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1. Introduction

Surface metrology is used to discriminate surface textures that were created under
different conditions or that behave differenidyd to understand functional correlations
involving surface textures or roughness. Functional correlations exist between surface textures
and surface behavior, and between surface creation (e.g., manufacturing, wear, and fracture) and
surface textures. These functional correlations can betasksign better products and
processes for quality assurance.

There are several interesting challenmesiscovering and documenting functional
correlations quantitatively. One challenge is in finding out how to discriminate surfaces that are
thought to hae different textures. Another is establishing the scales of interaction that control
texture related phenomena. Addressing these challenges depends on the development of better
measurement and characterization methods.

This paper shows measuremenitifferent types of paper samples provided by the
Worcester Art MuseumAfter measurement@recompletedareascale and lengtkcale fractal
analysisareperformedby the patchwork method to investigate fundamental scalashesion

on rough substrates, imder to find differences betwedmwo types of paper.

1.1 Objectives

The objective of thiprojectis toengage th&VorcesterAr t  Mu siterasmibhs
measurements and analyses of paper texture

Feasibility of measurements and the possibility of disiciation of the types of papare
another objective, along with demonstrating and collaboratitigthe museum to obtain

funding so more research can continue.



1.2 Rationale

The objectives are important because we hope tha/thheester Art Museummay be
interested in learningow tofind thedifferences betweerpaper, as well as the improvemeint
the process afonservingheir art work. By demonstrating the capabilities of surface metrology
the rationaleof obtaining funding in order tacontinuesupportof art-technology collaboratign
can be achieved he measurementserformedhelp us gain ¢éargerperspective on theample of
paper itself, which would lead us éair objectives. Gaining this understanding and obtaining
feasible measurements adpwith a proving we can discriminate two types of paper were
demonstraté to the art communitgnd initiated the aitechnology collaboratian

Research is taking plaeg University of Florencéo study the effect of cleaning
mechanics on the surface tendwf paperThis research relates to the art community and the
technology currently being used. Studythg types of cleaning and preserving tools for delicate
art piecesPiero Baglioni and his colleagues are experimenting with4panticles composedfo
cobalt and iron oxide which they have combined into a polymer gel. Thimagdieen created to
act asmagnetic sponges with cavities approximately fifty nanometers in siaeaittiempt to
clean paperCurrently, there are gélased systems which dseingused to clean artwork;
however there is a risk that this applied geldtuallyharming the art piecend therefore
diminishing its lifespan This is due to the fact thHiese gels arsticky and hard to remove
without applying harsh solvents aggressive scraping techniques which can damage the fragile

pieces (Dume, 2007).



Measuring the surface textuas we are doing at WPhoweveris completely norcontact
and therefore does not affect the original structure of the paper itself. It givesta d
characterization of the paper in order to ghis deeper understanding of what it is composed of.
Research cathen madeo prove how some cleaning techniques are actdaliyaginghe
paper rather than presving them and attempt to find new wayf reducing wear and teto

the paper itself eventually elongating its lifgspan

1.3 Stateof-the-Art
Tablel shows a table outlining the sources described bafaithe methods used in

their research.

Names: Measurement Technique: Points:
Sawoszczk, et al.(2007) Scanning Electron Microscoy Studied processf degradation
(SEM) Measurements of paper by studying itBber
length measurements
LuukkalaandPellinen (1995) | Airborne Ultrasound Performed surface roughnes:
measurementsn paper

Table 1: Outline of the State of the Art references

Surface roughnedsas many applications, however only two of these applications were
found relating to the study of papatrthis current timeAlso at this time, ane were found
relating the study of paper to the art commumityany way

Two researchers Finlandare measuring theaper roughness lmsing highfrequency
airborne ultrasoundl heir objective was to be able to measure paper roughness using the
measurement principle based the attenuation which occurs when the ultrasasireflected
from the surface. Luukkala and Pellinen (1995) have performed such measurements using paper
samples. The results are then compared with data from conventieledlameasurements. This

proposed method is necontact. The measurements are performed usiFgakrmethods. This



is where the roughness value of the tested sample of paper is observed as a characteristic rate of
air-flow through a slit between the paper sample and the edge etiegimy head which touches
the sample. The head of the-liak meter is at the circular end of the air channel and allows air
flow through the channel. The rate of air flow is a function of the pressure difference between
inside the channel and outside timetering head and depends on the roughness of the measured
paper. After this is setup, measurements can be taken by sendirfgelgigéncy bursts of air
ultrasound towards the measured sample of paper in order to study the reflected burst at the
specularangle and amplitudes of reflect bursts. This allows them to distinguish between the
differentsurfacesf the paper bynoting theattenuatior{Luukkala et al. 2007).

Based on their research and their findings, they baweludel that they were
successfuy able to measure the roughness of five paper samples derived from this methodology
and meet their objectivduukkala et al. 2007).

Sawoszczuk with othelims Polandare currently workingpnthe process otlegradatiorof
paperby studying itdiber length Their objective is to preserve papergsrforming
comprehensive characterizationdgfterioratingoaper Their research includd®ow
macromolecular changes are influencing thelmaaaal properties of the papdihey are
measuringhe fibers of the papatself andstudyingits morphological propertiesThe software
used to interpret the raw datadidorFi LB-01 Fiber Analyzedwhich isproduced in Techpap,
Franceandis usedo analyze the fiber network of the pajiself. Their approach
reliable statistical measurements of thousands of fibers at high speed and accurate determination
of important characteristics of their shapleased on one their published journal entries

(Sawoszczuk et al2007)



The equipment which they are using && mentioned in great detail although the
measurements were labeledS EM Measur ement s, dodd mumleervoé r t he

equipmentsed has been omitt¢8awoszczuk et al2007).

1.4 Approach

Our approach is to obtain the sagé roughness of papend ®mehow measure, analyze
and conclude information about iloweverthe way that wareperforming the measurements
are unlikethe stateof the-art, Sawoszczulet al, Luukkala and PellinerFor example, nlike
Luukkala and Pellingrin order to measure thgaper roughnesonfocaland triangular sensors
were usedy usas opposed to airborneultrasoundiechniqueused in their approaconfocal
point sensors are being used frequeintignany applicationshowever at this given timand
with the researcherformedno results were found connecting confocal point sensors and the
application of studyingurface roughness of paper.

We alsoused differentools to analyze ouneasurement$.or example,tie softwarehat
we are usingnalyzes the umersal texure of the paper apposed tsoftwarewhich theyare
usingwhich only analyzeghe individual fibers performed bySawoszczuland his partnerdlso
unlike our measurementSawoszczulet al, Luukkala and Pellinedid not involve any @
plots ordisctiminationof any kind We performed discriminatioof two types as well asB
fractal analysis plotgliscussedater in themethods andesults sectionAlso their measurements
were of paper; however thimperwas not related to art work or the artuistry in any wayTo
contrast our approach by theirs, we are relating art and the technology as opposed to Luukkala,

PellinenandSawoszczuk, et al.



2. Methods

2.1 Measurements

The methods to accomplish this type of objective were to interact witirtisemmunity
anddemonstrate to them how surface metrology can be used and some of its capabilities
Meetings were set up to collaborate atdainfeedback from the measurements and analysis of
the samples of paper thegrlierprovidedto us Appendix Ashows a powepoint demonstration
from a recent meeting.

After showing result®f the measurements and talysis, they expressed a large
interest in the technology. They conveyed that they were treating a particular type of paper in an
attempt to clea it, however questionedtifiey were somehow damaging the paper in the process
This interest inspired communication and the possilfityfunding to take place

Another methoditilized wasto use concepts frosurfacemetrology in order to
understandhe paper. Surfaceetrology is the technology of measuring srsalle features on
surfaces and in doing so we can understand the chemical makeup of various objects around us. In
order to better understand the paper, analyzing software was implemeaotddrito compare
batches of twaypes of paper anesults were plotted which will be discussedlapth later.

The software used to interpret the raw measuremeas®igital Surf MountainMaps
and Surfrac6BFRAX. The software known asirface metrologgnd fractal analysis software
package or SFRAX calculates the fractal properties of relative area and average texture depth of
the surface textureSFRAX is utilized to analyze the universal texture of the paper itself. Digital
Surf MountainMaps isisedto calculate the conventional surface texfpaeametes; a complete

list is shown in Appendix At is also used to perform filtering tools to remove bad points of the



raw data. Finally, scale basEdestare performed to find the scale, if any, at vihiactal
propertiesare statistically different (Brown, 2008).

The technologiessed toobtain the measurements were the UBM Measurement and
Analysis SystemLT-8010 and LE2210 lasers were used. The results of the analyses are
explained in full detaiin the results section.

The subsequent flow chart shows the sequence of necessarfphteped in order to
accomplisithe objectives, and is followed by a series of sections with a detailed description of

each step.

Measurement: Discrimination:
F-tests used to find scale at
Samples of paper measured which textures are
with scanning laser microscope differentiable

Characterization:

Fractal and conventional
properties of surfaces
are calculated using
software

Figure 1. Flow Chart of Sequenceof Events

Sampleof papemwere provided by the art museumtwo categories untreated and
treated. French, Italian and wosthined paper were provided by the art museum to be
measured and analyzed. All measurements angsssavas shared and communication with the
art museum continued throughout the project

UBM scanning laser microscopaok the measurementscated in the surface metrology
lab at Worcester Polytechnic Institutdore onthe confocal point sensor laserdahow it works
can be found in Appendix E.
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UBM equipment was used to perform the tests on various types of paper. It measures the
external and internal noise which is experienced by the system while the meassi@m@ment
taking placeThe measurements goerformed on the scale of microns and due to this; there is a
concern that ambient vibrations along with the equipment motors movements can somehow skew
the final outcome of the measurements. Due to this concern, nstisg teas been performed.
The regon for measuring the noise is to estimate its impact on the measurehfientarbitrary
parameters werenterednto the UBM softwaranalysis of the ambient noise wasrieved from
the systemAfter observing this noise, we concluddet the amountfaoise waso small that it
wasnegligible for our future measuremenisd an offset did not have to be considered to be
added to our analysis

For each type of paper, multiple poikisown ashatches othe sample othe paper were
performed These bihes are systematically arranged to start for thdetfbrea of the paper
sample to bottornight and were in the range of six to nine measurement pokash file in the
batch was then named to correspond with that particular type of, f@peramype the first
sample of paperonsisted oftypeg nt r eat ed Fr ench wRBeoreleaclbtest, @ d O Ur
check was made to confirm that the height sensor was behaving properly by moving the height
sensor and noting its uppermost and lowermost lintitsce the sample of paper was in the
range of the sensor, the table was aligned to the defpdrand corner of each measurement area
with the laser. The UBM software recorded the position of the laser, which was used to confirm
that each type of paperas measured in the same way. The UBM was then ready to begin
measuring the sample of paper. The following table shows the parameters used for the

measurement:

11



Parameter Value
Area Length 0.40 mm
Width 0.40 mm
Sampling Interval 2gem
Light Source Wavelength 780 nm
Spot Diameter min/max 709 0 ¢ n
Pulse Width 12.5 ¢
Power 3 mW
Data
Acquisition Sampling Rate 40 KHz
Response Frequency 16 KHz
Response Time 106 ¢
Averaging 128 pts
Measurement Rate 100 pixel/s
Table Speed 1 mm/s

Table 2: Table of Measurement Parameters

These parameters were consistent with each type of papeder for all of the
measurements to be consistent with each otkfezr the UBM was programmednd ready, e
measurement test was startettlafter approximately twenty minutes per measurement point, it
finished its gathering afaw data After thisthe files were renamed corresponding to their
respective type and saved in an .UB3 file formdiier all measuement points were taken per
paper type, they were transferred to another computer which hosted software to manipulate the
measurementThis raw data was manipulatedorder for analysiso be performedThis
consisted of a combination [&veling thresllding, andperforming a linear regression to
remove any inherent slope from the measurement

These filtering tools were provided MountainsMag software. Tis software aided us
in calculating conventional parameters, which will be discussed in de&iiricthe methods.

After theseconventional parameters were calculated, filtering tools were applied to gethi@ of

12



black-spots odrop-out area or pointsvhich containedad data.These filtering tools consisted
of levelingas well as furthethreshdding of the dataight after After this analysis, we noticed a
great improvement in the data and saved the files$®R extension. This was dose thatit
would be compatible with the software used to calculate the fractal properties of the surface,
which will be discussed later in the methods. The values obtained from the conventional

parameters are discussed in detall in the results section.

2.2 Characterization

Characterization is done using MountainMaps software along with the table of
convenional parameters shown Appendix E The surface files were characterized using this
table which lists the conventional surface parameters which were calculated for every surface file
and resaved as a .SUR using the MountainsMap software.

Another methodised to characterize the surface textures was scale sensitive fractal
analysis. This tool was used with SFRAX and is a method that analyzes the surface area, linear
profiles and the surface depth and volume. SFRAX was used for fractal analysis of tte surfa
texture. One type of analysis performed was-aigzde analysis. This was performed in order to
calculate the relative area of the surface texture of each measurement across a range of scales
which can be done using four corners full overlap technifjbese curves are then graphed by

the program and organized together by the type.

2.3 Discrimination

13



Discrimination of the surface textures was also performed using SFRAX by
implementingF-tess. This is a type of statistical method used to compardiffieeence in the
standard deviation of two different types of dattier many batches of measurements are
obtained, areacale analysis can be performed. After,tthe results othe analysis which
consisted of @ollection of areascale analysesanthen be used to form theBeess. The
process consists of thelative areas at each scale as two separate samples from the populations
to be calculatedlhe mean square ratis calculatedat each scalandthenis plotted on ayraph.
The mean squamatios as a function of scale are generated using SFHBAO(wN 1993).

The level of confidencean be varied, however in our case it was s808b confidence
leveland points were noticed to be well over this confidence level. This inditaiethe two
sufaces were ifact discriminated using relative areas over those particular scetésmethod
uses thesame conventional parameters earlier mention along with average texture depth and

relative aregBrown 1993).

3. Results
3.1 Measurement
The represntative topographic surface of one of the types of papmrd stainedis
shown in Figuret. The measurement on the lsfiows the rawdata produced by the UBM
machinebefore any filtering tools have been applied to it. The noticdabterres of the bldc
spots will cause a probtewhen attempting to analyze tliataand can be see in the figure
The image on the righih Figure2 displaysthe measuremeiaifter filtering tools such as
leveling and thresholding have been applied to it thrabglsoftwae. It is evident thamost, if

not all, of theblack spots have disappearethis measurement is now ready to be analyzed.

14
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Figure 2: An example of a measurementf wood-stained paper before and dter filtering

The image on the right, after filtering, now ready to be imported in@FRAX, where it
can be analyzed to see if two different types of paper are statistically different and if they are, at
what confidence levele areable to tell hem apartThe relative area of the measurement point
is also able to bdiscriminated withrespect to its scale. These two analyseslm@issed in
greaterdetail inthe characterizatiomnd discriminatiorsections More measurements can be

found in Appendix C.

3.2 Characterization

Areascale analysis (ASME/ANSI B46.1 2002 ds the area dhesurface at
progressively smaller scaléSFRAX is usedcalculatethe relative areas as a function of scale
from measurements tifierough surfaceThe softwarein order togeneratehe plot usea
patchworkmethod whereirtual tiling algorithmis utilized which consists @fpplying triangular
tilesalso known apatchesshown in Figure3. These patches,ith the same area but not

necessarily the same shapes then virtually tiled ont@ measured surfac€he apparent area is

15



calculated by covering the surface wikis patchwork of triangular tiles with progressively
smaller areasAn example of this would be = z(x, y) or a regular grid in x and(Brown 2001).

Figure3 shows an example on how aiszale is performed with untreated French.

A 1] " 40 &
e i tiles: 60 Scale: 2178 ym2RelA: 1.028
tiles: 1594 Scale: 98 ym2RelA: 1.16

French Paper - Area-scale — Bottom Left
220

1.90

160

Relatve Area

130

French6.sur %

1.00

100 T IR o T o'
Scale(pm?)

Figure 3: Area-scale analysis

The area of the tile represents the scalesevirtual tilings arethenrepeated so that
wide range of scakecan be representefin example othisis that he area at a particular scade
eqgualto the number of tiles used in the tiliagd then multiplied by tharea ofthat specifictile.
With these calculationé relative areaan bedetermine by dividing the measured area by the
nominal area of the surface covered irsttding (Brown2001).

AThe dependency of the area on the scale of measurement or observation is a fractal

property. The fractal dimension, which could be used to characterize theeadgnpf the

16



measured surface over some particular range of scales, can be determined from the slope of a
log-log plot of the relative area versus scale, i.e.,-aoade plot: Das = R 2(sloped (Brown
2001).

After one aresscale analysis is performed one measurement, the same is performed on
all within the same category, for example all of the untreated French measurements can be
compared together as well as all of French measurements can be compared with all of the wood
stained measurements. An exaenof a results plot comparing all the measured point is shown
in Figure4. The relative area is plotted as function of scale in micrometers squared. The French
type of paper is categorized together and is shown in blue while thestaiadd is displayeih
red. We can see the difference between the two types of paper because the graphs do not overlap
each other. This difference will be highlighted usintebts mentioned in greater detailed in the

discrimination section.
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3.3 Discrimination

Scale based-Eests are performed to find the scad¢svhich fractaproperties become
discriminated As mentioned earlier,ra~testis a statistical method for comparing the
difference in the standa deviation otwo sets ofdata andletermines if two types of paperare
statisticallydifferent Figure5 shows scale basddtestof two types oluntreatecpaper,French
andwood-stained Discriminationof the fractal parameters was performed usimgRtest

functionin SFRAX at a 9% confidence level

Area Scale - Four Corners Full Overlap - Relative Area - 90%

15.00 - = F-Test Results - Relative Area- 90%
Mean .
Square
Ratio . v o X
o =
12.00 F-
L b4
b
b4
9.00 [ X 8
[ x
o
L 4
6.00 |
L ® "
b4
3.00
0.00 I_I: i ral |
10 10° 10

Scale(pm?)

Figure 5: Scale based--test of untreated a sample of French Paper versugiood-stained Paper
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Thediscernability at 90% confidenaanges fron® to 100Q m? shown by therrow in

the figure This is aplot of mean squareatio as a function of scale, which disgayaphically at

what scales the twsurfaces arable to baliscriminated. Table 3 shows thecaleof

discrimination fran the Ftests wheredbrepreents untreated n drépreéents treatedhd -

ddanddNbrepresent French, Italian and westéined respectively.

Ft Fu It lu Wit Wu
Ft X
Fu 2-1000 X
It 100-300 90-1000 X
lu 100-300 2-1000 90-1000 X
Wit 2-1000 2-1000 2-1000 90-1000 X
Wu 2-1000 2-1000 2-1000 2-1000 2-1000 X

Table 3: Range of Discriminationin micro-meters squared

20



5. Discussion

Fractal analysis techniques, especially relasikea, can be used to tell apart surfaces
with a much higher success rate than conventional parameters, such as those in MountainMaps.
The testgprove that two samples of paper provided by the musseem-fact, with a high
confidence leveldifferent from each otheirhe measurements werefarct feasible andie F-
tess were able to prove that &pes of papewere discriminated successfully.

Collaborations with Worcester Art Museuare still continuing as of this day and are
growing. Thesecollaborationsllow the sharing oiformation, knowledge and communication
back and forthAs mentioned earlier, the measuremdatghis particular stuglalong with the
analysis were demonstrated to the art musé\lso mentioned earliefundingwith the museum
would enhanceéhis applicationof surface metrologgnd would allow this research to continue
During a last meetinghey have expressed larggarest in knowing if they have cang any
damage to the paper after applyswme type of treatment to it in an attertgptlean the paper.

Overall, the calibrations with the museum were a success.
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6. Conclusion

Relative-area carbe used to tell apart surfaces and identify the scale ranges where

they are different statistically.
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8. Appendices

Appendix A: Amy Christ Powepoint
Presentation

Introduction

Surface metrology can be used taliscriminate surface 4
textures that

were created under different conditions

behave differently

This could be used to
Aid in the determination of the origins of unknown artifacts
Determine the impact of surface treatments
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Methods

Measured on a scanning laser microscope

untreated paper.
Measured surfaces were threshold and level the
surfaces to get rid of most of the nonmeasured points
(Mountains Map)
Scalesensitive fractal analyses were run using the
software Gfraxd
F-test analysis were used to determine if the surfaces
were statistically different as a function of scale
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Measurements

The UBM uses a Keyence LC-2210 confocal point

L"., sensor, which reflects a laser light source from a
i surface and through a detector pinhole to determine
ke height information.

Measurements

The UBM uses a Keyence LC-2210 confocal point

L"., sensor, which reflects a laser light source from a
i surface and through a detector pinhole to determine
ke height information.
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Conclusion

- With a at least 90% confidence level, all the pairs of
paper surfaces are statistically different over some
range of scales.

- The scale range and maximum confidence depends on
the papers being compared. )

Appendix: Analysis Results
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Appendix B: SFRAX Analysis
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Appendix C: Measurements after Filtering
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