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Analysing and evaluating a dual-sensor autofocusing method for
measuring the position of patterns of small holes on complex curved

surfaces

Xiaomei Chen*, Andrew Longstaff, Simon Fletcherda&ian Myers,
University of Huddersfield, Queensgate, Huddersfield HD1 3DH, United Kingdom
* x.chen2@hud.ac.uk. Tel: +44 1484 473844; Fax:1484 472161

This paper proposes and discusses an activeeunsor autofocusing method for measuring thetiposng
errors of arrays of small holes on complex curuateees. The dual-sensor unit combines an optisaiv
sensor and a tactile probe and is designed to\axhapid automated measurements in a way thateaaldpted
to be suitable for deployment on a manufacturinghiree tool. Mathematical analysis is performeddtalkelish
the magnitude of the deviation from the optimaleidength that is induced by the autofocussing wetf his
evaluation is based on the geometrical relationahgbinteraction between the radius of the taptitde with
both the measured holes and the complex-curvedcirA description is provided of a laboratory-lohse
standalone dual-sensor autofocusing unit andigeghat was built to perform experimental validatiof the
method. This system is estimated to have a focusiegrtainty of 1jum deriving mainly from the inaccuracy of
the X-Z translation stage and the maximum permisslror of the tactile probe.

A case study is presented which evaluatesdbearacy of a pattern @ 0.5 mm small holes on an elliptic
cylinder. A mathematical analysis of that problemd @ractical results from both the tactile and agltsensors are
provided and discussed. It is estimated that thé&ten in optimal focusing induced by this autoatatnethod is
between -231m and +95um. This is sufficiently accurate to ensure thatdptcal device can capture the entire
space outline of each of the small holes on thepbtexrcurve surface clearly and can therefore idieits
centroid from the image to provide a measuremethe@position.

Keywords. autofocusing, tactile probe, optical vision senposition error, imaging processing.

Nomenclature

ab Major radius and minor radius, respectively (mm)
CAD Computer aided desi

CCD Charge coupled devi

d Horizontal distance between dual sensors (mm)
DCT Discrete cosine transformati

DOF Depth of field um)

OEF Optical evaluation function

L Vertical distance between forefronts of two sengons)
Lo Object distance of optical microscope (n

Rr Radii of tactile sensor and small hole, respebtiam)
uc(f) Positioning uncertainty of the testing (um)

X0z Measurement coordinate syste

X0z Coordinate system of the workpiece

(X, Y) Image centre of nominal hole in CCD panel (pix

Y Image centre of drilled hole in CCD panel (pix
(X- X" Centroid position change in circumference (pixels
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(Y- Yi) Centroid position change in axis (pix
Az Focusing error caused by tactile probe racum)
A7 Focusing error caused by position error of smalk Ifum)

1. Introduction

The inspection and measurement of small holes amplex curved and freeform surfaces is a demanding
problem in precision manufacturing. Such surfagescammonplace within the automotive, aviation apdce
industries, where cooling holes with diameter s @1 mm are commonly found. One type of aero-engine
blade is designed with arrays of 79 air-coolingeaf@ 0.3 mm and? 0.5 mm that need to be orientated within
+11 arc minutes. Th&atest generation of aero-engine blade has as rmamji70 such small holes that need to be
positioned accurately.

Measurement of such a large number of small festigrampractical, if not impossible, using standiactile
probes that are commonly mounted on a coordinatsuanag machine (CMM) or a computer numerical aantr
(CNC) machine tool. Other probes that are designediano- and micro-metrology [1], especially tlaetile
optical-fibre probe [2] for the measurement of thi@meter of small holes, are too fragile and costlyneasure
such a large number of small holes in a produaimrironment.

An optical vision sensor that consists of a higbstetion digital camera and an optical microscapesdt of
microscopic objective lenses) allows such measungsn® be performed by means of image processidg an
vision inspection. This technology is broadly apgliin variouscontour-relatedmetrology fields, such as the
inspections and measurements of hole orientatidrpasition [3,4] on regular geometric shapes arthses of
equal curvature such as a flat, a circular cylindesphere, etc.; the form and profile of a wor&pigb,6]; the
discovery and measurement of the surface defeta/ligel steer angle detection [8]; etc.

A clear image is necessary when using an opticaiowi system for measurement and inspection.
Autofocussing is essential for efficient measurenaem repeatable results. The autofocusing teckaigurrently
used mainly rely on the various optical evaluafiomctions (OEFs) [9-11]. In practise, the opticdtrascope is
driven to move from a short distance below the lfptane to a short distance above the focal planiéeva series
of images are captured at different planes. Theesponding series of OEF values are calculatedttzanglane
whose image corresponds to the maximum of the GE&pproximately the focal plane. The procedure ases
hill-climbing search algorithm [12] that is ultinedy limited by the resolution of the separatiortiad planes. The
evaluation functions and algorithm are not mathéaly complicated, and no additional hardwaredquired.
CMMs equipped with an optical vision sensor usuattyploy such autofocusing methods.

2. Problem of single optical vision sensor autofocusing

OEF-based methods can be successfully applied adtefocussing on features on a flat surface. Howdhre
method is less successful when focusing on featsiel as small holes drilled on the steep slope afmplex
curved surface. The method is highly sensitivéngiluminating light intensity, the reflectivityf the illuminated
workpiece surface and the depth of field (DOF) lué bptical microscope. These and other factors owrito
mean that the OEF-based focusing method can fifdse focus. In this case, the focus positions havee
manually selected, which is time-consuming and lepeatable since it is subject to the skill-levfethe operator.
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optical
microscope

Fig.1. Ambiguity by only optically focusing the sthdole on an engine blade surface at lens posittanand G:
corresponding images 1 and 2 are blurred in uppeetl semicircle and clear in the opposite semigircl

An example of the limitations of OEF-based autofstog is the inspection of a small hole on a telniade.
The light-reflecting condition on the surface oé tturbine blade introduces a significant level oise, while the
illuminating light reflects at different angles atpthe surface depending upon the curvature at paictt. The
OEF-based autofocusing method can find false swistias shown in Fig.1, where ambiguity exists avhil
autofocussing on the outer border of a small hoiked on the more skewed slope of the blade. ¢ dptical
microscope lens moves vertically to positiop) the lower half of the ellipse image is clear ampgher half of it
blurs; if the optical microscope lens moves veltyct position G, the upper half of the ellipse image is clear
while the lower half of it blurs. Between positioBsand G, the location of the focal plane is uncertain fvilte
uncertainty increasing as the steepness of the shopeases.

Image DCT evaluation function
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Fig. 2. Focusing curves based on image DCT euvaludtinction for a hole on an elliptic cylinder #hender different
illuminating light intensity (LI) and a hardnesslantation on a flat workpiece.

To provide a benchmark for this work, typical OEEthods were tested to focus on small holes onliptiel
cylinder and a Brinell hardness indentation onaa Workpiece. Several evaluation functions inclgdimage
entropy function [12], image gradient variance aa#ibn function [13] and image discrete cosinedfamnmation
(DCT) evaluation function [14] have been testechgdhe hill-climbing search procedure. A seriesrofges
were captured in the procedure where the illumngatight intensity (LI) was tuned to be strong, nosa and
weak for the elliptic cylinder and medium for thiatfworkpiece, respectively. The values of the OHE
calculated from the corresponding images that @tent when the optical microscope lens moves atl etieas
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starting from beneath the focal plane, throughftieal plane, then stopped above the focal plane. i@ikal
“focusing curvé versus “lens positiori should have single peak with two mathematicallynatonic sides;
the steeper the side is, the higher the focusisglugon is and so the sharper the image conti&st |

Since the DCT evaluation function was found toleerhost capable focusing evaluation function anbag
others, it is taken as the example to explain tiedlpm of autofocusing by using a single opticaliam sensor
based on the OEF. A series of images were takéruat intervals by the microscope lens with an appratén
100 um DOF. The focusing values of the DCT evaluationction responding to the different images were
calculated at each position and are plotted in Eiglhe starting vertical positions in Fig.2 ar&etent for the
elliptic cylinder with holes and the flat workpiewgth a hardness indentation because the two wecksi are not
at the same height. Therefore, Fig.2 was drawn thatithe vertical position of an image whose D@Iue is the
maximum is considered to be approximately the fngal plane and is chosen as the zero microscape le
position. Consequently, the other vertical posgi@mf the images either higher or lower than thiso zare
presented as negative or positive positions resdet The DCT curve for the hardness indentationtize flat
workpiece appears much sharper than holes onltpgaall cylinder.

3. Dual-sensor-autofocusing

In consideration of the problems associated v@aF-based focusing, this paper proposes an aatike
fix-focusing method for the automatic measuremérihe positions or orientations of arrays of snialles on the
complex curved surfaces. The system works by coimdpian optical vision sensor and a tactile probee Tactile
probe locates the position of each of the smakéat its sensing direction and feeds back theimedjoffset to the
actuator for the optical vision sensor, which damtposition it to the required focusing positirprerequisite for
the dual-sensor autofocusing method is prior kndgéeof the focal plane of the optical microscopkiciv can be
found from its technical specifications or pradtiesting. The principle is that the distaricéetween the point of
measurement of the tactile probe and the lens ttalpmicroscope must be a known amount from thiegatb
distancel o of the optical microscope. In practice, it is mefiicient to set. equal toLo. Two sensors must be
assembled into one holder either parallel to edlcbravith a known distance equaldas shown in Fig. 3 (a) or
perpendicular to each other as shown in Fig. 3Thg perpendicular configuration requires a rotafig to swap
between the two sensoihe XOZ in Fig.3 is the measurement coordinateesysh the plane of the displacement
of the two sensors. In this plane the sensorsitireralisplaced (parallel configuration) or swapgeérpendicular
configuration). The XOZ system takes the rotarygstaentre as the coordinate origin for that plameich is
coincident with that of the workpiece. The Y-axgsperpendicular to the other two axes to completeGartesian
coordinate systenill the holes can be sequentially measured byi¢aptobe in the first operation then optical visio
sensor in the second operation (mode 1). Optigna#lgh hole can be alternately measured first tiyldgprobe and
second by optical vision sensor (mode 2).

Taking the parallel configuration in Fig. 3 (a) as example, the procedure for measurementode 2is as

follows:

(1) One of the small holes is designated as the datim dn the workpiece and is rotated by a rotargesta
and/or translated by aqaxis stage to such a position that the central ¢éifthe datum hole aligns to the axis
of the tactile probe;

(2) The tactile probe is translated downwards byzthgis stage until the stylus contacts with the aefaround
the datum hole. A trigger signal is generated tsseghe movement the stage as shown in Fig. 3(d)the
z-coordinate is measured As

(3) The tactile probe is retracted by thaxis stage to a safe distance4moordinateZ,. Then either dual-sensors
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or the workpiece is carried by araxis stage moving horizontally by a distangso that the datum hole is
aligned by the optical microscope;

(4) The z-axis stage is moved downwards by a distah{&-@,| - (L - Lo). The vertical distanck between the
small hole and optical lens is equal to the obplistancel, and the image of this small hole is clearly
imaged onto the CCD panel and is captured by the C4nera.

(5) After the image of the small hole is processed pibgtion of small hole is calculated based onetveduation
algorithms used for complex-curved surfaces.

(6) The workpiece is then repositioned and reorienbelddate the next small hole in the sequence acupid
the nominal CAD model. This process can be achiewt#dmatically using an indexer or encoder feedback

(7) Steps 2 to 6 are then repeated until all the rerlesneasured.

/ L
- /— | rotation
opfical — N

- Mgt —

microscope = —

1
|

d tactile

sensor

posiion2 <—  positionl

(@) (b)

Fig. 3. Dual-sensor autofocusing configurationswi) parallel and (b) perpendicular to each otivbgreL=L,,.

Alternative dual-sensor measurement systems areneooially available. Some multi-sensor CMMs [2, 52¢

equipped with multiple z-axes that can load a leg@iobe and an optical vision sensor simultangpusiwhich

case the dual-sensor autofocusing principle carpdéséormed. A through-the-lens laser sensor [12] ika
integrated with a coaxial optical vision sensor safitch between camera and laser, and more diractglerate
the focusing process than the dual-sensor autdfagysoposed in this work. However, the directiotader

sensor will be deflected by the slope and skewnédlse complex-curved surface. Such, laser rangdefis are
also adversely affected by surface properties, siscthe low reflectivity of the surface of an aermine blade.
Other commercially available multi-sensor CMMs hawe z-axis and can load only one probe at a thséngle

z-axis is a disadvantage for performing proposedl-densor autofocusing. A random positioning-enor
introduced by homing, unloading one sensor andihgadnother sensor. The referring process takes, timt

cannot be omitted due to the default automatic oreasent software.

4. Autofocusing deviations caused by probe radius and measured small hole

There are a number of sources of uncertaintyhi® autofocussing method. The positioning unagies of
the translation axes derive from the positioningesdability, hysteresis, kinematic straightness squhreness of
thex- andz-axes. Additionally, the geometrical relationshgivkeen the optical vision sensor and the tactivder
can induce error due to non-parallelism, uncenaiftthe separatiord, and axial offsetl.. Further error will be
induced from the tactile sensor due to uncertaifithe stylus radius of the tactile probe as welthe curvature
and skewedness of the contact position near thd bolas under inspection. These factors are maditieaily
analysed and evaluated as follows.



4.1. Small hole on protruding portion of a complex-curved surface

Ideally, the focal plane of the optical microscgpeuld be on the same plane as the touch-poiheagttile
probe. However, the spherical stylus tip of thebprwill sink into the small hole by a depths varies depending
on the stylus radius in relation to the radiushe small hole under inspection as well as the ¢urgaof the
surface surrounding the hole. Consider the casesafall hole drilled near the top of a convex anetne bottom

of a concave area. The influences of the radiutheftactile probe and the curvature of the comgiexed
surface on autofocusing accuracy are shown in4-ig.

If the radii of the tactile probe and small haleR andr respectively, the stylus of the tactile probeoisdr
than the outline of the small hole by a distancs, tierefore

s=R-+VR*-r*> (R>r) (1)

If the outline of a small hole on the complexsed surface is not within one horizontal cirdbeit in a

saddle or other loops, and if the height betweertdb point and bottom pointtisand the curvature radius of the
complex-curved surface s,

t=p-yJp*-r*  (p>r) )
R } tactile
complex | probe
curved ~
surface \1
| B N '
i | n
T ]
\ 2r | small
p "~ hole
P

Fig. 4. Schematic of a tactile probe contactinghalshole on the protruding part of a complex-cureglinder.
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Fig. 5.(a) is the focusing deviatiwersus radius of the small hole and (b) is thei$owy deviatiort versus curvature radius
of the complex curved surface.

In Fig. 5 (a), focusing deviations) (are calculated and plotted against the radiua emall hole for four
-6 -



different radii of the tactile probB: 0.25 mm, 0.5 mm, 1 mm and 1.5 mm. Intuitivelyedé deviations will
increase as the radius of the hole increases. fonmzieds, the probe radiuR should be as large as possible if
the radius of the small holes is known. In Figbhfocusing deviationg)are plotted against the curvature radius
of the complex-curved surface for different radiittee small holer): 0.1 mm, 0.25 mm, 0.5 mm and 1 mm. The
focusing deviations decrease with the increase of the curvature ragitfshe radiug, of the small holes is less
than 0.5 mm, and the DOF of the optical microscigpm several hundreds micrometréssan be considered
insignificant.

4.2. Small hole on skewed and sloped portion of a complex-curved surface

The geometrical interaction between the spheripabt the tactile probe and the complex-curved auef
causes a probe deviation that varies accordingg@urvature of the contacted points on the surfackowing a
detailed analysis of the geometrical relationshgiwieen the tactile probe radid and the location at the
complex-curved surface where a small hole withusidis drilled with position error as shown in Figie&§ and (b),
the focusing deviation formulas can be derivedodews.

(a) (b)
Fig. 6. Schematic of autofocus deviation causedhbytactile probe radius if it aligns on the compbeirved surface at (a)
the centreline of the hole and (b) offset from ¢katreline due to position error of the hole.

If a complex-curved surface implicitly expresssdF (x,y,2=0 has continuous partial-differentiations to the
variablesx, y andz at pointp (x,y,2), the normal vectorfi[17] at pointp is

oF(x,y,z) oF(x,y,z) oF (x,y,z))

3
ox ay 0z 3)

n=(

For a complex-curved surface which can be eitpliexpressed by = f (x, y), to setF (x,y,2=f (X, y) - z,
the partial differentiations in equation (3) arstegrated as

oF(x,y,z) _of (X,y)
ox T X

oF(x,y,2) _of (x,y) (4)
ay oy

oF(x,y,2) _—
0z

The schematics of the geometrical relationskefgvben the probe sphere and the complex-curvedcsudre
shown in Fig. 6, where is the actual contact point between the probethadsurfacepe is the centre of the
spherical probe anflz is the deviation introduced by the probe radus he path of the probe centpe with
equal distanc® from the surface can be expressed as
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fo(x,y) = f(x,y)+RI[H (5)

If yrepresents the angle between the normal vectoZ-axis direction ap, its cosine is

cosy =2 = (@O p 4 @D g% ©)
|n| ox ox

Therefore, equation (5) can be reintegrated as
fe(x,y)= f(x,y)+R/cosy @

If a small hole is drilled at the nominal positias shown in Fig. 6 (a), the position error of thel hole is
zero so the centrelines of the small hole and thbepare coaxial. The autofocusing deviation calbgeitie probe
radius is

Az=fe(xy)- f(xy)-R=R(Q/cosy- 1 (8)
Combining equation (6), (7) and (8), the autofosgsieviation caused by the probe radius is

Az = R[[(tar? y+1)*— 1] 9)

where, tany = ([of (x,y)/oxT +[of (x,y) /dy]*)"*

If the actual position of the small hole deviatesf the nominal as shown in Fig. 6 (b), then tlotileprobe
will contact the surface either above or below phajected centreline of the hole. The diagram shthescase
where the probe contacts the higher edge of thdl fimia. The linear position error of small hold, causes an
additional autofocusing errdz'. y’is the slope at the point that where the surfatarsacts the Z-axis. Usually
the probe raduf is much smaller than the curvature radius at tb@tp, y’~ y Therefore, the additional
autofocusing erroAZ' is expressed as

AZ =Al OQany' =r Qany (20)

Ideally, to minimize the probing deviatidkz, AZ' andR should be as small as possible in equation (9)(&40y
respectively. It should also be noted that the imgloleviation will increase a8l increases. Therefore, on poorly
manufactured parts additional compensation of theuding algorithm needs to be consider&de focusing
deviations versus the slopes at the top edge o$rtadl hole are plotted in Fig. 7. For the situatishere the slope
around the higher edge of the small hole on theptexrcurved surfacgan)y’ varies from 0° to 45° while the probe
radius is 0.5 mm, 1 mm, 2 mm and 3 mm, respectively

14

R=0.5mm
_ L29 R=1.0mm
£ 1 R=20mm
g 08- R=3.0mm [«
06 -
g 04 i
o U R0
02 et
0

0 5 10 15 20 25 30 35 40 45
skewness about hole centre (angle degree)

Fig. 7. Focusing deviations versus slope of thehdrigedge of small hole on complex-curved surfa¢ry) (Al = r =
0.25 mm).



The focusing deviations increase with the increaddsth the tactile probe radius and the slopesradt the
locations of the small holes on the complex-curgedface. The focusing deviatiods andAz' need to be
compensated if the radius is close to or largen tifie DOF of optical microscope. This can be exgldiby
considering an example of an optical microscopesomérag system with 500m DOF. For different tactile probe
radii of 0.5 mm, 1.0 mm, 2.0 mm and 3.0 mm, theufeg deviationgddz andAz' will reach the DOF if the
skewed angle at the higher edge of a small hol@eomplex-curved surface has reached the thidshisted in
table 1.

Table 1 Thresholds of skewed angles at the higtige ef a small hole on a complex-curved surface.

R(mm)
0.5 1.0 2.0 3.0
Al (mm)
0.25 45° 375 3¢ 275
0.5 35° 3¢ 25° 225

For an array of small holes on a complex-cursedace whose design parameters are already knibvn,
probe radius should be chosen based on the conmsigaeconsideration of focusing deviatigrnt andAz andAz'.
They can be compensated by making an object-odengasurement strategy if the dual-sensor autofiogus
unit is integrated into a high accuracy machind toa purpose-built test rig. Compensation canragle by
correcting the deviatios, t andAz andAz' from the heighiZ;-Z,|. This means moving the optical microscope
using the z-axis stage by a displacemigntalculated using equation 11, so that the relatedll hole can be
clearly imaged by the optical microscope.

L=|Z,-Z,|-s+t+Az+ Az’ (11)

5.1. An example of an autofocusing unit

Some types of CMMs that are equipped with twonore z-axes that can load an optical sensor dadtite
probe concurrently [2, 16] could perform the pragbsutofocusing method, although it is unlikelytttiaey
could perform the automated method proposed withomte hardware or software modification. If sudystem
IS unavailable then a user-controllable dual-seastofocusing unit can be assembled. To validaetibory in
this paper, such a system was built (Fig 8.).

The optical vision sensor comprised an opticadroscope with tuneable magnification mounted wath
coaxial LED ring light at its object end and conteecto a CCD camera at its image end. The taatdbepcould
be a standard CMM or CNC machine tool probe. Aacninductive sensor (CIS) was used as the tgmtdbe
for this test setup. The test rig had two linear §kd Z-) axes and one rotary axis, which was eyeuldo rotate
the workpiece to each nominal angle of the smdié$iorhe dual sensors were mounted ontZthgis. All axes
were motorised to facilitate automatic focusing amehsurement.

The assembled unit is shown in Fig. 8 (a) and @rselic is shown in Fig.8 (b). A flowchart showirfet
autofocusing, image-capturing and image-processisgown in Fig. 8 (c)The distance between the two sensor
axesd = 62.5 mm, and working distante= 95 mm. The positioning repeatabiliy, positioning hysteresiBg,
kinematic straightnes€fz, Evz, Ezx, Evx), parallelism Epz, Epx), Yaw Esz, Ecx) and pitch Eaz Egx) are 3um,

5 um, 10um/100 mm and 1@m/100 mm, 15 arc seconds and 15 arc seconds raegbedh 100 mm moving
range for bothx- andz-stage. Error&; andEg directly contribute to the positioning uncertajnihile Epx andEgy
-9-



indirectly contribute to the positioning uncertginThe remaining errors would influence the undetyaof the
position measurement of small holes. The test ag wot optimised for speed during these experiméuitsit
was fully computer-controlled to improve efficieneyd repeatability. The CIS (GT21, TESA) 4.5 mm
probe radius, 0.0im resolution and 0.@m maximum permissible erroEgpee) within 200um measuring range.
The sensed voltage signal is output to TESATRONIT 6D electronic box and was digitally acquired by
computer through a NI DAQ card. The optical micayse is an OEM product with 508m DOF and tunable
optical magnifications. Aotary stage with 4.5 arc second resolution andrt8&econd positioning repeatability was
mounted on thexX-axis stage to rotatthe workpiece for the following autofocusing expeeint. The 1lum
positioning uncertainty contributed by tKeZ translation stage and maximum permissible erraghefCIS is the
result calculated by

u (f)=[2E*+2E.>+E3 (d)+E2 (d)+E 1" (12)

where,Epyx (d) = d % Epx =62.5¢<10/100=6.25um, Egx(d) = d x Egx %x(1/3600)(17180) = 4um and digit2' means
that thez-stage travels once forwards and once backwards.

R RRRRRSSHHH i L
| CCD Camera ! ;ﬂage
(out of view)
CCD camera | ]
Optical —
microscope
optical microscope
inductive
5 sengor

gé 3 holder

+1 __ rotarystage | i

/5-,\ H Inductive | L d 4T Wworkpiece
1740 % sensor | \ ]
’.IlL 7
A .
workpiece x-slage
(a) (b)
Z-stage Tactile probe . Z-stage X-stage
moves | Contacts || Z-Stage |__ Acqéures »| moves [—»| moves
down small hole stops 1 unto Z, by d
Rotary stage Image processed Image captured Z-stage
| Rotatesunto |«—| bycomputerto |«—| byoptical <«—|Mmoves unto =
next small hole getpositionerror vision sensor (Z,-Z,)

(©)
Fig. 8 Prototype dual-sensor autofocusing unit: (a)ssét-up, (b) is its kinematic schematic and (@) fiewchart of
autofocusing, image-capturing and image-processimgode 2.
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5.2. Focusing deviation caused by proberadius and the dliptic cylinder surface

The autofocusing errors vary according to tHigedint types of complex-curved surface. Therefarpattern
of small holes on the circumference of an ellimytinder shell shown in Fig. 9 (a) is taken as a&aneple to
demonstrate how to analyse the autofocusing error.

inductive 45
sensor
head . ¢ plx2) .
N R
a: i
V4
r e
v’ & Al
a
o 9
X
rotary /O
centr:

@ (b)
Fig 9.(a) Elliptic cylinder shell; (b) Schematic af inductive sensor head contacting a small holeroelliptic cylinder.

The schematic of the tactile probe contacting allshole on the slope of the elliptic cylinder dhislshown in
Fig. 9 (b). Ifxoz presents the workpiece coordinate system, thgselformula is

(O<a<2m) (13)

X = aldosa
z=b8ina

where,a, b are the major radius and minor radius of the sdlipespectively. The probe radiusiisand the small
hole radius ig. The coordinate of the contact pointxoz coordinate system i,(2). If the ellipse in thexoz
coordinate system rotates an angleslative to the X-axis in XOZ coordinate systehe parametric function of
the ellipse in XOZ coordinate system is expressed b
{X =xcosd -y sing (14)
Z =xsin@+ycod
If a small hole is contacted by the inductiseser whose centreline is in taxis,X=0. Thus, in equation (14)
Xcosf =1z sind (15)
If the hole drilled on the long axis is desigthiis the datum hole,denotes the nominal angle of one of the

other holes with reference to the datum hole prepresents the angle between the normal vectothertaxis
direction afp,

tang == =259 16
z b sinag
tany:d—Z: (dx/da)3ind+ (dz /da)tosd -

dX (dx/da)[tosd- @z /da )sind
Combining equation (16) and equation (17) gives
—asing (fand +b cowr _ a’ —b*
—asing —b cosr Otar® ab
The focusing deviatioAz andAZz' are respectively

tany = sin(zr,  (0sa<2m) (18)
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(az _ bz)z

Az=RIL+tan’ y )2 - 1)E RO+ o Csirf 2r ¥2- 1 (19)
a
and
2 _b2
Az'=rdany=r % sin(2r (20)

, I . d d? .
If the first and second derivatives of the ellipse —Zandd—f respectively, then
X

dx
dz
— = ——cota
dx a (21)
d’z b

dx*  a’sin’a
The curvature of the ellipse is

d’z dz
K = (dx2 Y/ (1+ (&)2)3’2 =ab/(a’sina +b’cosa y* (22)
Therefore, the curvature radius is
p= K™ |=i| @ sifa +b? cosa 3’21 (23)

R=1.5 mm. Ifr=0.25 mm,s= 20 um. If the small holes drilled at = 45°, 135, 225 and 318 are probed by
the tactile probefz andAz’ reach their maximum. If the small holes drilledaat 0°, 90, 18C and 270 are
probed by the same tactile proldg,andAz’ diminish to their minimum. 18=14 mm,b=11.2 mmthe maximum
and minimum focusing deviatiolz,,,,=38 um, Az,5=56 um, AZ.,i=AZ1in = 0. If o = 45°, 1358, 225 and 315,

t =2 um; if @ = 90° and 279 t =1.8 um; if ¢ = 0° and 180 t = 3 um. When also considering the fin
autofocusing error introduced by positioning uraiety u.(f) introduced by the test rig, the final focusing
deviation is between -23m and 95um, which are calculated by

{dn =" +2+ul(F)*?

in

G =[(D2+ A7) +ug(F)]

(24)

where, the negative and positive deviations meaftkie optical vision sensor will over-focus and@nfocus
the small holes, respectively.

5.3. Autofocusing experiment

The workpiece shown in Fig. 9 (a) has an arrayvelte small holes o® 0.5 mm centripetally drilled with
regular angular distribution on an elliptic cylimdghell whose major radites=14 mm, minor radiug=11.2 mm,
shell thicknessT=3 mm. The autofocused and captured images fotwbke small holes are shown with 3.75
times magnification (calibration factér= 0.6410um/pixel) in Fig.10 (a), where the hole with legedidis one
drilled on the long axis and is considered as #tard in the autofocusing procedure. The imagekdrigure are
arranged so that they correspond from left to righh the Y-axis direction and from bottom to tojtlwthe
circumferential (X) direction of the elliptic cyler shell. The locations of the imaged small hdlese a
sinusoidal form on the CCD panel with 253020 pixels, mainly due to the concentricity errbesween the
rotary stage, the elliptic cylinder portion and ttiecular cylinder portion of the workpiece. CMM amirement
results indicate that the elliptic cylinder portibas concentricity errors of 30n in the long-axis and 0m in
short-axis in reference to the circular cylindertjpm. Segmenting the image into the binary imagd then
detecting the centroid of the small hole on theabiimage is achieved within a few millisecondseTdinary
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images marked with the detected centroids are showirig. 10 (b). The procedure of autofocusing,
image-capturing, image processing and centroidipogietecting was conducted 5 times to evalugieatbility.
The measurement results are shown in Fig.11 (a)l@ndvhere the centroid deviations; &XX') and {; — ;')
represent the deviation from the datum hole, latate®. The detailed centroid deviations and repeatgljdi)

of 5 times measurement are listed in table 2. @hgekt non-repeatability takes place at the® e, which is
predicted to be caused by the imperfect of rotagges and the assembled dual-sensor unit. Additional
image-processing capability could be incorporated the system to detect such artifacts autométical

Fig. 10. (a) Original images of a pattern of 12 kmales of@ 0.5mm and (b) their binary images marked with thlewated
centroids (3.75 times in optical magnification).

roundl |, ] roundl |, "]
centroid deviations (Xi-Xi) round2 centroid deviations (Yi-Yi) round2
__ 100~ round3 [°07] _ 140 round3
5 o roundd [ ] |+ %igg . . roundd [ ]
(<5} (<5}
g.log round5 [ ] | § 80 s . round5 [ ]
S 200 . s S 60 .
(<5} (<5}
= -300 ! . s 40—+ )
S . =) 20- *
S -400 . : S ) s
500 °l = -20
0 50 100 150 200 250 300 360 0 50 100 150 200 250 300 360
norminal hole positions (angle-degree) norminal hole positions (angle-dearee)
(@) (b)

Fig. 11. Repeatability of detected deviations deteentroid in directions of (a) circumference ©%") (um) and (b) axis
(Yi=Y) (um).

Table 2 Repeatabilitya) of detected deviations of hole centroid in ciréerance and axis direction.

(Xi=X) (um) (Yi=Y) (um)

Holes | 1 2 3 4 5 STD 1 2 3 4 5 STD

0 0 0 0 0 0 0 0 0 0 0 0 0

30 -41.98 -40.60 -40.51 -40.93 -41.98 0.73 42.57 2943 43.61 42.99 42.57 0.46
60 -374.43 -373.60 -374.27 -373.38 -374.43 0.50 6771. 71.83 72.13 71.60 71.67 0.22
90 -447.51 -456.96 -440.10 -455.50 -447 .51 6.85 581. 84.22 78.87 83.66 81.57 211
120 -417.64 -376.69 -391.15 -371.14 -417.64 22.05 06.31 103.39 104.72 103.30 106.31 1.49
150 -301.04 -323.71 -300.69 -314.51 -301.04 10.48 20.19 123.74 120.86 122.04 120.19 1.51
180 -250.98 -243.83 -250.48 -249.39 -250.98 3.03 4.910 102.71 105.62 104.59 104.91 1.09
210 -310.01 -311.62 -310.13 -312.60 -310.01 1.18 .189 89.13 89.81 88.80 89.19 0.37
240 -461.76 -468.09 -461.78 -465.51 -461.76 2.91 454 54.46 55.18 54.36 54.45 0.34
270 -486.24 -490.25 -488.32 -485.57 -486.24 1.94 978. 10.51 10.39 8.79 8.97 0.85
300 -397.85 -374.62 -388.96 -400.46 -397.85 10.62 9.52 30.25 30.27 29.29 29.52 0.46
330 -219.29 -214.95 -208.90 -215.04 -219.29 4.27 284 24.93 26.02 24.87 24.24 0.73
360 141 -0.49 0.06 -0.23 1.41 0.91 0.03 -0.49 1.21 -0.91 0.03 0.80
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6. Conclusion

The ability to measure the position errors oblrfeatures rapidly and automatically is highlysulable in
precision manufacturing, especially in the aerospsector, where large patternssoall air-cooling holes are
typically found on complex curved surfaces

The autofocusing dual-sensor method of measuairays of small holes on complex curved surfagssbieen
proposed. It uses a tactile probe to find the opiticistance between an optical vision sensor aaddrgeted
feature automatically. The mathematical treatmedtevaluation of measurement results highlightdrtiportant
parameters that should be minimised to reduce th@ @ the autofocussing method. The results &g/ v
promising for adapting the method to a productiovienment, in particular to on-machine measurement

This method has the added advantage that ibeaspplied even if the optical microscope has & séort
depth of field (DOF); the focusing deviation candspted electrically and mechanically to compengaflhe
method has no perceived disadvantages in term&a$unement time over current optical autofocusiethous,
which are based on various optical evaluation fonst(OEF). Such systems need many images to laredp
against the lens positions around the focal pldine. time required for moving the microscope, auto8ing,
Image processing and parameter calculating for eaptured image using OEF, takes approximatelyetbreds.
Experiments have shown that employing the autofagudual-sensor method, which only requires a singl
tactile-probing cycle to establish focal length ansingle optical vision sensor to perform measergndoes not
increase this cycle time. It is estimated that grenfng the technique on a high precision CNC maehdaol will
greatly reduce this cycle time because of the smpeontrol setup over the test-rig.

This paper is concerned only with the autofaogigechnique. After autofocusing and image proogsshe
evaluation algorithms of the position deviationtioé patterns of small holes, the analysis of thasueement
uncertainty of the position error as well as the dansideration for the real-time on-machine meaglsystem,
are the subjects of continued research.
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