Andrew Longstaff, Simon Fletcher,AMyers
University of Huddersfield, Queensgate, Huddersfield HD1 3DH, UK

Abstract

A precision aspheric artefact is measured3ih by a commercially
available nano-measuring machine (NMM) integratéth & contact inductive
sensor as the probe. The mathematics of 3D compemsd the error caused
by the probe radius is derived. The influencehefpprobe radius measurement
uncertainty on the compensation errors for the 3asarements is discussed.
If the calibration uncertainty of probe radius jgiand 0.1um respectively,
the compensation errors for a paraboloid artefegtvathin 100 nm and 10
nm respectively, and the artefact measurement taictes are 103 nm and
26 nm respectively. The artefact calibration uraiaty depends more on the
uncertainty of the probe radius calibration thaspghobe radius.

1 I ntroduction

Traditionally, rotationally-symmetrical asptwer surfaces with small
dimensions and nano scale accuracy are measurad bgtical interferometry
microscope [1,2]. However, they are measured mard more by the
coordinate-measuring machines (CMM) in differentnfiggurations and
mechanical schemes [3-5], especially when it cotmeghe calibration of
standard artefacts, such as a high precision toéeemeeform reference
standard developed in National Physics LaboratdBL() [6]. As described by
the previous paper [7], a precision rotationallyasyetrical aspheric artefact
has been 3D-measured by a commercially availabh®-n@easuring machine
(NMM) [8] with a measuring volume of 25 mm 25 mmx 5 mm. In this
device, three homodyne laser interferometers arepleymd for the



measurement of the displacement and servo cortribleomotion stage along
the x-, y- and z-axis. In its configuration, the measurement prominted on
the metrology frame is located at the intersecpomt of three measurement
laser beams of interferometers, therefore the Adrber which is a dominant
error source in dimensional metrology could be miséed. A cost-effective
contact inductive sensor (CIS) (TESA GT22) with higesolution, and
relatively wide measuring range has been mechdyicahd electrically
integrated on the top of the NMM as the probe Far purpose of calibrating
the artefacts with rotationally-symmetrical formgrarotationally-symmetrical
aspheric form as well as freeform. The inductivesee hast2 mm measuring
range, 10 nm resolution, 1.5 mm nominal probe madind 0.16 N measuring
forces.

2 A paraboloid artefact and NMM integrated with aCIS

The NMM integrated with a CIS aforementionedli®wn in figure 1. As a
good example that the CIS-integrated NMM is empibf@ the calibration of
an aspheric artefact, a single-point, diamond-winerecision concave
paraboloid artefact, shown on thg-z measurement table of NMM in figure 1,
with a diameter of 22mm, chord length of 3mm, stefaoughnes®a of 5nm
has been 3D-measured. Because a rotationally- stnioaigparaboloid can be
mathematically expressed by a simple mathematictifwm, it is manufactured
with the intended use of calibrating ultra-preaisimachine tools or form
measurement instruments such as stylus profileter af is metrological-
traceably calibrated.

Figure 1: A precision concave paraboloid artefaatcessed by a single-point
diamond-turning machine is measured by NMM integptatith a CIS as probe.



The general non-rotationally-paraboloid arntefais mathematically

expressed by

f(x,y)=ax’ +by’ +cx+dy+e 1)
For the rotationally-symmetrical paraboloid artéfabe nominal coefficients
of the binomial term for the paraboloid of rotatien= b= 3/121 (= 0.0248),
and the nominal coefficients of the monomial temmd @onstant ternt, d, e =
0 in the coordinate system of the diamond-turniragihine, ana, d, e # 0 in
the coordinate system of such a measuring instrtsresithe NMM. A least-
square-fitting process was used to determine teéficentsa, b, ¢, d ande by
using 3D coordinate data measured by the NMM.

Since the intersection between the rotatigaakboloid and any plane that
is parallel to z-axis is a parabola mathematically,a comparison to see the
influence of the probe radius, the artefact has BEen measured in 2D by a
stylus profiler with a 10m stylus radius — though in metrology it cannot be
directly traced back to Sl length unit. A leastaifitting method was also
used to determine coefficie@ When the 3D- and 2D-fitting results were
compared to the nominal valaeit were found that the 2D-fitting results were
closer to the nominal coefficients than 3D-fittiresults. The probe radius is a
cause of this, and it needs to be compensated.efiiner in this paper, the
probe radius-caused error is compensated and theerice of probe radius
measurement uncertainty on the compensation dioothe paraboloid artefact
is discussed in this paper.

3 Mathematics of 3D compensation of proberadius

Although mathematics of the 3D compensatiorpfmbe radius-caused error
were derived in references [8,9], a concise, imatedand complete derivation
is presented as follows.

If a curved surface implicitly expressed By(x,y,2=0 has the continuous
partial differentiationsFy (Xo,Yo,20) , Fy (X0,Yo,20) and F, (Xo,Yo.Z0) at a point
(X0,Y:Z0), the normal vector at this point is

n=(F(X Y0 2,),F, (X1 Y52, ).F, (%15 52, ) (2)

For curved surface explicitly expressedzyf (X, y), to setF (x,y,2=f (X, y)
-z, R (xy.2) =& (xy), Fy (xy,2) =1, (xy) andF, (x,y,2) = -1. Therefore, if the
partial differentiationd, (x,y) andf, (x,y) of functionf (x,y) is continuous at a
pointp(x, y, 2), the normal vector at this point is

n=(f.(xy), f,(xy),-1) ©)

Now z = f (x, y) is the fitted curved surface from the measuredrdioate
datap(x;, vi, z) (i=1, 2, 3, ---, n) of a series of the spherical @roéntres with
radius r as shown by figure 2. In order to see clearly tfeometrical
relationship between the probe sphere and the piaraurface, only half-
sectioned paraboloid and probe sphere are draviigure 2, wherepe is the



actual contact point between a probe and a cunvddce,Az; is probe radius-
caused error. The enveloped curved surface of tlabep sphere, with
equidistance fromz=f (x, y), can be express as
fE(X1 y): f(ny)_r [m (4)
where, s the normal vector of the curved surfacef (x, y) at pointp.
The cosine of the angle between the normabvexidz-axis direction is
cosy = —— ! - (5)
JEZN+ Ak y)+1
Equation (4) can be rewritten as

fe(X, y)= f(x,y)—r/cosy (6)

X

Figure 2: schematic of probing error caused by pmaldius

The measurement errors caused by the sphericag paalius are
Az = f(x,¥%)~ fe(x.¥%)-r=r@/cos; - 1(i=1,2,3Mh) )
After compensation, the coordinate data are
fe(x. %)= F(x.%)-8z = f(x,y)-r@/coy; - 1 (i=1,2,30n) (8)

For the fitted paraboloid surface mathematicaklgressed by equation (1),
the partial differentiations at a poim,(y;, z) are respectively



f.(X,y)=2ax +c 9)
f,(%,y)=2by, +d

and

cosy, = ! (10)
J(2ax +c)P + (2by, +d Y +1

After compensation, coordinate data are

fe(X,y)= f()g,yi)—rE{\/(Zax +cf + (y, +d Y +1- 1)(i=1,2,3mn) (11)

Therefore, the newly fitted paraboloid surface fritnia compensated coordinate
data is

fo(X y) = AX’ +By>+Cx+Dy+E (12)

Before and after the compensation of probeusdihe fitting errors are
respectively

Jzzn:|;—(a>g2+byiz+c>g +dy, +e)| (13)
i=1
and
5= Y| fe(X,y)~ (AX: + By? +Cx + Dy, + E)| (14)
i=1
4 Experiments and results

41 Fitting experiments

The fitted paraboloid coefficients from thatal measured by NMM and the
fitted parabola coefficients from the data measurgda stylus profiler, as a
comparison, are all listed in table 1, where th& @tobe radius and stylus
radius are 1.4mm and 10n respectively.

Table 1: paraboloid coefficients fitted from 3D &2id data measured by NMM
and stylus profiler respectively

Before compensation After compensation

Measuring instruments NMM profiler NMM profiler

a 0.0267 0.0248 0.0248 0.0248

b 0.0266 - 0.0248 -
Coefficients | ¢ -0.6034 -0.2548 -0.5612 -0.2548

d -0.4835 - -0.4497 -

e 4.0771 0.2478 3.6847 0.2475
Fitting errord (um) 4.3 0.24 0.1 2.3x10°




As was expected, for NMM measurement, the ditteefficientsa, b are
greater than the nominal ones before the compensatnd the fitted
coefficientsA and B are as the same values as the nominal ones héer t
compensation; for stylus profiler measurement, fitted coefficientsa, b
before the compensation ardl B after the compensation hardly change
because the stylus radius is small enough to béecteg. The fitting errors
reduce by half after the compensation for both NMi¥d stylus profiler
measurements.

The fitted paraboloids from the NMM measuremenagdhefore and after the
compensation of the probe radius-induced erroesshown in figure 3.

aspherical surface measured by NMM

T Before compensation

—"After compensation

z (mm)

y (mm) x (mm)

Figure 3: Paraboloids before and after 3D comp@rsaf probe radius-
caused errors if probe radius=1.4mm.

4.2 Compensation error caused by uncertainty of proberadius

By differentiating equation (11) with respeto r, the compensation
uncertainty caused by the measurement uncertainhe@robe radius is

U,(82) = (/(2a% +C)* + (2oy, +d P +1- 1T, ¢ ) (15)
If the measurement uncertainty of the probéusats u(r) = Jum anduc(r) =
0.1um respectively, the maximum of compensation eri@(az) are 100 nm
and 10 nm respectively for the measured artefaete Hnly the compensation

errors, corresponding to the measurement uncertainf00 nm are drawn in
figure 4.
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Figure 4: Compensation error caused pynluncertainty of probe radius.

43 Artefact measur ement uncertainty

According to the analysis of measurement tag#y in the previous paper
[7], when integrated with a CIS as probing sensdrose measurement
repeatability is 10 nm, standard measurement wmogytof the NMM for the
spatial measurement volumelpk I, x |, is

u.(1)=(7.5+ 0.218 ' (nm) (16)
1
where| =(1,” +1,2+1,%)2 , and its unit is millimetre.

Considering the compensation uncertainty(Az) caused by the
measurement uncertainty of a probe radius, for riheasurement of a
coordinate pointp (X, y, 2 on the surface of an aspheric artefact, the
measurement uncertainty is

u.(p) =[u.(1) +u. (A7) 17

Since the volume of paraboloid artefact isT#8 x 22 mmx 4 mm and|
= 31.5 mmyu(l) =24 nm. Ifu(Az) = 100 nmu(p) = 103 nm; ifu(Az) =10
nm, us(p) = 26 nm. Apparently, the artefact calibration unaiety depends
more on the uncertainty of the probe radius cdiibnahan the probe radius.

5 Conclusion

An aspheric artefact has been successfully meadwyresl contact inductive
sensor (CIS) that is integrated into the nano-m@agumachine (NMM) as a
probe. Ideally, the radius of a probe is as smalpassible. However, for a
cost effect probe, even with a relatively largeimadvhen compared with the



10 um radius of a stylus profiler, the probing errousad by its radius can be
compensated. If the probe radius can be precisdigrated beforehand with
uncertainty of Jum and 0.lum respectively, the compensation errors caused
by the probe radius uncertainty are within 100nrd 26 nm respectively for
the measurement of the paraboloid artefact indicatethis paper, and the
artefact measurement uncertainty is 103 nm and r@6ra@spectively. It is
concluded that the artefact measurement uncertalapends more on the
uncertainty of the probe radius calibration thartt@probe radius itself.
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