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The interest in biomaterials surface technology has led to an investigation
of rigid gas permeable contact lens inner surface using scanning probe

microscopy for measurement. Topography and phase images were
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recorded in order to investigate surface roughness and properties after an
extended period of contact lens wearing. Analysis is based on fractal
approach incorporated with MatLab software for image processing. The

fractal dimension, calculated by skyscrapers method, is used for surface
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identification and subsequently for surface behaviour explanation. The
authors’ aim is to point out that time is merely a commercial category for
rigid gas permeable contact lens replacement and that only significant

changes in surface properties render such replacement necessary.
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1. INTRODUCTION

There is no strong recommendation for rigid gas
permeable contact lens (RGP CL) wear period, and
wearer's determine the end-stage, e.g. when they notice
either vision deterioration or unpleasant sense while
wearing. CL can lose functionality due to accumulated
proteins, lipids, and other tear components on CL
surface, despite routine cleaning activities. Additionally,
every single RGP CL wearer provides unique ambient
conditions in which these CL biosurfaces have to
function, resulting in an individual CL end-stage period.
Since CL surfaces become significantly rougher after
prolonged wear, they become more prone to bacterial
adhesion and protein and lipid deposits. The
recommended schedule has to take into account the
moment when surface roughness exceeds a critical limit.

The paper describes usefulness of topography and
phase images analysis application in the RGP CL
replacement schedule. The loss of RGP CL functionality
has to be investigated and related to measurable
parameters in order to recommend replacement based
on “hard evidence” instead of time. The period of use
cannot be a commercial category for RGP CL
replacement but should be associated with significant
changes in surface properties.

There is no clear answer to the question as to what
surface standard parameter should be used for critical
limit determination. The result of the study, reported in
[1], also confirms the need for the replacement schedule
of RGP CL. The water contact angle, percentage of
elemental surface composition and deposit rate of
bacteria was related to standard average roughness
parameter Ra. It was stated in [2] that surface roughness
was the most influential lens surface property after 10
days of wear.

This paper focuses on the quantification of the
textures of CL inner surface by applying a method
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differing from the standard parameters characteriza-
tions, because single standard parameter fails to
describe functional nature of the surface, and use of
more than one roughness parameter exhibits more
shortcomings. This is mainly due to the partial
information contained in each descriptor.

Authors belong to the group of researchers who
prefer fractal parameter characterization that enables to
distinguish surfaces, compare them and predict
functional behaviour in use. Fractal analysis was used
in [3] for quantitative characterizations of grinded
ceramics surface textures by surface profile fractal
dimension. Fractal analysis of biomedical surface
topography, as an extent of previous research efforts,
is influenced by growing interest in biomaterials
surface technology. Fractal geometry provides a useful
tool for the analysis of complex and irregular
structures such as biomedical surface topography
based on image analysis methods that consider an
image as a 3D surface. In this paper the “skyscrapers”
method is chosen for calculating fractal dimension of
surface based on [4]. This method presupposes surface
recording as an image, by using scanning probe
microscopy (SPM).

2. THE WORN-OUT RGP CL PROBLEM STATEMENT

The sample is a RGP CL made of ML 92 Siflufocon A,
and shown in Figure 1, placed on cornea. This lens is
worn by 37 year-old female over an extended period (in
fact more than 5 years) of regular use and storage. The
wearer reported unpleasant sense during the wearing,
namely lens sliding across cornea. The ophthalmologist
pointed out that there was no vision deterioration but
there is an obvious fast sliding process accompanied by
occurrence of air bubble, which can be observed in
Figure 1. Figure 1 is a capture from the video record
made by using optometric device for cornea parameter
measurement and contact lens control.

This RGP CL is “worn out” and replaced due to
change of some surface properties that caused low
adhesion between inner surface and tear film. The
adhesion force holds the RGP lens in the eye. The
appropriate adhesion force amount obtained by
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manufacturing process, consisting of turning with
polishing as finishing process, is shown in Figure 2.

Figure 1. RGP CL placed on cornea with air bubble on its
edge
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Figure 2. Stages of RGP CL manufacturing process —
diamond turning and polishing

The double side turning with diamond tools for
coarse and fine operations also includes axial edge lift
(AEL) operation. The side-cutting edge angle of
diamond tool is y = 60° and nose radius is R = 0.25 mm.
The depth of cut for coarse turning and AEL operations
is a. = 0.4 mm and angular feed is €, = 6 °/s. Depth of
cut for fine turning is a; = 0.05 mm and angular feed is
&= 2 °/s. The rotational speed during turning process is
n = 8000 rev/min. The natural rubber (caoutchouc)
polishing tool is moulded with sphere radius decreased
by fibre patch thickness. The polishing paste contains
aluminium oxide particles sized from 0.3 pm to 0.5 um.
The duration of polishing (10 + 15 s) determines surface
quality, that is to say surface roughness, and
consequently the adhesion.
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Figure 3. RGP CL design and material removal stages in
the turning process

Authors assume that the change of surface
topography caused by extended wear, including protein
and lipid deposits, is interesting for investigation.

3. EXPERIMENTAL WORK
3.1 AFM tapping mode recording

Experimental work is conducted on commercial JOEL
scanning probe microscopy — JSPM 5200 (Fig. 4), that
can be configured by merely changing the tip. In
general, JSPM 5200 has three different AFM modes
used for topography imaging; these are the non-contact,
contact and tapping mode, according to [5].

Figure 4. JOEL scanning probe microscopy — JSPM 5200 [5]

The tapping mode is used on account of its ability of
non-destructive high-resolution imaging of soft and
fragile samples in ambient environment. The tip is
alternately placed in contact with the surface, so as to
provide high resolution, and then lifted off the surface in
order to avoid dragging across the sample. In tapping
mode AFM, the cantilever is excited into resonance
oscillation with a piezoelectric driver in ambient air at
or near its fundamental flexural resonance and with free
air amplitudes. The interaction with the surface
(tapping) leads to energy loss and reduced oscillation
amplitude. The oscillation amplitude is used as a
feedback signal to measure topographic variations of the
sample, as explained in [6].

In phase imaging, the phase lag of the cantilever
oscillation, relative to the drive signal, is simultaneously
monitored with topography data, given in [7]. As the
phase lag is influenced by energy dissipation
experienced during the oscillation cycle, it is very
sensitive to material properties and local variations in
mechanical properties. Since phase imaging highlights
edges and is not affected by large-scale height
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differences, it provides clearer observation of fine
features that can be obscured by rough topography.

The contact lens inner surface topography image is
recorded in tapping mode AFM in order to investigate
changes in surface roughness. The measurement report
is shown in Figure 5. RGP CL was not clean before
measurements, in order to acquire relevant information
about disturbing factors on surface layers. In addition,
the recorded area is near to CL diameter edge, since the
bubble appears in that region.

2070m

2 Inputs (512): AFM
AC:Topography(FW)
Image size: 2.960 x 2.960
Image height: 0.321 um
Reference: -2.76 V

Bias Voltage: 0.000 V
No of pixels (512,512)
Created on 2008-03-21 at
Measured by JSPM-5200
SPM PARAMs:

Clock speed: 666.67 us
Feedback Filter: 0.01 Hz
Loop gain: 16
CANTILEVER:

Peak Frequency: 53.853 [KI

Q Factor: 167.582
500.0 nm

Figure 5. AFM tapping mode measurement report
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By mapping out the phase of the oscillating
cantilever, phase imaging goes beyond simple
topographical mapping. The reason for additional phase
image recording is the need for additional information
about surface condition after an extended time of RGP
CL wear. Both tapping mode topography and phase
imaging are shown in Figure 6.

Careful observation of topography image shows the
area representing the spacing of radial grooves on
polymer surface. The manufactured surface is repre-
sented by impressions from a chaotic manufacturing
process as turning by diamond tool that produced the
circular pattern of lay of direction.

The phase image has a different appearance
compared to topography image. It is obvious that phase
image provides complementary information that can be
observed as hay-like structures on the surface. Such
differences between topography and phase images are
due to material property differences on the lens surface.
The appearance of fine structure in phase images
complements the sensitivity to material properties,
including contaminants, viscoelasticity, and regions of
high and low surface adhesion or hardness. In this case,
phase imaging complements lateral force microscopy,
providing additional information more rapidly.

The phase image shows the presence of unexpected
structures that are clearly different in their material
properties from the surrounding area. These features
are not present in the topography image of the lens. A
likely source of the contrast in the phase image is the
protein and lipid deposit formed from tears on which
the lens was floating before being imaged by the JSPM
5200.

3.2 Fractal analysis by “skyscrapers” method

Fractal analysis consists of six steps that are explained
in this section and shown in Figure 7.
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Figure 6. Topography image (up) and phase image (down)
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Figure 7. Scheme of data transition from AFM recording to
fractal dimension calculation

The first step consists of importing AFM recorded
surface data in Matlab software for further analysis. The
topographic image recorded in tapping mode AFM is
imported in Matlab as an image in tiff format
accompanied by ASCII file. Image pixels are identified
by their x and y position, while the gray-scale function
is the z dimension. The image in tiff format consists of
512 x 512 pixels, shown in Figure 5, while the ASCII
file contains 262144 five-digit numbers. That tiff image
is considered as an intensity image type, and represents
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733 40657 40602 40587 40548 40455 40484 40478 40344 403209 40335 [
11527 41571 41633 41730 41832 41041 42007 42079 42150 42147 4215
3 40057 40035 40068 40106 40083 40054 40032 40071 40068 40043 40
332 40566 40553 40505 40465 40444 40436 40386 40237 40276 40331
11507 41527 41482 41621 41744 41834 41919 41977 42029 42124 4220

1 38713 3068l 30¥13 39762 36701 39807 39822 30864 30884 39890 39
SEL 40618 40547 40508 40483 40473 40436 40382 40300 40353 40401
11450 41522 41482 41563 41653 41752 41857 41038 41991 42070 4214

3 30336 30288 30311 30367 30458 36500 30527 30585 30656 30YI0 30
765 40707 40559 40543 40533 40503 40442 403595 40392 40435 40456
11453 41510 41520 41522 41571 41663 41810 41914 41972 41995 4204

3 39329 30252 30288 39370 39475 359522 39543 3095357 396460 39816 39
735 40657 40578 40566 40539 40466 40386 40325 40308 40302 40300
11318 41390 41455 41472 41542 41663 41781 41850 41865 41886 41095

! 30650 30572 30581 30632 30731 356731 30607 3I0Y16 35706 35006 30
388 40844 40743 40716 408590 40650 40586 40540 40489 40447 40430
11437 41516 41610 41660 41697 41722 41849 41917 41917 41919 4195
i 40042 39981 30954 39957 40039 359582 39889 30936 39955 39086 40
185 41026 40944 40892 40867 40855 40874 40837 40752 40686 40660
11670 41749 41858 41942 41937 41846 419587 42067 42062 42045 4203

§ 30018 30886 30807 30077 30065 39043 30015 39951 40013 40002 40
215 40078 40040 40854 40791 40780 40801 407598 40727 40687 40652
11841 41900 42033 42102 42157 421586 42265 42302 42302 42313 4234

3 39737 30715 30741 39773 39759 357746 39805 30821 39341 35859 39
398 40963 40904 40836 40767 40719 40718 40711 40672 40633 40591
1911 41990 42082 42120 42179 42257 42274 42312 42374 42398 4242

§ 39550 39529 30049 39168 309518 35567 39633 305348 39567 39636 39
200 40065 40878 40826 40768 40685 40635 40611 40607 40556 40510
11025 42023 42070 42070 42103 42170 42157 42217 42362 £250 4238

7 30638 30616 30584 30578 30687 30688 30635 30565 305503574 30
3609 40043 40856 40770 40718 40678 40675 40663 40616 40 40546
11961 42056 42157 42157 42198 42280 42352 42417 42475 8 4250

7 39589 30584 30541 39520 39636 39626 39561 39505 3950 537 39:]

. )
%% image from ASC file E
tload ASC filet 3
— dataAFM=load('CLO0Z-zoom.asc');
smwatrix 512x512 from datalFH:
— rghimyg = =eros(512,512);
- i=1;
- for m= 1:512
- for n = 1:512
- rogbimg (w, n) = datadFMii);
i=i+l: —_
end  —
end 3

\ncoqcnm.bwl\)»—-ﬂ

e =
WM e O
{ I N |

imgS1lZ=uintl16 (rgbimg) ;

%% image from img512
Swatrix 256x250 from matrix S12x512%
a = Eeros(51Z,256);

b = zeros(512,256);
for m = 1:512
for n = 1:2:512
i=idivide | (n+2),intl6(2), 'floor'):
aim,i) = iwg512 (wm, n)+ img512 (m, n+l)

L T R e S i
M O W o -1 o s
| Y T (R B B |

bim,i)= idividei{a(m,i),int32(2), 'round');

[}
[
|

end

]
b
|

end
am = ZerosS(256,256);
bk = =eros(256,256);
for nn = 1:256
for mm = 1:2:512
i=idivide | (mm+2),intl6(2), 'floor');
gali,nn) = bimm, nn)+ b(medl, nn)
il |= bhii,nn)= idivide (aa(i,nn),int32 (2], 'round'):
32 - end
33 - end
34 —  imgZSE=uintls (bh); §

571

[T S S U SV
[==JY= = R =
(|

[—]

1 %% skyscrepers Area for top square size 1
tskyscrepers Area for img51Z %

— rightsideblZ = zeros(511,511):

— downside512 = zeros(511,511);
elaSlZ=zero=s(511,511)

— for m = 1:511

- for n = 1:511

- rightside512 (m,n) = abs (img512 (m,n)- img5lZ (m,
- downsideSle (m,n)= shs (img512 (m,n)- img512 (m+l,

MO ] Thoin s b [
|

= e
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[
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n=1:511
ela512 (m,n)=1"2 + 1% (rightside512 (m, n)+dovn=side
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end

=
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areaslZ = swn(swn(elaslz));

—
=

!

Figure 8. Partial scene of ASCII file and Matlab code for
skyscrapers method
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512-by-512 matrix of 8-bit integers that are linearly
scaled to produce colormap indices in range [0, 255].

In the second step ASCII data is modified into 512-
by-512 matrices using Matlab custom-made procedure
for numbers conversion in 16-bit integers (step 2 shown
in Figure 8). Such a matrix represents an intensity-type
image with gray-scale colormap, where the range of
values is [0, 65535]. The image generated from the
ASCII file is more sensitive compared to the tiff image.
Consequently, the gray-scale 16-bit image is modified
for skyscrapers area calculation.

Skyscrapers analysis was originally suggested by
Caldwell for fractal dimension calculation of digitized
mammography. Pixels that constitute an image can be
considered as skyscrapers, the height z(x,y), represented
by intensity of gray. The surface area of image A,
referring to (1), is obtained by measuring the sum of top
squares that represent skyscrapers' roofs and the sum of
exposed lateral sides of skyscrapers, according to [8].
The roof of skyscrapers increases subsequently by
adjacent pixel grouping and the intensities of gray are
averaged. The square size ¢is 2".

A(e) = 262 +Z€Hz(x,y)—z(x+l,y) +|z(x,y)—z(x,y+1)](1)

In the third step, the square size increased
consecutively (1, 2, 4, 8, 16, 32) by adjacent pixel
grouping, and gray levels are averaged using the Matlab
custom made procedure, shown in step 3 in Figure 8. The
first four images (e= 1, 2, 4, 8) are shown in Figure 9.

Figure 9. Images with square size £¢=1,2,4, 8

In the fourth step, the surface area 4 for each of the
images generated in the previous step is determined
referring to (1). The Matlab custom made procedure,
shown in step 4 in Figure 8, results in pairs (4,¢).

Calculated values for image area vs. square size
(4,¢) are presented in a double-log graph as the fifth
step. The dots are arranged along the straight line and
shown in Figure 10.

This type of appearance for area and scale
relationship indicates the existence of a power law
between the two measures generated from the measured
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surface. The power law proves the fractal behaviour of
the manufactured surface with the tear component on it.

log-log plot

10 T

Area

€

Figure 10. Log-log graph of image area vs. square size ¢=
1,2,4,8,16, 32

Linear regression is used for fitting the plot in Curve
Fitting Toolbox mode (toolbox window is shown in

Figure 11). The fitting process results in a linear
equation. The slope is determined from this equation.

I Data... ] I Fitting... l I Exclude... ] I Plotting... ] I Analysiz... ]
1857 T T T F
+ ordinata vs. apscisa ]
fit 3
e Pred bnds (it 3) |

105

| I | | | |
[ [ T 15 F] 25 3 35

Figure 11. Data fitting using Matlab Curve fitting toolbox

The custom-made procedure for fractal dimension
calculation based on “skyscrapers” method is generated
using the image processing toolbox, as well as the
custom-developed algorithm as the sixth step. Matlab
code is shown in Figure 12.

According to [3], the fractal dimension D can be
generated from (2) for Hausdorff-Besicovitch
dimension where N(¢) is the number of self-similar
structures of linear size € needed to cover the entire
structure. Number N(¢) can be represented as shown in
(3) and used for the area vs. square size relationship (4)
resulting in equation (5). By logarithming (5) results in
a linear equation, expressed as (6). Fractal dimension D
is obtained from the slope, determined in step six by
using (6) in the custom-made procedure for calculation
shown in Figure 10.
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4 -  a=log(i):

5 — b=log(B):

% Using "curve fitting tool"” window for a vs.h data set
% get polynominal linear fit: a=pl*(k)+pl

% Result for fitting process find in "fittedmodela™

El % Linear model Polyl:fittedmodell(x) = pl*x + pZ

%195% confidence bounds)

1z 3Let's calculate the fitted wvalues at every b=log(E) walue
13 - y=fittedwmodelZ.pl*h+fittedmodels.p2;
14 5Plot the log-log values

15 — figure, plotilog(B),¥)

16 — hold on

17 — plotilog(B),log(i), 'ro")

18 — title('log-log values')

19 — xlabel('log(B)l'):

20 —  ylabel('log(d)'):

21 %Real wvalues in loglog plot

22 — Y=exp(w¥l:

23 - figure, loglogiB,T)

24 =  hold on

25 - loglog(B, 4, 'ta')

26 — title{'loglog plot')

27 —  xlabel('B');

25 —  ylahel('h');

29 (Plot real walues

30 —  figure, plot(B,4,'ro')

3l - hold on

32 — plotiE,T)

33 - title('Beal walues')

34—  xlakel('B');

35 —  ylahel('A');

36 (fractal diwension calculation D
37 % slopes pl=2-D

38 — pl =fittedwodelZ.pl;

33 — D=2Z-pil;

40 %

Figure 12. Matlab code for fractal dimension calculation
from slope using “curve fitting tool”

D =1im,_,o 128 M¢) Nfg) @)
log—
£
Ng)=c;-&7” 3)
A(g): N(g)-g2 “)
Alg)=c; 270 &)
logAd=(2-Ds)loge+c 6)

The fractal dimension generated for topography
image shown in Figure 5, by skyscrapers method, is
Ds =2.7356.

4. CONCLUSION

The rapidly growing list of phase imaging applications
[7] includes characterization of composite materials,
mapping of surface friction and adhesion, and
identification of surface contaminations. Phase imaging
promises to play an important role in the ongoing study
of material properties at the nanometre scale. Although
there is currently no simple correlation between phase
contrast and a single material property, the example
shown in this paper demonstrates that phase imaging
provides valuable information regarding the surface
properties. In the given RGP CL case, the phase image
confirms protein and lipid deposits that generally cause
surface roughness in function. Original surface
roughness changes during cleaning and wearing
processes and examination of real surface roughness
could ensure insight into functional behaviour.
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Mandelbrot claimed that nature has a fractal face
and scholars proved that engineering surfaces have
fractal geometry. Compilations of a man-made surface
with a tear component on it also show fractal behaviour,
proven by power law of area vs. scale relationship that
is obvious in Figure 9. In this paper the “skyscrapers”
method is applied for calculating the fractal dimension
of such surface. The fractal dimension of RGP CL inner
surface is chosen for observation, as an appropriate
surface roughness parameter. According to [9] a surface
with fractal dimension 2.5 would be the optimum as an
engineering surface for certain applications. RGP CL
surface topography with deposits has a calculated fractal
dimension Ds = 2.7356, and can be considered as
inappropriate, meaning too rough for adequate adhesion
property. This conclusion is in accordance with an
ophthalmologist's observation of low adhesion between
inner RGP CL surface and tear film.
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DOPAKTAJIHA AHAJIN3A AFM CHUMAKA
IHOXABAHE YHYTPAIIE NOBPIINMHE
KOHTAKTHOI' COYMBA

Boxnna bojosuh, 3opan Muskosuh, bojan baduh

HurepecoBame 3a TEXHOJIOTHjY HOBPIINHA
Oomomarepujana TIOJICTAKIIO je HCTpPaKUBAE
YHYTpPAIlbe TOBPIIMHE Tac-NIPOIYCHUX KOHTAKTHUX
coumBa, y3 Kopumheme ckeHupajyher MuKpockoma 3a
cHuMame. Tomorpadckn u  (asHM CcHUMIH Cy
MPUKYIJBEHW ~ paad  HCIUTHBamkba  IHOBPLIMHCKE
XpanaBoCTH U CBOjCTaBa HAKOH IPOJY)KEHOT INepHoja
HOIlICHha KOHTAaKTHOT COYMBa. AHAJIM3a Ce 3aCHHBA Ha
(pakTaTHOM TpUCTYNly HpuUMewmeHoM y Matlab
OKpYyXely 3a aHaiauzy ciuke. PpaxranHa JUMEH3H]ja
onmpehena ,MeTomoMm Hebozepa“, je KopumheHa 3a
UICHTU(DUKAIH]Y H JI0JATHO 0] AT CHE
(YHKIIMOHATHOT TOHAIIakha MOBPUIMHE. AyTOpH Cy
KeNeJM Jla WCTaKHy Ja je BpeMe HOoIlema rac-
MIPOITyCHUX COYMBA KOMEpLMjaJHa KaTeropuja y
HorJiely Y4ecTaJoCTH 3aMeHe COouMBa W Ja CaMo
3HayajHe MPOMEHE CBOjCTaBa IMOBPLIMHE YMHE 3aMEHY
HEOITXOTHOM.
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