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Abstract: Tears provide moisture and supply oxygen and other important nutrients
to the cornea, mechanically trap and flush out foreign bodies and chemicals and keep the
surface of cornea smooth and optically clear. Additionally, during blinking, tear film lubri-
cates the friction area between lids and ocular surface. Tear film contains an aqueous layer
that includes water, bacteriostatics, proteins and salt. Contact lens wearers often suffer from
dry eyes. These changes in the tear film are caused by contact lens design, surface, material
and applied solution for conditioning. In case of application of gas-permeable contact lens,
the multi-factorial problem of tear film stability and therefore, maintaining of lubrication
are main goals in the ongoing investigation. This paper focuses on applied research of the
response of material’s surface roughness quality to retain tear film on the micro and nano-
level by using a gliding-box method for lacunarity analysis. The topology of contact lens
surface with tear film as the lubricant was studied from the point of view of the water as
primary consistent in its bulk liquid form, as well as confined water film organized into
layers in a nanometer-sized channel. Contact lens surface topology observed on micro and
nano-scale indicates different lubrication behavior of aqueous tear layer. As opposed to
bulk water as a disordered medium in micro scale that flows very readily, nano-water

demonstrates the behavior effectively like some phases of liquid crystals.
Keywords: tears, lacunarity, lubrication.

1. INTRODUCTION

Water is a unique liquid in nature, the most
essential of all molecules on Earth, as well as one of
the most challenging research problems in science
and technology. These words make part of numerous
web sites and references available both from public
and scholar domains. Of all functions that water has,
this paper deals with water as a lubricant. Bulk water
flows very readily as a disordered medium, and
aware of that, man makes oil-based lubricant
systems. Despite that fact, nature prefers water-
based lubricant systems [1]. A good example of that
is presented by the human eye as a bio system lubri-
cated by water being a prevalent constituent of
aqueous layer of tear film in tears.

During blinking, tear film lubricates the fric-
tion area between lids and ocular surface. This per-
fect system is both influenced and disturbed by the
presence of any contact lens on the front surface of
the eye. Changes in lubrication are influenced by
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rigid gas permeable contact lens design, surface,
material and applied solution for conditioning. Furt-
hermore, contact-lens wearers develop dry eye over
the years, which correlates to tear film thickness
values that are 3.05+0.20pum and 2.48+0.32pm for
normal and dry eye subjects, respectively. These are
the recent findings, presented in [2]. An eye with
contact lens demands our attention as a multi-faceted
problem of tear film stability and therefore, the main
goal of the ongoing investigation is how to maintain
the lubrication function.

Water-based lubricant systems function well
with hydrophilic surfaces. The cornea covered by
mucus layer and rigid gas-permeable contact lens
coated by conditioning solution are hydrophilic. In
case where the motion of the water molecules is
strongly restricted by the potential resulting from
solid surface (contact lens surface), the properties of
the confined water become different from those of
the bulk state [3].
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In biology, nano-confined water plays a vital
role in many biological systems such as protein fol-
ding and biological channels as well as in geology in
rocks and minerals. In nanoscience and
nanotechnology, confined water studies can induce
development of new nano-devices under aqueous
environments [4]. Since 1990s, the experiments have
been undertaken that used the surface force appara-
tus (SFA) and atomic force microscope (AFM) as
well as molecular dynamics (MD) simulations to
investigate confined water [5].

The existence of confined water between con-
tact lens inner surface and cornea from the one side
or contact lens frontal surface and lid from the other
side is expected; therefore the topology of contact
lens surface with tear film as the lubricant is studied,
from the point of view of water as primary consi-
stent in its bulk liquid form, as well as nano-
confined water film organized into layers in a nano-
meter-sized channel.

2. MATERIALS AND METHODS
2.1. Surface Imaging

Our research comprised contact lens surface
measurement and analyses of topography images.
They are obtained by atomic force microscopy
(AFM) that is a scanning probe technique based on
point-to-point examination of the specimen made by
a sharpened tip probe.

The AFM system used in this study is JSPM-
5200, JEOL, Japan. The cantilever is produced by
MikroMasch (Estonia) by trade name NCS18 Co-Cr.
AFM probe is a silicon etched probe tip of conical
shape. It is coated with Co and Cr layers, so the
resulting tip radius with the coating is 90nm. Full tip
cone angle is 40°. Samples are taken from contact
lenses that are manufactured from fluorosilicone
acrylate doped poly methyl methacrylate PMMA
material (Boston EO). All samples are imaged in
tapping mode and in ambient air.

2.2. Lacunarity Analysis

Mandelbrot introduced the term lacunarity
from the Latin word “lacuna” that is related to
English “lake” [6]. Lacunarity analysis is a multi-
scaled method for describing patterns of spatial dis-
persion. Surface lacunarity analysis, as part of ongo-
ing project activities, is based on “gliding box” met-
hod proposed by Voss in [7] and Plotnic [8].

This method considers the gliding box as a
window systematically moving through the binary

image. Binary images represent a section of surface
topography images that are sliced on levels by pla-
nes starting from the top and all the way down. For
each section the pixels that belong to a surface are
colored white and considered as binary 1. The rest of
the surface image belongs to valleys, so they repre-
sent an empty space that is supposed to be filled
with lubricant. Those pixels are colored black and
are considered as binary 0. For a particular level the
binary image represents the distribution of lubri-
cant’s lacuna (Figure 1, left side).

Box mass value m is determined for each of
the gliding boxes as a number of black pixels occu-
pied by the gliding box. The gliding box size r is a
variable and can take values of 2" pixels length. The
in-house made procedures for lacunarity value
determination of engineering surfaces are developed
in Matlab software. All necessary image processing
is performed in Matlab also.

According to Plotnic [8] lacunarity L(r) is
defined by the following equation:
1(r)=20), (1)

M{(r)
where M;(r) and M,(r) are first and second moment
of distribution of black pixels in gliding box.
Moments are defined by equations:

M, (r):i_lm -P(m,r); (2)
Mz(r):ilm2 -P(m,r)~ 3)

Probability P(m,r) that the gliding box of size r con-
tains m black pixel is defined by the equation:

P(m,r)= nm. r) > “)
N(r)

where n(m, r) is the number of box size » with mass

m, and N(7) is the total number of boxes of size r.

When the double logarithmic plot of points (Z,
r) is fitted by polynomial line (Figure 1, middle), the
line slope p, as a numerical value for every section
made by slicing the engineering surface image, are
presented in Figure 1-right as a dot.

Lacunarity analysis is used to investigate the
lubricant distribution on engineering surface. The
distribution of tear film and its stability, for a contact
lens surface, are analyzed in next sections.

3. RESULTS AND DISCUSSION

The surface topography images, gathered by
AFM, are considered as matrix filled by surface
height in each pixel. Such matrix represents an
intensity image type with greyscale map. Imaging
size is 256x256 pixels and images area are
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10umx10pm and lpmxlum for investigation of
contact lens surface lubricant behavior in micro and
nano scope. Sixteen contact lenses are imaged and
forty images with the size of 10umx10um and thir-
teen images with the size of lumxlum are studied
using the “gliding box” method. Lacunarity analysis
provides a diagram that presents the slope value p
vs. cutting level n.

3.1. Tears lubrication in micro range

Forty p-diagrams are being observed and they
are selected in two groups for micro scope behavior

explanation. The first group represents p-diagrams
with three line slopes and we label them as slanted
p-diagrams and show some representatives in Figure
2-up. Opposing to them is a second group that con-
sists of contorted p-diagrams with four slopes in
Figure 2-down. The images related to specific group
diagrams demonstrate the same surface topology.
The contorted p-diagrams present a topology with
distinctive high hills. The slanted p-diagrams present
topology with uniformly distributed lower hills. In
Figure 2-right, 3D topography images that refer to a
particular group are presented.
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Figure 1. Plot of natural logarithms of L(r) against r (middle) for cutting level 35% of engineering surface (left)
and slope value p vs. cutting level n (right)
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Figure 2. Slanted (up) and contorted (down) p-diagrams for AFM images of sample area size 10umx10um
with representatives



B. Bojovi¢, . Koruga, Micro and nano lubricant behavior of tear film aqueous layer

Contemporary Materials, I1I-1 (2012)

Page 58 of 62

For slanted p-diagram three characteristic slo-
pes are distinct. The first slope refers to the range of
upper quarter, the second scope to the range of
quarter to half and the third refers to the rest of the
cutting levels. This implies a simple conclusion that
the engineering surface can be considered as an
object with different properties along the asperity
height. These three slopes coincide with real matter,
because the surface includes large regions of space
in the top quarter of maximal height. Also,
lacunarity is different in the second quarter and it is
caused by space reduction in favour of material
accumulation. The surface includes large regions of
material in the bottom half of maximal height, which
makes the object very dense and lacunarity obtains a
constant value.

The results of surface lacunarity analysis con-
firm sample surface state as belonging to either gro-
up adequate (slanted p-diagram) or inadequate (con-
torted p-diagram) roughness concerning the tear film
maintenance in lacunas region.

Contact lens surface topology analysis on mic-
ro scale reveals features lower that 200nm. Tear film
has thickness no less than 2000nm, even for dry eye
wearers confirmed in [9], and compared to surface
topology observations; there is no problem of
aqueous layer lubrication. In reality, dry air, wind,
high temperature, non-frequent blinking, staring at a

screen, etc. influence tear film instability, especially
in case of dry eye and cause discomfort for contact
lens wearing.

There is no simple solution to a contact lens
lubrication problem, and lacunarity analysis of con-
tact lens surface could provide some insight in lubri-
cation behavior, not only in micro but in nano range,
too. A solution could be hidden in nano range and
therefore, a lacunarity analysis is performed on
lumx1pm images area.

3.2. Tears lubrication in micro range

Since the width of water molecule is about
0.25nm, according to [10], lacunas on contact lens
surface size of lpmxIum (Figure 3-a) are filled by
water molecules as cobble stone pattern. In that way
defined cutting levels n present water layers only
0.25 nm thick. In Figure 3-b, p-diagram presents a
very slanted shape and according to the analysis that
is established in the previous chapter, three distincti-
ve behaviors can be determined. In range 1-40
layers, the binary image in Figure 3-c includes large
regions of lacunas. In range 40-80 layers in Figure
3-d there is a space reduction of lacunas in favour of
material accumulation.
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Figure 3. a) AFM topography image size of 1 umxI1um, b) p-diagram with 120 water layers,

¢) binary image for 20" level, d) binary image for 40" level, e) binary image for 80" level
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In the last range 80-120 layers in Figure 3-e
there is asymptotic look of dots, and there is a poten-
tial appearance of isolated lacunas appropriate for
confined water. This asymptotic region is
additionally observed and analyzed in last ten water
layers (Figure 4-a) because the confined water
usually contains only 6-10 molecule layers, which is
confirmed in [5].

The research focuses on the detection of nano
gaps in surface topography using lacunarity analysis.
In Figure 4 a p-diagram is presented for last ten
water layer (b) and binary images for 96" (c), 101%
(d), and 113" (e) layer. The form of dots represents
distribution of confined water lacunas assemblies
along the depth of ten water molecules layer. In
Figure 4-c, three lacunas assemblies can be observed
on binary image. At just about 101* level one of
them is vanishing and p-diagram shows a slope dis-
tinction in a particular dot. The binary image in
Figure 4-d represents 101% level. There are two
lacunas assemblies that cannot be observed in Figure
4-e, because one of them vanishes again and in p-
diagram a particular dot arises.

A different form of p-diagram is presented in
Figure 5-a. Smooth curve without any abruption
adequately represents topography that exhibits single
lacuna region at the ten lower levels. It is opposite to
p-diagrams in Figure 4-a. The existence of either dot
or dots that are prominent compared to the smooth
path followed by the rest of dots, indicates several
region of lacunas.

In Figure 6-the p-diagram with two abruptions
in layer 250 and 255 is presented. According to the
previous analyses in reference to Figure 4 and Figu-
re 5, it can be concluded, in advance, that there are
three lacunas region on 247" layer and they are
vanishing subsequently around 250" and 255" layer.
Binary images in Figure 6-c confirm the existence of
three, Figure 6-d of two, and Figure 6-e the
existence of a single lacuna region. Both, Figure 4
and Figure 6 reveal several lacuna regions on
topography of contact lens and changes in p-
diagrams provide information about that.
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Figure 4. a) p-diagram with 120 water layers, b) p-diagram with last 10 water layers,
¢) binary image for 96" level, d) binary image for 101* level, e) binary image for 113" level
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Figure 5. a) p-diagram with last 10 water layers of 132 water layers, b) AFM topography image size of 1 umx1 um,
¢) binary image for 123" level, d) binary image for 130" level
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Figure 6. a) p-diagram with last 10 water layers of 256 water layers, b) AFM topography image size of 1 umx1 um,
¢) binary image for 247" level, d) binary image for 250™ level, e) binary image for 255" level
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It can be concluded that p-diagram in nano
scale application could provide explicit information
about surface lacunarity, and therefore possibilities
for water accumulations in it. Thus, the restrained
water between solid walls is known as confined
water [11]. Due to a decreased mobility of molecu-
les, the following properties of confined water were
reported in [3-5]:
the oscillation of the average local density near
the solid walls with the distance normal to the
boundaries,
prolonged molecular relaxation time,
reduced diffusion coefficient,
increased effective shear viscosity and
two different responses during transition to
solidification.

As a result of different properties, confined
water behaves effectively like liquid crystals and
exhibits good lubricant behavior in nano scale. Good
lubricant behavior is reported for specific conditions,
like pure (sterile) water that was wused for
experiments, along with the atomic flat surfaces of
solid walls. In the eye lubricated by the water that
contains proteins and salts, between contact lens
rough surface of polymer, as a solid wall from the
one side and tissue as real non-solid wall from the
other side, the existence of aqueous tear layer in the
role of confined water should be confirmed in
experimental way.

5. CONCLUSION

AFM images of contact lens surface are stu-
died using the “gliding box” method for lacunarity
analysis, which provides a diagram that presents
slope value p vs. cutting level n. Based on p-diagram
shape and slopes changes along it, it can be conclu-
ded that the engineering surface can be considered
as an object with different properties along the
asperity height. Therefore, an explanation about the
surface lubrication behaviour can be given with
certainty.

The results of surface lacunarity analysis in
micro domain confirm contact lens surface state as
belonging to either a group of adequate (slanted p-
diagram) or inadequate (contorted p-diagram) roug-
hness concerning tear film stability.

The research of nano domain is related to the
detection of nano gaps in surface topography using
lacunarity analysis for last ten molecular layers. A
smooth curve of p-diagram without any abruption,
adequate represents topography that exhibits single
lacuna region at the ten lower levels. It is opposite to
existence of prominent dots that indicates several

regions of lacunas. Potential appearance of gaps pre-
sents isolated regions of lacunas that are appropriate
for confined water existence.

Future research activities of aqueous layer of
tear film by AFM should be predominantly directed
toward experimental verification of confined water
role as a lubricant. We have cast some light on water
as a lubricant, using lacunarity analysis but we want
to fully understand it, explain it and finally, be able
to apply it.
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SOR

IMOHAIIAKBE BOAEHOI” CJIOJA CY3HOI' DUJIMA
KAO CPEACTBA 3A IIOAMA3UBAKBE Y MUKPO 1 HAHO IIOAPYUJY

Caxerak: Cy3se 00e30el)yjy BIaXHOCT M CHaOJeBajy KHUCCOHHMKOM U OCTAIUM
Ba)XHHM CacTOjIIIMa POXKIauy, MEXaHUUKHU YKJIambajy CTpaHa Tejla U XeMUKaJIMje 1 OJpiKa-
Bajy je TIIaTKOM ¥ ONTHYKH MPOBUIHOM. [I01aTHO, TOKOM TpenTama, Cy3HH QUM MoAMasy-
je TapHe nospiurHe U3Mely kamnaka u oka. Cy3Hu (UIM ce cacToju OJf BOAEHOT Cloja KOjU
caJpKu joll ¥ OaKTepHOCTaTHKE, IPOTeUHE U colu. HocHonu KOHTaKTHUX COYUBA 4ECTO
nare oJi cyBor oka. Ha Te mpoMeHe y cTabUIHOCTU Cy3HOT (GUIMa YyTUUY JU3ajH, IOBPIIMHA
U MaTepujaj KOHTaKTHOT COYMBA, Ka0 U PACTBOPH 3a oxpxkaBame. OCHOBHM IIMJBEBU Tpe-
HYTHOT HMCTpaXUBama Cy Bullle (aKTOpHjaJIHU MPOoOJeM CTaOMIHOCTH Cy3HOr GHiIMa U
CaMUM TUM U OJpxaBame (YHKIHUje 0Ma3UBamka KO rac-IpolyCHUX KOHTaKTHUX COYH-
Ba. OBaj pax ce 0aBM NMPUMEHEHHM HCTPAKMBABUMA CIIOCOOHOCTH XpalaBe ITOBPIIMHE
KOHTAKTHOT COYMBA Ja 3aAP>KU CY3HH (DPUIIM Y MUKPO U HAaHO IOJAPYYjy, U TO KopulhemeM
MeToJie KIM3HHUX IIP030pa 3a aHAIU3Y JIaryHapHOCTH. TOmoJoTHja KOHTAKTHAX COYMBA Ca
CY3HHM (MIMOM Kao CpPEeICTBOM 3a IOJMa3WBamke HCIHTAHH Cy ca acleKkra BoJe Kao
JOMHMHAHTHOT (IIyHIa, Ka0 ¥ CTHLICHOT CIO0jeBUTOT BOAEHOT (HIMA Yy HAHOMETapCKUM
npouenuma. Tormooruja KOHTAaKTHUX COYMBA IOCMATpaHa Y MUKPO M HAHO CKallk yKasyje
Ha Pa3IMYMTO ITOHAIIAKE Cy3HOT (GHIIMa y YIIO3U CPEelCTBa 3a oaMa3uBambe. CylpoTHO 01
BOJIC KOja je Y CBOM MaKpOOKPYKEHY JIOII JIyOPHKAHT, jep je GIIyn KOju JaKo Teue, HaHO-
BOJIa Ce TIOHAIlIA KA0 TeUHH KpUCTall.

KibyuHe peun: cyse, JaryHapHOCT, II0AMa3UBambE.
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