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Abstract:

While for measurements on the macro-scale the egpli
measurement systems and typical influences arerggne
well understood, this does not hold true for measents
on the micro-scale. This limited knowledge resulisa
rather high value of measurement uncertainty. Tlas,
support a suitable analysis of measurement unogrtand
at the same time enable a targeted improvemenhef t
implemented measurement strategy, an empirical oddtbr
the determination of measurement uncertainty basec
systematic approach for system analysis is proposed

On the example of inspecting parts with micro-feasu
by a confocal microscope, a strategy has been claseélto
identify and quantify relevant influence factors dhne
measurement result, applying methods of Design
Experiments (DoE). By statistical evaluation of ttesults
gathered there, an empirical description of the sueament
system was synthesized. Major influence factorsshaaen
described and the influence of several options tfo
measurement strategy on the reliability of the mesment
results have been quantified.

Based on this characterization, a value for measené
uncertainty was determined. Also, recommendatioms
ideal conditions of the measurement and the appgliedegy
have been derived. By applying such findings to ahtual
performance of measurements as well as to the diogpr
uncertainty budget, the overall uncertainty of
measurement results can be effectively reduceds,Tan

f

o

property of interest cannot be detected at alsmsubjected
to the mechanical filter of the touching elemen}, [3].
Specific tactile methods for the nano-scale onatiher hand
often require an extensive measuring time and @lgdigh
demands on the measuring environment. Thus, treynatr
suitable for typical inspection tasks related
manufacturing. [4]

Thus, for the inspection of parts in the area afrodi and
nano-range, optical methods are widely used, thgno
origin from methods of surface inspection [5]. Yéhe
planning, implementation and evaluation of these
measurements currently is a big challenge for tker.u
Whereas generally in metrology the application of
commonly agreed standards and recommendations @fl Go
Practice is the most efficient way to achieve f#ba
easurement results with low uncertainty, this &ryv
difficult for the measurement of micro- or nanotteas.

As the experience on these comparatively new tasks
still limited, there are not yet sufficient commypraccepted
standards or Good Practice guidelines to covestiope of
applications. Although standards have been under
development for optical systems [6] in the lastrgeahey
are not yet sufficient for the planning of measueattasks.
Also, the various optical measurement techniqudterdi
from each other widely. Thus, experiences gainedofte
method and recommendations derived from them (&]g.
[8]) cannot easily be transferred to another method

to

theAccordingly, during the conduction of such measweets,

the individual operator has to take many decisionewn

experimental strategy for the analysis of measunéme responsibility.

uncertainty can at the same time support the détation
of a realistic value for measurement uncertaintgd #me
improvement of applied measurement strategies.

Keywords: Measurement Strategy, Reliability, Micro-
Metrology, Confocal Microscope

1. INTRODUCTION

To be able to use a measurement value for decigions
manufacturing, it has to be reliable enough. Tontjfiathe
reliability of a given result, the measurement utainaty is
stated [9], [10]. Very often, this value is alscedsas an
indicator of the suitability of the underlying measment
procedure [11]. If the uncertainty of the measunetmesult
is too high for the intended use, the measuremant e
optimized, following the “Procedure for Uncertainty
Management (PUMA)” [12].

To enable the determination and subsequent optiimiza

Advances in manufacturing technology enable they the measurement uncertainty, there has to biécieut

production of parts with complex geometry on thenmi or
even nano-scale. This includes dimensional aspefcthe
overall form as well as surface properties liketuex and
roughness [1]. Along with developing these

possibilities for manufacturing, produced parts
necessary, ensuring reproducible, comparable augdble
measurement results.

knowledge about the underlying measurement system t
describe and quantify relevant influences, respelgtihow
to reduce them if required. A comprehensive deioripand

NeWanalysis can be done by a simulation of the measeme
arfnstrument, known as a virtual instrument. Althousgme

virtual instruments have been developed for varimeshod
[13], [14], due to the wide variety of optical instnent they

Due to the small size of the inspected featuresyre siill not available for many cases. Thus, ahogtis

conventional tactile measurement methods
successfully be used. For example, the size obhegpmight
be so large compared to the measured geometryttibat

cannQdroposed that enables a practice-oriented detetimnaf

measurement uncertainty, flexible enough to beieggdbr
any given measurement task.
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2.METHODICAL APPROACH experience or other empirical methods. By that,stiability
of manufacturing processes can be assured and ehaog
Reliable measurement results have to fulfil fowrsely ~ prior results can be detected and targeted. Corbiliya
interrelated requirements: Repeatability, reprobilit,; ~ Would then be desirable as a next step, enablimgoee
comparability and traceability. informative evaluation of measurement results.
Repeatability is the most basic requirement for To efficiently facilitate the inspection of prodscwith
measurements. It means that the variation of ameaent freeform surfaces in the micro range, the curremfjegot
result is acceptably small, if the measurementejseated therefore focuses on the enhancement of repedyahitid
under identical conditions, typically same measw@nem reproducibility, thus complementing ongoing more
device with same settings, same environment ande sargeneralized research on the description of measresnin
operator, within a short time frame. Obviously, & micro- and nano-range by other institutions. Te thim, a
measurement method is not capable to produce iguffig ~ comprehensive case study was conducted, allowing to
repeatable results, the obtained values are usadetsey are identify influence factors on the application ot/eeal 2,5D

random. measurement instruments with different measurement
Considering a larger range of influences on thérinciples available at the institution. _
measurement, reproducibility describes, how wetjisen For the case study, two approaches were combined: O

measurement result can be confirmed, when a measate the one hand, related recommendations from stasdard

is repeated. To achieve a sufficient reproducipilit is guidelines were identified and their suitability r fahe

necessary to know which factors might influence thdransfer on measurement tasks in the micro-rangetesied.

gathered result. These can be chosen adequateflyefdask On the other hand, an analysis of possible inflaefactors

at hand, documented and passed along with theriented on the measurement process at hand has bee

measurement result in a protocol. This documenmntatioconducted. The collected variables were then coeabin

allows to verify the current result if necessaryrbpeating an experimental plan according to methods of Desifjin

the measurement even under slightly different dion, Experiments, thus enabling a full statistical asal\of their

e.g. using the same type of measurement instrument significance as well as the identification of relav

from another supplier or at a different site, amastenables interrelations.

the exchange of measurement results as an important Based on these findings, recommendations have been

information between different parties. derived to improve the repeatability and reprodilitjbof
While repeatability and reproducibility considerythe = measurement results obtained by these devices laml t

single result obtained for a specific measuremersk,t ensure their reliability for the application in dba

comparability also includes the possibility to carg and Inspection.

combine it with results gathered from other method$or

different tasks. Thus, comparability describes ifgigen

value can be used for quantitative or qualitatemparisons. 3. CONDUCTION OF EXPERIMENTS REGARDING

This ensures that two parts with the same resaltsanilar THE MEASUREMENT STRATEGY

concerning the inspected property, whereas parth wi

different results differ from each other and acawgty can To find out, how possible factors influence the
be put into an order. measurement results and define an optimized approac

Considering an even wider frame, traceability i® th experiments have been conducted. There, exemplary
highest claim. It states that a given measuremesult is geometric properties have been measured repeaiedigr
connected to the definition of the relevant unttisTmeans varying conditions. By a comprehensive statistaadlysis
that there is not only a relative difference betweéferent  of the data and by comparing measured values toratdd
values, but states that the realisation of the mraasl, under values, a suitable measurement strategy can beedefand
consideration of measurement uncertainty, is rélatean the effect of changes can be estimated.
absolute value resulting from the definition of tlespective
unit. Thus, only traceability allows for a complete 31 Measurement system
measurement result made up of value, unit and raedig
uncertainty to be interpreted as a globally vatatesment of
information.

The ultimate goal for reliability always must be
traceability of measurement results with an acddptsmall
measurement uncertainty. But, especially for
measurement techniques, this aim often can’'t béceet
since the required metrological infrastructure ist ryet
established. This demands a suitable calibrati@inctvith
adequate standards to link the applied device andse¢
check measurement results.

Yet, to set up suitable methods of product inspecis a
part of quality management for the support of iratore
manufacturing technologies, repeatability
reproducibility of measurement results will be giént.
They enable to control the properties of productsgared
to a fixed qualitative standard which has be defirey

For the experiments, a confocal microscope from
Olympus has been used. Two sets of experiments hese
conducted: On the one hand on a typical, real featuring
a variety of geometrical quantities (micro-geomeiry
n eV\I,ateral and vertical dir_ection, form _deviations!rfaue
roughness). There, the influence of different stygts on
the various features can be investigated. Yethagart is
uncalibrated and also there are no specificatioveng it is
not possible to conclude, which setting is bet@n the
other hand, experiments have been performed using a
calibrated step height artefact. In this case,tdinget value
of the measurement is known so one can concludthen
andoptimal setting for this specific task. Yet, thelilwation
artefact features only one quantity to be measuired,a
micro-geometry in vertical direction in the orddrl® pm.
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So, the possible conclusion are limited to this cHje corner, upper left corner, lower right corner, uppght
application. corner)
- Rotational position of the artefact in relation péate
main axis (0° - writing on the artefact in reading

3.2 Experimental setup direction, 90°, 180°, 270° - turning clockwise frad

: : ; : . position)
beelz a Egsr:dzocligg: exeg:;giigts V\,ﬁgg ba;'gpﬁggtlggnﬁ/m of Positio_n of evaluated measurement field on thef_amte
recommendations given in existing standards. Toigains (orienting on the long sides of the rectangulap steight
mainly the selection of an appropriate objectivesland the area, three fields spread over the length)
adaptation of basic parameters for the measurersact, as
positioning, focusing and light settings.

With the real-life workpiece, then various measuzata
have been conducted to check the applicability Wésr
given in according standards. It was found, tha¢ th
application of the existing recommendations given i
standards, although they do not fully cover thepscof
possible settings and are partially adapted fro
measurements on the macro-range, enable a sultable
set-up for the measurements. Whereas a deviatiom fr
these rules results in strong deviations and thusliable

measurement results. Yet, the range of ossible’ ™ .
measurement strategies within the ex?sting "”E,mi evice. It has been found, that there are devisthEtween

nevertheless results in a quite high range of measent tmheasuren}_entts_ at d|1;cfertﬁnt pOS{[IOhS, %/Et_m.ey rammggl
results. This highlights the need for further redioins € Sptec't'ﬁat"?tn_ 0 feltmi rument. tls g?"e the
together with the necessity for comprehensiveﬁquess’ at it IS usetul to keep parametersraeun ine

documentation of a gathered measurement resulidergo ~ nardware, e.g. the position of the measured wockpie
reproduce it and thus be able to use the informatiotOnStant, when performing measurements for a casguar
contained therein of different products.

For a second series of measurement experiments, a Based on these res_ults, In ".’lfO”OW up exp_erlmesuabs,
calibrated step-height artefact with a nominal eafor the then the effect of p055|b_le_ settings a_nd theirttgpendency
height of the step of 9,976 um has been used. Asaiyet has been tested. Specifically, the influence ofmadrvs.
value of the measurement is known, this artefactheaused Nigh accuracy registration of the picture and defe
to check the accuracy of the measurement devicealmed Methods of preparation and evaluation has beerstigated.
find out, which settings enable the reduction oftsgnatic Thus, specific options of the measurement device twa
deviation. checked for their influence on the measurementltreswd

As preparatory experiments, possible basic settiays recomme_ndations for an optimized strategy on th_Eiﬁp
been tested to enable suitable measurements. Therstep ~CcOMbination of measuring task and measuremenuimeint

- - o can be defined. It has been found, that all ingastd
ir:.]eﬂlggachea?agi?; repeatedly measured while adapisg parameters have significant influence on the acdeesult

- Changing of objective lens, applying different and the option enabling a more accurate result dess
magnifications (5%, 10x, 20x, 50x) identified.
- Subsequent adaptation of other relevant parameters

A partial-factorial experimental plan based on thkes
of Design of Experiments (DoE) was set up (TableThjs
method allows to observe the influence of eaclofagh the
system as well as possible interdependencies betiwmeeor
more factors with a minimum number of experimeiftst
each experiment, five measurement values were taken
ngnable a proper subsequent statistical analysis.

By this experimental setup, the suitability anduxacy
of the measurement device itself has been testadely the
dependence of measurement results on the position a

rientation of the artefact in the measurement afethe

(positioning, focusing, light settings) to the @ntly 3.3 Statigtical evaluation of experimental results

effective objective lens The results of the experiments have been analyaed f
- Conduction of measurement in areal detection mode a outliers, indicating unusual combinations or praise For

profile detection mode this, display as a time series has been choseritidwiily,

- Eva:c!ration ﬁf data in different modes (step heighty,is enables the easy comparison with specification
profile, roughness, geometry) accuracy for the device given by the manufacturagure 1).

Based on that, a suitable configuration was define!j:Or the utilized instrument, the specme_d accuréwy the
under consideration of settings recommended in good€asurement tasks at hand, i.e. the height ofpasstefact
practice (50x magnification, areal detection mode®f Nominally 9.976pm is a < 0.2 um +L/1QEn=0.3 um.
evaluation in step height mode after applying awttien This graphical display of measurement results diree,
orientation correction). Then, the actual experitseto  both of summarized samples for the 5 values takezath
check the properties of the measurement device weexperiments and of original values, additionallaleles the
conducted. Three influence factors were considered: identification of possible drifts or similar slowfluences as

- Position of the artefact on the plate, i.e. positaf the  well as the identification of samples with atypicesults, i.e.
moving plate during measurement (center, lower lefytside of 95%/@-spreading region.
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Overview of experiment results as time series
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Fig. 1. Graphical evaluation of results: Time serief sample results for measurements on a stefrheigefact
(blue dots: mean; gray peaks: standard deviatied; continuous line: specification of accuracy fbe tdevice by
manufacturer; green continuous central line: spEtivalue of the artefact; blue / gray interruplieés: limit of confidence
interval at 95% level resp. mean of means)

From these results, it can by concluded that thenpus
confocal microscope works within the accuracy
specifications stated by the manufacturer, yet ahewed
range is fully used. Also, the specifications fepeatability . ‘ e
have been kept for most samples, as indicated ey th * B o
standard deviation related to the individual samphken :
under continuous settings.

Nevertheless, some samples contain unusual valoss c
to the lower (2 and 3) or upper limit (11 and 1B3pecially o
for sample 16, in addition the standard deviatioeréin is a)
also unusually high. A re-evaluation of the raw mgament Turn of artef
data maintained the values for sample 2, 3 andAEKlL.
possible reason for the deviation, non-optimal tligéttings , 3 B
can be considered as the measurement data appker ra 5 v .
dark (2, 3) resp. bright (11) compared to other snesment B
shots, although the limiting constraints for illuration are
kept. Regarding sample 16, the values could not be
confirmed by re-evaluation of the measurement diuias
showing an example of poor reproducibility under b)
consideration of the so far identified influencetéas.

To enable a quantitative analysis of the influendhe
statistical data has been analysed based on theodheff -
ANOVA (Analysis of Variances) which is targeted tands
systems with multiple interacting influences. ¢ . . 4

For the experiments on the calibrated artefact,efffect
of the three controlled influence factors was eatdd based
on the partial-factorial experiment design and bieglly
displayed in effect diagrams (Fig. 2). For thattadaf the
measurement samples was accordingly grouped and'C:)
summarized. ig. 2: Display of effects by controlled influentactors

compared to nominal value of artefact

<
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Then, the significance of the observed influences w
calculated based on Fisher distribution (F-testgoAthen?-
coefficient has been determined to estimate therative
amount of variation that can be explained by thatdt:
Position on artefact: confidence levet20.98;1%~3%
Turn of artefact: confidence leveld=0.99;12=10%
Position of artefact on plate: confidence leval=13.99;
n=7%

All observed influence factors are significant, yhe
ratio of unexplained variation of results is s80%. As this
is likely to result from imperfections of the messment

and I nspection in Industry 2014, September 02-05, 2014, Tsukuba, Japan

is to follow the existing recommendations in staddaand
guidelines. Further improvement of the measurement
strategy is desirable as well as a proper docuriientaf
whatever strategy was actually implemented. Fa, wlay
how the measurement is conducted, may greatlyantia
the results gathered.

Based on these findings, recommendations for
conduction of measurement at the confocal microsdmve
been derived, considering both the regulations rgive
standards and the additional information found ugtothe
experiments.

the

system as such, emphasis has to be put on thectorre

handling of the measurement device and improving th
repeatability of results gathered there, especaihysidering
the optimal choice of settings for lighting as theyay
strongly influence both the accuracy and the regmlityy of
the measurement result.

The influence of the position of the artefact oa tHate
is significant, yet overall low. A difference is be expected
due to mechanical imperfections; the low effect hmhig
indicate a good state of instrument’s overall meats
behaviour. The comparatively high influence of tiotaal
position of artefact should be subjected to furthe
investigation; this might possibly indicate diffapes
between x- and y-direction of data processing. s ratio
of unexplained variation still is very high, furthenalysis of
influence factors on the measurement instrument haive
to be conducted. Especially, the conformity to edpbility
specification has to be checked in addition to tuav
confirmed accuracy specification.

Additionally, a series of experiments have bee
conducted to explore the influence of additiondtiisgs in
the software on the measurement result. To endide t
comparison with the experiments from the i
experimental schedule, the basic set-up has beghtke
same. Six factors related to the data detectiomedisas the
data evaluation have been analysed:

Measurement with or without additional collectiohao
“colour shot”, i.e. an evaluation of height infortioe
based on a conventional confocal image rather tran
the laser induced image

Measurement with usual or “high resolution” setting
Evaluation of data with or without correction oftador
orientation

Evaluation of data with different averaging zones

By comparing the results with the target value gifer
the calibrated artefact,
operational conditions enable a better measuremesnit.
Here, it has been found that taking a picture witgh
resolution, using only height information instead o
additional colour information and a manual conwblight
settings provide more accurate results.

Overall, the effects of these settings is very $mal
compared to deviations that can be caused by totiag
existing recommendations given in standards andejjues.
Thus, it has to be noticed that the foremost nétyess
planning geometrical measurements for micro-scad¢ufes

main

it can be concluded, which

5. SUMMARY AND OUTLOOK

So far, experiments have been conducted mainlytter
confocal microscope. Also, the scope of measureahtifies
is covering only micro-height for calibrated feasyr
whereas for other features only information based
experimental measurements of uncalibrated workpiece
available. Due to this narrow scope of experimémtatthe
reliability and transferability of the gathered ukis are
limited.
tn order to enable a broader interpretation of dtaistical
results and a higher level of trust in the gathered
conclusions, additional experiments should be peréal.
These will either confirm the results gathered & ér will
show up the boundaries of application for the aurre
findings. Thus, it is necessary to perform adddion
experiments, including different measured quarsitie
different measurement instruments and a differange of

easured values.

uch a broadened data base can provide a relitbting
point to derive guidelines for Good Practice forwide
variety of measurement tasks related to geometigealires
on the micro- and nano-scale. Thus, they will helgruly
establish experiences about good measurementgitsitia
order to gather reliable, traceable and reprodecibl
measurement results.
In addition, there are several possibilities fae fhrther use
of the current results in other areas. Remaininthanfield
of metrology, for this case study only a speciaugr of
measurement instruments have been considered. Yet,
measurement of free-form elements and other meatufes
can also be conducted by several other types obunieg
instruments, such as fringe projection devices, ranic
coordinate measuring machines equipped with optiiléa
fiber probes or electric probes or computer tomplysa The
method implemented in this case study can easily be
transferred to application for such instrumentsenth
considering the influence factors of specific relese for
the respective measurement principle.

On a long term, research on product specificatilso a
should be broadened to include function-oriented
specification, as the new features also put newirepents
on the way how to define the required attributesthe
manufactured parts. Thus, a close collaboratiorwéet
various disciplines of engineering, from producsida over
manufacturing up to inspection, is necessary totenghe
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challenges and opportunities provided by this aBmfar,
experiments have been conducted mainly for the cwahf
microscope. Also, the scope of measured quantises
covering only micro-height for calibrated featuregereas [1]
for other features only information based on experital
measurements of uncalibrated workpieces are aleilBlue [21
to this narrow scope of experimentation, the rditgband 3]
transferability of the gathered results are limited

In order to enable a broader interpretation of the
statistical results and a higher level of trusttia gathered [4]
conclusions, additional experiments should be peréal.
These will either confirm the results gathered &g ér will 5]
show up the boundaries of application for the aitrre
findings. Thus, it is necessary to perform addaion [g]
experiments, including different measured quargjtie
different measurement instruments and a differange of
measured values. (7]

Such a broadened data base can provide a reliable
starting point to derive guidelines for Good Preetfor a
wide variety of measurement tasks related to gedcaét 8]
features on the micro- and nano-scale. Thus, th#éyhaip
to truly establish experiences about good measureme
strategies in order to gather reliable, traceabtel a [€]
reproducible measurement results.

In addition, there are several possibilities fog tarther
use of the current results in other areas. Renmiitinthe  1q;
field of metrology, for this case study only a Spégroup of
measurement instruments have been considered. Yet,
measurement of free-form elements and other migatufes
can also be conducted by several other types ofumieg
instruments, such as fringe projection devices, ronic
coordinate measuring machines equipped with opiilda
fiber probes or electric probes or computer tomplgsa The  [12]
method implemented in this case study can easily be
transferred to application for such instrumentsenth
considering the influence factors of specific relese for
the respective measurement principle.

L [13]

On a long term, research on product specificatiso a
should be broadened to include function-oriented
specification, as the new features also put newireapents
on the way how to define the required attributesthaf
manufactured parts. Thus, a close collaboratiowden [14]
various disciplines of engineering, from producsiga over
manufacturing up to inspection, is necessary totenabe
challenges and opportunities provided by this area.

(11]
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