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This study aims to enhance the endurance of MoS?2
coating by applying a thin layer of Au (~0 nm) on
MoS2 surface. Experimental results show that the
addition of Au film increases the endurance of
MoS2/Au over equivalent coatings without Au. The
friction coefficient rapidly decreases to a stable
value (p~.045) after about 100 cycles sliding. After
more than 15, 000 cycles, the friction coefficient
gradually increased to a second stable value (u
~.15). An average endurance of over 50,000 cycles was
measured in this case. The Au or Au- MoS2 composite
layer can effectively prevent oxygen or moisture
reaction with MoS2 and hence significantly increases
the wear life.
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The Study of Tribological Properties of MoS2/Au Solid Lubricant Coatings
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Abstract
This study aims to enhance the endurance of
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MoS; coating by applying a thin layer of Au
(~80 nm) on MoS, surface. Experimental
results show that the addition of Au film
increases the endurance of MoS,/Au over
equivalent coatings without Au. The friction
coefficient rapidly decreases to a stable
value (u~= 0.045) after about 100 cycles
sliding. After more than 15,000 cycles, the
friction coefficient gradually increased to a
second stable value (u~= 0.15). An average
endurance of over 50,000 cycles was
measured in this case. The Au or Au—-MoS;
composite layer can effectively prevent
oxygen or moisture reaction with MoS, and
hence significantly increases the wear life.
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Abstract. Polymer based photonic crystal fibers with low cost manufacturability, and the mechanical
and chemical flexibility offer key advantages over traditional silica based photonic crystal fibers.
PMMA photonic crystal fiber was fabricated by stacking an array of PMMA capillaries to form a
preform, and followed by fusing and drawing into fiber with a draw tower. The air hole diameter and
fraction of photonic crystal fiber can be manipulated by the thickness of PMMA capillaries and
drawing temperature. The measurement of mechanical properties was performed by universal testing
machine. The air core guiding phenomena was observed in air-core PMMA photonic crystal fiber.
The ultimate tensile strength of PMMA photonic crystal fiber increases with the increase of the
air-hole fraction. The mechanical strengths of all the microstructured optical fibers are higher than
those of traditional PMMA fibers. This can be attributed to the introduction of more cellular interfaces
which hinder the crack propagation and hence improve the mechanical strength. The plastic extension
of PMMA microstructured optical fiber decreases with the increase of the air-hole fraction. Overall,
the mechanical flexibility of PMMA microstructured optical fiber is superior than that of traditional
PMMA optical fibers.

Introduction

The silica-based air-guided photonic bandgap fibers have been developed recently [1-5]. The potential
benefits of guiding light in air derive from lower Rayleigh scattering, lower nonlinearity and lower
transmission loss compared to conventional waveguides. The polymer-based photonic bandgap fibers
with low-cost manufacturability and the mechanical flexibility offer key advantages over conventional
silica based photonic bandgap fibers. However, the fabrication of polymer photonic band gap fibers is
more complicated due to the existence of severe water absorption, shrinkage, and poor thermal
conductivities of polymer materials. Recently, solid core polymer PCFs, which are generally called
microstructured optical polymer fibers (MPOFs), have been fabricated and studied [6]. However, the
fabrication of air-guided polymer PCFs are still unsuccessful. The studies regarding their mechanical
properties of polymer based PCF are still lacking.

In this work, we report the investigations of the parameters that are critical in the fabrication
processes of air-core polymer photonic crystal fibers. The optical and mechanical properties of the air
core PCFs are also investigated.
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Experimental

The fabrication processes of the air core polymer PCFs preform are illustrated in Figure 1. Hollow
PMMA tubes (n~1.492) with 10 mm outer diameter and 8 mm inner diameter were first stacked into a
hexagonal array. Some hollow tube(s) was/were removed at center site(s) in order to form the air core.
The stacked tubes were annealed at 110 °C for 3 hours for water removal and then heated to form the
preform. The drawing of the air-guided polymer PCFs is a two-step process. During the first step, the
preform was drawn at an elevated temperature into a smaller preform with 40 cm in length and 10 mm
in diameter. This smaller preform was then drawn again into a fiber with a diameter between 125 and
300 pm depending on the drawing temperature and speed. The drawing speed is controlled under 10
cm/min. From the stacked tubes to a fiber, the overall scale of the structure is reduced by a factor of
300, while the structure formed in the preform stage is still maintained. The measurement of
mechanical properties was performed by universal testing machine. The loading foce is less than 5 kg
and the loading speed is set at 5.2 mm/min. The resolution of the load cell approaches 0.5%.

(b)
Figure 1. Fabrication processes of MPOFs. (a) step 1: cutting PMMA tubes; (b) step 2: packing and
thermal annealing; (c) step 3: drawing into preform.

Results and Discussion

The furnace temperature affects the formation of the air-guided polymer PCFs preforms. Uneven
temperature distribution results in structure distortion or irregular hole diameters (Figure 2). The
diameters of the air holes at the perimeter are smaller than those of the air holes near the center, which
can be attributed to the significant thermal insulating effect in the polymer PCFs preform. The
periphery of the preform will reach drawing temperature before the center does. Higher temperature
leads to higher surface tension and thus larger air hole shrinkage. The larger the MPOF preform, the
longer time is needed to achieve uniform temperature distribution over the whole sample. In fact, the
diffusion treatment can be used to control the air hole diameter and air filling fraction.

Figure 2. Drawing without enough diffusion treatment leads to irregular hole diameters.

The holding and fastening methods are also critical for the fabrication of high quality PCFs. The



holes structure has to be kept without block in order to remain gas flow and temperature distribution
under steady state. The blocking in the air core during the drawing process will result in the
expansion and distortion of the air core, as shown in Figure 3.

Figure 3. Drawing with block in the air core on the top of the PCFs perform results in the expansion
and distortion of the air core.

The effects of drawing temperature were studied in detail. Drawing at temperature of 150°C leads
to the air-cored PCFs with air fraction higher than 80%, as shown in Figure 4(a). At the drawing
temperature between 165 to 175°C, the ratio of the air hole diameter d to the pitch A between the
holes remains almost the same. The small triangular air holes in the figures are the air gaps formed at
corners of the stacked capillaries. The diameter d is in the range between 8 and 10um, the pitch A is
between 12 and 14 um, and the fraction of air present in the samples is up to around 48% (Figure 4(b)).
By increasing the furnace temperature to over 175°C, the triangular interstitial air holes become
circular holes and the size of those holes is also reduced (Figure 4(c)). The maximum attainable air
filling fraction is limited by the effect of surface tension. With this limitation, it is difficult to fabricate
large air fraction samples with the small pitches.

Figure 4 SEM images of the cleaved end-face of the MPOFs drawn at various temperature (a) 155°C
(b) 175°C (c) 195°C.
The optical tests showed that air core PMMA photonic crystal fiber could well guide optical

signals at wavelength of 632.8 nm. with air fraction above 48% (Figure 5). However the air-guiding
phenomena disappears after 2 months possibly due to the absorption problems.

Figure 5. Measurement results of the MPOF samples. The air core PMMA photonic crystal fiber
could well guide optical signals at wavelength of 632.8 nm. The sample was drawn at
175°C, with 1.5-hour diffusion treatment.



The yield strength and ultimate tensile strength and of air cored PMMA PCFs increases with the
decrease of the drawing temperature (or with the increase of the air-hole fraction), as shown in Figure
6. The mechanical strengths of all the air cored PMMA PCFs are higher than those of traditional
PMMA fibers. This can be attributed to the introduction of more cellular interfaces which hinder the
crack propagation and hence improve the mechanical strength. The plastic extension of PMMA
microstructured optical fiber decreases with the increase of the air-hole fraction, as shown in Figure 7.
It is believed that the wall thickness of PMMA is helpful for the plastic extension of PCFs. It can be
observed that the plastic extension of all the polymer PCFs is over 100%, which is higher than that of
traditional PMMA fibers. It is interesting to note that the fractured surface demonstrates 45° cleavage
facet rather than traditional ductile fractured surface (Figure 8). Further studies are needed for the
investigation of the deformation and fracture mechanisms of polymer PCFs. Overall, the mechanical
flexibility of PMMA air cored PCFs is superior than that of traditional PMMA optical fiber. This
conclusion agrees with the results observed in cellular structured materials. The natural cellular
structure such as woods, provides excellent deformation and energy adsorption capabilities [7]. The
fabrication of polymer based PCFs provides a new route for the fabrication of biomimetic cellular
materials and smart biosensors.

Yield Strength ( MPa)
|

20 30 40 30
Air fraction in PCFs

Figure 6. The influence of drawing temperature on the yield strength of air core polymer photonic
crystal fibers.
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Figure 7. The influence of drawing temb‘é@ture on the plastic extension of air core polymer
photonic crystal fibers.



Figure 8. SEM image of fractured surface of polymer PCFs after tensile tests.

Summary

The air core guiding phenomena was observed in air-core PMMA photonic crystal fiber with air
fraction above 48%. The ultimate tensile strength of PMMA photonic crystal fiber increases with the
increase of the air-hole fraction. The mechanical strengths of all the microstructured optical fibers are
higher than those of traditional PMMA fibers. This can be attributed to the introduction of more
cellular interfaces which hinder the crack propagation and hence improve the mechanical strength.
The plastic extension of PMMA microstructured optical fiber decreases with the increase of the
air-hole fraction.
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Abstract. The principles of bacterial identification are
beginning to be understood at the kinetic level in the past
few years, nevertheless, the crucial aspects to be taken into
consideration are the spatial arrangements of molecules or
atoms at the interacting surfaces and the profiles of the
interfacial forces. In this study, the dynamics of attachment
and detachment of E.coli K12 to ultra thin film silica and
zirconia surfaces with precisely coated by sol-gel method
is measured by using optical waveguide lightmode
spectroscopy (OWLS) are described.

Keywords: bacterial adhesion, kinetic, optical waveguide
lightmode spectroscopy

l. Introduction

Bacterial adhesion to surfaces plays a major role in
the transmission of pathogens, the persistent infection of
surgical implants etc. There is therefore intense interest in
designing surfaces to control (and hence eliminate, if
deleterious) adhesion. There are indications that interaction
energies determined by average physico-chemical
properties of the bacterial and adsorbing surfaces play a
determining role in adhesion [1]. The issue of identified
bacteria to the unknown transmission of pathogens are
important nowadays. Nevertheless, the traditional
identification methods of bacteria are complex, expensive
and time consuming, typically take 3 to 4 days, therefore,
there is an intense interest in speeding up the determination
of microbial pathogens. The natural environment of
bacteria stay mostly at the interface of solid-liquid or
solid-air interface and often freely float bacteria could be
the first step of adhesion process, after bacteria arrive the
surface, microbes tend to either attach to the surface or
detach and return to their environment. Hence, it is crucial
to understand bacterial adhesion tendence to surface.
Bacterial adhesion to the surface has been studied in many
previous works but many of them were focused on the
specific adhesion molecules between bacteria and surface
(e.g. Jucker, et al.(1997) [2] and Antonietta Splendiani,
Cristiano Nicolella(2006) [3]); some of them were focused
on the classification of gene expresion [4]. These
techniques are slow, labor intensive and hence expensive.
A more recent approach has been to use electrophoresis to
separate bacteria on the basis of their surface electrostatic

charge [5], which is not always a sufficiently good
discriminator. The technique now widely called optical
lightmode waveguide spectroscopy (OWLS) involves
measuring the perturbation of the evanescent fields
associated with one or more waveguide lightmodes [6]. It
is particularly convenient to measure this perturbation with
the help of a grating coupler [7], with which light can be
coupled in or out of the waveguide. In this study, the
adhesion kinetics of E.coli K12 and L.plantarum to SiO:
and ZrO2 are measured by using optical waveguide
lightmode spectroscopy (OWLS) are demonstrated.

I1. Experimental

Optical Waveguide Lightmode Spectroscopy
(OWLYS) [8-9] is a label free technique for providing a high
accuracy kinetic data required with excellent time
resolution. This will enable us to probe hence understand
the process involved in bacterial adhesion at nanometric
precision. The changes of electronic polarizability in the
measuring field of an optical waveguide alter the phase
velocity of guided waves. This change can be interpreted as
the change of mass and/or shape of adherent bacteria. A
grating serves to incouple light into a planar optical
waveguide in which the light then propagates, generating
an evanescent field. The evanescent field is used to probe
the optical properties of the solution in the vicinity of the
surface. This method is based on its sensitivity to the
changes of the refractive index when deposition of
macromolecules occurs. This can be interpreted as the
change of mass and/or shape of adherent bacteria.

The typical experimental situation to which the
following procedure (see Figure 1) can advantageously be
applied begins with a waveguide equilibrated with the
medium used to suspend the bacteria, which are then (at
time t = 0) flowed in suspension over the waveguide,
leading to a gradual increase b(t) in the number of adsorbed
bacteria b per unit area until a steady state is reached at
which b(t) is constant, with a value of bsat. Usually pure
suspending medium is then flowed over the waveguide to
verify that the adsorption is irreversible. The quantity b is,
to a good approximation, linearly proportional to an
effective refractive index N of the waveguide, say the
zeroth transverse electric (TE) one [10].
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Figure 1. Typical experimental procedure for the kinetics of bacteria adhesion. Bacteria in PBS buffer solution was pumped through the optical waveguide
lightmode spectroscopy by peristaltic pump. The flow rate is 10 pl/s and the temperature.

Bacteria. In this study, Escherichia coli (strain IM83, a
K12 derivative) and Lactobacillus plantarum were chosen
as they are common nonpathogenic strains and widely
used for research, which makes them good

representatives for investigating bacterial adsorption. A
live sample of E. coli was cultured in 200 ml Luria broth
(LB) overnight for approx. 18 hours at 37°C. L. plantarum
was cultured in 100 ml MRS broth overnight at 30°C. Then
the following step was the washing, hence, removing the
traces of the liquid broth, which may interfere with the
surface in the adsorption measurement. After supernatant
removal, the pellets were resuspended in cold aqueous
buffer, either PBS or Z 1150 buffer .

Biomaterials. The substrates for the bacterial adhesion in
this experiment were biomaterial SiO2 and ZrO2, which
was produced by physical vapour deposition (PVD)
within the thickness 10 to 20 nm layer of silica and
zirconia on glass weveguides gratings(ASI 2400, made by
Microvacuum Ltd., Budapest, Hungary).

Adsorption. The investigation of adsorption kinetics is

an extremely powerful and sensitive method for probing
the energetic profile in the vicinity of an adsorbing surface.
The kinetics of an interfacial reaction will be determined
by the potential barriers experienced by the mobile
component (bacteria were assumed to be a sphere of radius
r) dissolved in a medium, as it approaches the stationary
substrate. Normally, these barriers can be calculated by an
adsorption rate coefficient ka, where

e 2 )
Oa

where D is diffusion coefficient of bacteria and da is
adsorption distance which was given as [11]:

8a = I [exs i(Z'Dl‘fdz 1

where AGuzs is the interfacial free energy, ks is Boltzman
constant (1.38x10-23 JJK) and T is absolute temperature.

The energy barrier can be presented by the adsorption rate
of constant ka with

-AG.

-—) ®3)

ke~ o exp( =

where o is some intrinsic frequency factor and presume

energy barrier is to be given by the unit of keT . And the
rate of adsorbed bacteria then can be written as:

% =Kka (AG123 )Cod (4)

where ¢» is the effective bulk concentration (include
hydrodynamic function); b is number of bacteria per unit
area; a is area occupied by one bacterium; ¢ is fraction of
available adsorption surface, which is related to the size
and shape of bacteria.

The typical experimental situation to which the
following procedure can advantageously be applied begins
with a waveguide equilibrated with the medium used to
suspend the bacteria, which are then (at time t = 0) flowed
in suspension over the waveguide, leading to a gradual
increase b(t) in the number of adsorbed bacteria b per unit
area until a steady state is reached at which b(t) is constant,
with a value of bsat [12]. Usually pure suspending medium
is then flowed over the waveguide to verify that the
adsorption is irreversible.



I11. Results and Discussions

Figure 2 shows the results from a typical
adsorption/desorption experiment. Adsorption approaches
saturation, apparently asymptotically. Upon flooding with
PBS buffer solution at the same flow rate, some bacteria
were desorbed in this case. Note that the concentration of
E.coli cv=1.04x10s cells/ml and the concentration of
L.plantarum cv» = 4.22x106 cells/ml. bsa is read from the
Figure 2 curve where the adsorption of bacteria reaches
saturation.
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Figure 2. Typical raw OWLS result. Mark 1 indicates that the start of
bacterial flow and Mark 2 indicates its end. The tangent shows the Kinetic
of the adsorption of E.coli K12.

For the adsorption objects to a surface, nevertheless,
any kind of surface is mainly a continuum and it is known
at once that the saturate surface “jammed” in the sense that
there is no space to let objects move in, or there are very a
lot of spare spaces but all the spare spaces may not be big
enough separately to allow objects get in. For this problem
of random sequential adsorption (RSA) to a surface has
been noticed for a long time and the simplest process to
solve the problem of loading up space by objects deposited
sequentially at randomly chosen location in a continuous
condition is random sequential addition (RSA) [6]. Figure
3 show the fitting results of the kinetics and mass of
adsorbed bacteria on the surface. It is clear that a plot is
reasonably well fitted by a random sequential adsorption
process.
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Figure 3. The result of the rate of the bacterial adsorption vs the number of
bacteria on the surface with random sequential adsorption fit.

The adsorption results of E.coli on silica(SiO2) and
zirconia(ZrOz2) were shown in Table 1. Note that ka and a
respectively are the kinetic rate coefficient of adsorption
and the area occupied by one bacterium and both are
derived from fitting Equation (4). The rate of adsorption
and the area occupied by one bacterium of ZrO: are also
higher than SiO.. This indicates that ZrO: has a stronger
force to attract E.coli than SiO2. The measured interfacial
free energy of E.coli on both surfaces are -6.8x10-7 and
-11.7x10-7 mJm-2 respectively.

Table 1 The adsorption results of E.coli K12 on SiO2 and ZrO 2.

Adsorbent SiO2 ZrO2

badpm’ 0.11 0.105

Ke/pums 0.23 0.46

Measured Int_erfacial fr_ee 68 117
energy(10°) /mm

a/um’ 3.22 4.26

Table 2 shows the results of area occupied by one
bacterium on both surface in phosphate (PBS) and chloride
(Z1150) buffer solutions. Note that zirconia(ZrOz) has less
area occupied by L.plantarum, which zirconia(ZrOz) has
higher occupied area by E.coli. Also note that the chloride
in buffer solution could alter the attachment of bacteria to
different surfaces. On the other hand, the dependence on
ion type - comparing PBS and Z1150 - on silica(SiOz2), the
difference is not so great (slightly smaller in PBS for both
E.coli and L.plantarum). On zirconia(ZrOz), there is a
dramatic difference - E.coli is bigger in PBS, but
L.plantarum is smaller.

Table 2 Area occupied by one bacterium(a/umz) in PBS (phosphate) and
Z1150 (chloride).

Adsorbent SiO2 ZrO2
bsa/pm > 0.11 0.105
ka/ums'l 0.23 0.46

Measured Int_erfacial frge 68 117
energy(10°) /mJm

V. Conclusion

In this study, the adhesion kinetics results of E.coli K12
and L.plantarum to surface SiOz and ZrO: in PBS and
Z1150 have been demonstrated by optical waveguide
lightmode spectroscopy (OWLS). The interaction of two
kinds of bacteria, which are gram-positive and gram-
negative bacteria, can be well predicted and their
interfacial energies are deducible from the adsorption
kinetics in the experiment. Furthermore, the rate of
adsorption is characterized by the adsorption rate constant
ks, is inversely proportional to the integral of the bacteria
substrate interfacial free energy AGuzs.



Bacterial adsorption is complicated, however bacteria
have a characteristic surface chemical signature which
could selectively bind to surface. Bacterial adsorption also
follows the role of random sequential adsorption, which
that means not only should the kinetics follow the
characteristic random sequential adsorption law, but if the
adsorption is irreversible then a should be irrespective to
the surface. Given, however, the experimental difficulties
inherent in measurements of the adsorption of a living
bacterium, the methodology presented in the work is likely
to be adequate for many purposes, which might include
further analysis of the adsorption kinetics and demonstrate
bacterial and other biomaterials in the future.
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