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In this work, we have explored the application of poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) as an additive to improve

the lubricating properties of water for metal-oxide-based tribo-systems. The adsorption behavior of the polymer onto both silicon

oxide and iron oxide has been characterized by optical waveguide lightmode spectroscopy (OWLS). Several tribological

approaches, including ultra-thin-film interferometry, the mini traction machine (MTM), and pin-on-disk tribometry, have been

employed to characterize the frictional properties of the oxide tribo-systems in various contact regimes. The polymer appears to

form a protective layer on the tribological interface in aqueous buffer solution and improves both the load-carrying and boundary-

layer-lubrication properties of water.
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1. Introduction

Water possesses several characteristics that are
desirable for its use as a lubricant, such as being
environmentally friendly, advantageous for heat man-
agement and economical. Synovial joints, such as hip,
knee, shoulder, ankle and finger joints, can display
friction coefficients, �; that are less than 0.003 [1–4].
However, extremely low friction in natural joint systems
cannot be achieved by water alone, due to its inability to
form useful boundary films and its extremely low
pressure-coefficient of viscosity [1–4]. The latter has
serious consequences for elastohydrodynamic lubrica-
tion with water and thus limits the load-carrying
capacity of water-lubricated tribo-systems. Nature
deals with these issues by using ‘‘smart’’, pressure-
responsive cartilage surfaces as sliding partners [4]. In
efforts to use water as a lubricant in engineering
systems, several approaches are employed to modify
the lubricating properties of water, including oil-in-
water (O/W) emulsions [5–7] or aqueous surfactants
[8–11]. In both approaches, the formation of a
protective film, either instantaneously or irreversibly, is
known to be responsible for a lubrication effect.

In recent years, some attention has been paid to
end-grafted polymers that exhibit unique tribological
properties in organic media [12–18]. In ‘‘good’’ solvents,
end-grafted polymers are strongly stretched and keep
the polymer-bearing interfaces apart during sliding,

while maintaining a relatively fluid layer at the interface.

This mechanism strongly contrasts with the sliding of a
rigid interface where surfaces are brought into close

contact and the solvent molecules squeezed out during
sliding. Coefficients of friction as low as 0.001 have been
observed under light compression of polymer-grafted

interfaces, although higher friction forces were observed
in a higher-pressure regime [13,14]. These observations

hint that brush-like polymers may provide an alternative
approach for improving the lubrication properties in an
aqueous environment, providing that their chemical and

structural properties are properly designed.
We employed poly(L-lysine)-g-poly(ethylene glycol)

(PLL-g-PEG) as an additive to improve the lubricating
properties of water for metal-oxide-based tribo-systems.

PLL-g-PEG has been extensively investigated in pre-
vious studies for use in a wide array of biomedical

applications [19–23]. As shown in figure 1, this co-
polymer is composed of a polycationic PLL backbone
and a non-reactive PEG side chain. The PLL backbone

is positively charged at pH � 10 due to protonation of
the primary amine groups, and readily adsorbs onto a

negatively charged surface, mainly through electrostatic
interactions. Many metal oxide surfaces display iso-
electric points (IEP) that lie below pH 10 [24], and thus

can be effectively coated by this polyelectrolyte in
aqueous conditions. Some of the NH2 functional groups
of the PLL are used for coupling PEG side-chains, thus

resulting in hydrophilic, flexible, brush-like side chains.
In this work, we explore the potential use of PLL-g-

PEG as an additive to improve the lubrication proper-

ties of water for tribo-systems composed of metal
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oxides. For this purpose, several macroscopic tribologi-
cal approaches, including ultra-thin film interferometry,
the mini traction machine (MTM), and pin-on-disk
tribometry, representing a pure rolling, mixed sliding/
rolling, and pure sliding respectively, all in a non-
conformal sphere-on-plane geometry, have been
employed.

2. Materials and methods

2.1. PLL(10)-g[2.9]-PEG(2)

PLL(10)-g[2.9]-PEG(2) denotes a graft co-polymer
with a PLL backbone of molecular weight 10 kDa, a
grafting ratio of (lysine-mer)/(PEG side chains) of 2.9,
and a PEG molecular weight 2 kDa.

The PLL-g-PEG co-polymer has been synthesized
according to a method described in previous publica-
tions [22,23]. Briefly, poly(L-lysine) hydrobromide
(16 kDa including HBr, Sigma, St. Louis, MO, USA)
was dissolved at a concentration of 100mM in sodium
borate buffer solution (50mM) adjusted to pH8.5. The
solution was filter sterilized (0:22 �m pore-size filter).
For the grafting of PEG onto PLL, the N-hydroxysuc-
cinimidyl ester of methoxypoly(ethylene glycol) propio-
nic acid (mol. wt. 2 kDa, mPEG-SPA, Shearwater

Corporation, Huntsville, AL, USA) was added to PLL
solution. The reaction was allowed to proceed for 6 h at
room temperature, after which the reaction mixture was
dialyzed (Spectra-Por, mol. wt. cutoff size 6–8 kDa,
Spectrum, Houston, TX, USA) for 48 h against deio-
nized water. The product was freeze-dried and stored at
�20 �C: Detailed analytical information of the product
produced using this method is available in previous
publications [22,23].

The PLL(10)-g[2.9]-PEG(2) was dissolved in 10mM
HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (Sigma, St. Louis, MO, USA), adjusted to pH 7.4
with 1.0M NaOH solution) with a concentration of
0.25mg/ml and this solution was used for all subsequent
experiments. For cases where the comparison of the
PLL(10)-g[2.9]-PEG(2) with PLL(10) alone is needed,
PLL(10) solution was prepared by dissolving the poly(L-
lysine) hydrobromide (mol. wt. 16 kDa including HBr,
Sigma, St. Louis, MO, USA) in 10mM HEPES with a
concentration of 0.045mg/ml to maintain the concen-
tration of PLL constant in both PLL and PLL-g-PEG
experiments.

2.2. Optical waveguides lightmode spectroscopy
(OWLS)

Optical Waveguide Lightmode Spectroscopy
(OWLS) was employed to investigate the adsorption
behavior of the polymers on the tribo-pair surfaces.
OWLS is based on grating-assisted in-coupling of a He-
Ne laser into a planar waveguide, and allows the direct
online monitoring of macromolecule adsorption. This
method is highly sensitive up to a distance of 100 nm
above the surface of the waveguide (sensitivity limit,
�1 ng=cm2). Furthermore, a measurement-time resolu-
tion of 3 s allows for the in situ, real-time study of
adsorption kinetics. The waveguide chips used for
OWLS measurements were purchased from MicroVa-
cuum Ltd. (Budapest, Hungary) and consisted of a
1-mm-thick AF 45 glass substrate and a 200-nm-thick
Si0.75Ti0.25O2 waveguiding layer at the surface. A silicon
oxide (ca. 12 nm) or iron oxide layer (ca. 1 nm) was
sputter coated on top of the waveguiding layer in a
Leybold dc-magnetron Z600 sputtering unit. The coat-
ing conditions and the principles of OWLS investiga-
tions have been described in detail elsewhere [25–27].

All OWLS experiments were carried out in a BIOS-I
instrument (ASI AG, Zürich, Switzerland) using a
Kalrez (Dupont, Wilmington, DE, USA) flow-through
cell ð8� 2� 1mmÞ [25]. The solution exchange was
carried out by syringe injection (1ml within 10 s).
Adsorbed mass density data were calculated according
to de Feijter’s formula from the adsorbed layer thickness
and refractive index values from the mode equations
[28]. A refractive index increment (dn/dc) value of
0:169 cm3=g; as determined in a refractometer (Carl

Figure 1. A schematic illustration of PLL-g-PEG.

S. Lee et al./Boundary lubrication of oxide surfaces by Poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) in aqueous media232



Zeiss, Jena, Germany), was used for the calculation of
PLL(10)-g[2.9]-PEG(2) adsorption.

2.3. Ultra-thin film interferometry

Ultra-thin film interferometry is a unique approach to
measuring the film thickness under a lubricated contact
[29]. The set-up is schematically illustrated in figure 2. A
lubricated contact is formed between a loaded steel ball
and the flat surface of a glass disk. The disk is driven with
respect to the nominal axis in contact with the ball and
thus can drive the ball in pure rolling contact. The surface
of the glass disk is coated, first with a very thin, semi-
reflecting layer of chromium, on top of which is a 400-nm
layer of transparent silica, as a spacer layer. Thus, the
ultra-thin film interferometry tribo-pair in this work
represents an FeOx=SiOx interface. White light is shone
through the glass into the contact, where a proportion is
reflected back from the chromium layer while the
remainder passes through the silica layer and the
polymer-containing water before being reflected from
the steel ball surface. Since the two beams have traveled
different distances, they interfere at wavelengths that
depend on the path difference, i.e. on the sum of silica and
lubricant film thickness. The interference pattern from
the contact is passed to a spectrometer and the resultant
dispersed light analyzed to determine the precise wave-
length of maximum constructive interference from the
center of the contact. This yields an accurate measure of
the composite film thickness, from which the spacer layer
can be subtracted.

The refractive index of the lubricant solution is a
necessary input for the calculation of the film thickness.
The refractive index of the polymer-containing buffer

solution is expected to be different from that of pure
water (1.33) for two reasons. Firstly, addition of
polymers into water results in an increase of the refractive
index of the lubricant solution, which was already
described in section 2.2. The same incremental value of
0:169 cm3=g (dn/dc) was considered here. Secondly, the
increased pressure at the contact point also results in an
increase of the refractive index of the lubricant solution.
However, in previous studies, measurement by two-angle
interferometry showed that an increase in pressure from
atmospheric to 1GPa alters the refractive index of oil by
less than 10% [29–31]. We assume that this is applicable
to polymer solutions as well. The refractive index of the
polymer solutions is thus calculated to lie between 1.34
(negligible pressure effect) and 1.47 (10% increase by
pressure effect). As a compromise, a refractive index of
1.4 has been used for the calculation. As the film thickness
is inversely proportional to the refractive index [29], the
uncertainty of the film thickness in this work corresponds
to �5%.

All the measurements were carried out under a fixed
load (20.0N) and temperature ð�25 �CÞ and along the
same track of the disk. The radii of the ball and disk
tracks are 9.5 and 17.75mm, respectively. The roughness
values ðRaÞ of the ball and disk tracks are 11 and 5 nm
respectively. For smooth surface contact, the maximum
contact pressure in this configuration is, according to
Hertz equations, 0.51 GPa (see table 1). The separation of
the surfaces by a thin lubricating filmwill not significantly
change this pressure. In practice, however, because of the
finite roughness of the surfaces, there will be local
variations from the Hertz pressure distribution at an
asperity scale. A thin boundary or EHL film may
significantly reduce these variations.

2.4. Mini traction machine (MTM)

A mini traction machine (MTM, PCS Instruments,
London, U.K.) was employed to characterize the
lubrication properties of the polymers in a mixed
sliding/rolling contact regime. The set-up of the instru-
ment is schematically illustrated in figure 3. A lubricated
contact is formed between a polished steel ball and a flat
steel surface, thus representing an FeOx=FeOx interface.
In contrast to the other instruments employed in this
work, which provide either a pure rolling contact (ultra-
thin film interferometry, section 2.3) or a pure sliding
contact (pin-on-disk tribometer, section 2.5), MTM
provides a mixed sliding/rolling contact through the
independent control of the ball and disk velocities. The
slide/roll ratio, SRR, is defined as the percentage ratio of
the difference and the mean of the ball velocity ðuballÞ and
disk velocity ðudiskÞ; i.e.

SRR ¼
juball � udiskj
uball þ udisk

2

� �� 100%:

Figure 2. A schematic set-up of ultra-thin film interferometry.
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Thus, SRR ¼ 0% (i.e. uball ¼ udiskÞ represents a pure
rolling contact and SRR ¼ 200% (i.e. either uball or
udisk ¼ 0) represents a pure sliding contact, while the
values between 0 and 200% represent a mixed sliding/
rolling contact. With the given software (PCS Instru-
ments, MTM version 1.0), values of 1 to 200% of SRR
were accessible. Under a given SRR, the coefficient of
friction (dF/dN) is measured as a function of mean
velocity. To investigate the lubrication behaviors of the
polymers at different slide/roll ratios, the coefficient of
friction versus mean velocity plots were obtained at
different SRRs.

All the friction measurements were performed under
a fixed load (3.0 or 20.0N) and temperature (25 8C) and
along the same ball and disk tracks; the radii of the ball
and disk tracks are 9.5 and 20.7mm, respectively. The
roughness values ðRaÞ of the ball and disk are 11 and
10 nm respectively. However, different pairs of the ball/
disk tracks were used for the comparison of the friction
measurement in the absence versus presence of the
polymers in buffer solution, due to significant wear of
the tribo-pair in the former case. The calculated
maximum contact pressures are 0.86 and 0.46GPa for
20.0 and 3.0N, respectively (see table 1).

2.5. Pin-on-disk tribometry

A pin-on-disk tribometer (CSM, Neuchâtel, Switzer-
land) was employed to characterize the friction and
lubrication properties of aqueous PLL(10)-g[2.9]-
PEG(2) solutions in the pure sliding contact regime. In
this set-up, a fixed, spherical steel ball (6mm in
diameter, DIN 17 230, Hydrel, Romanshorn, Switzer-
land) is in contact with a flat disk. Both glass (Super-
Frost, soda-glass, Menzel-Gläser, Braunschweig,
Germany) and steel (DIN 17 230, XXX, Switzerland)
were selected for the disk, thus representing the
FeOx=SiOx and FeOx=FeOx pairings. The roughness
values ðRaÞ for steel ball, steel disk, and glass disk are 32,
5, and 5 nm respectively. The load was controlled by
placing dead weights on top of the ball holder (0.5 to
5.0N) and the friction forces were measured by a strain
gauge. The friction signals were recorded with a
Macintosh Power PC using Labview and an ADC
card of the MIO family (both from National Instru-
ments, Austin, TX, USA). To investigate the lubricating
properties of the polymer, both load and velocity
dependence of the frictional properties were explored.
For each friction measurement, different fresh tracks
were selected. For this reason, the comparison of the
frictional properties with or without polymers could be
performed with exactly the same set-up of the tribo-pair.
All the measurements were performed at room tem-
perature ð�25 �CÞ: The calculated maximum contact
pressures are presented in table 1.

2.6. Cleaning of the tribo-pairs

All the instrumental parts that are expected to be
coated with the polymer, including the waveguides for
the OWLS and the balls/disks of all tribological
instruments, were oxygen-plasma cleaned for ca. 2min
in a Harrick Plasma Cleaner/Sterilizer PDC-32G

Table 1

The calculated maximum contact pressure (Hertzian) for the configuration (sphere on plane)

used in this work (maximum contact pressure, P0 ¼ 1=� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6WE �2=R23

p
where W¼ load,

R¼ radius of the balls and E � ¼ ð1� v21Þ=E1 þ ð1� v22Þ=E2

� ��1
where E1 and v1 are Young’s

modulus and Poisson ratio of the ball and E2 and v2 are Young’s modulus and the Poisson

ratio of the disk respectively. Esteel¼ 203GPa, Esilica¼ 72GPa, vsteel¼ 0.3 and vsilica¼ 0.2

[32]).

Instrument Tribo-pair (sphere/plane) R W P0

Ultra-thin film interferometry silica/steel 9.5mm 20.0N 0.51GPa

MTM steel/steel 9.5mm 3.0N 0.04GPa

steel/steel 9.5mm 20.0N 0.81GPa

Pin-on-disk silica glass/steel 3mm 0.5N 0.32GPa

silica glass/steel 3mm 1.0N 0.41GPa

silica glass/steel 3mm 2.0N 0.51GPa

silica glass/steel 3mm 5.0N 0.70GPa

steel/steel 3mm 2.0N 0.81GPa

Figure 3. A schematic set-up of the mini traction machine (MTM).
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instrument (Ossining, NY, USA) prior to the measure-
ments. Before the plasma cleaning, the instrumental
parts were rinsed with copious amounts of water or
organic solvents as follows: The waveguides of the
OWLS were sonicated in 0.1M HCl for 10min,
extensively rinsed with ultra-high-purity water, and
dried under nitrogen; the ball/disk and the assembly
parts of ultra-thin film interferometry and MTM were
degreased by sonication in toluene for 10min, followed
by sonication in iso-propanol for 10min, and subse-
quently dried under nitrogen; the balls and disks of pin-
on-disk and assembly parts were sonicated in ethanol
for 10min and dried under nitrogen.

3. Results and discussion

3.1. Adsorption behavior of PLL(10)-g[2.9]-PEG(2) on
silicon oxide and iron oxide substrates

In figure 4, representative OWLS adsorption mea-
surements for the PLL(10)-g[2.9]-PEG(2) on (a) silicon
oxide and (b) iron oxide are presented. All measure-
ments were carried out in situ in a flow-through cell
without an intermittent drying stage.

As expected, the results of OWLS experiments
indicate that the PLL(10)-g[2.9]-PEG(2) spontaneously
adsorbed from a pH 7.4 HEPES (10mM) buffered
aqueous solution (0.25mg/ml) onto both oxide surfaces.
A PLL-g-PEG layer of areal density of approximately
120 ng=cm2 and 60 ng=cm2 was formed on silicon oxide
and iron oxide, respectively. The difference in areal
density for the two substrates is understood by
considering the difference in IEPs of the two oxide
substrates and thus the corresponding differences in
charge density at a given pH. In previous studies
involving several other metal oxides, a lower IEP for a
given substrate has been correlated with a higher areal

density of PLL-g-PEG [22,23]. The lower IEP of silicon
oxide (� 2) when compared with iron oxide (6–9) is
consistent with the higher areal density of PLL-g-PEG
adsorbed on the silicon oxide. In both cases, 95% of the
final mass was reached within the first 5min. There was
no apparent desorption following rinsing with buffer
solution on the timescale of the experiment. All
tribological experiments involving the polymers were
carried out 30min after the tribo-pair was immersed in
polymer-containing solution, to ensure adequate time
for adsorption.

As described in the experimental section, the tribo-
pairs used in this work were prepared in different ways
from the substrates (waveguides) used in the OWLS
experiment, although all are either silicon oxide- or iron
oxide-based materials. It is thus noted that the actual
amount of the adsorbed polymers on each tribo-pair may
be slightly different from those shown in figure 4.

3.2. Lubrication properties in rolling contact

The lubrication properties of the PLL(10)-g[2.9]-
PEG(2) were characterized under pure rolling contact
conditions by employing ultra-thin-film interferometry.
In contrast to the other tribological approaches in this
work, which determine the interfacial friction forces,
ultra-thin film interferometry uniquely measures the film
thickness of a lubricated contact. In this work, the film-
thickness measurements were first performed under
polymer-free buffer solution. No meaningful data were
obtained, due to significant wear of the contact in
this condition. Only in a high-velocity regime
(>1000mm=s) has an interfacial film involving pure
water as a lubricant been reported [8]. However,
following addition of the polymers to the buffer
solution, the measurement of the lubricant-film thick-
ness was reproducibly achieved over a wide range of

Figure 4. Representative adsorption profiles of PLL(10)-g[2.9]-PEG(2) onto (a) silicon oxide and (b) iron oxide substrates as measured by OWLS

(buffer solution ¼ 10mM HEPES (pH 7.4), concentration of the polymer ¼ 0:25mg=ml;T ¼ 25 �C).
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velocities. The results are shown as a log (film thickness)
versus log (velocity) plot in figure 5.

The lubricant-film formation in the presence of the
polymer in figure 5 exhibits three velocity regimes: (i)
velocity range lower than �30mm=s, where the film
thickness gradually decreases with decreasing velocity,
(ii) velocity range from �30 to �1000mm=s, where
the measured film thickness is nearly constant (thick-
ness 11:4� 1:0 nm in average), and (iii) velocity range
higher than �1000mm=s, where the film thickness
increases with increasing velocity (slope �0:4 in log–
log plot). The nearly constant film thickness obtained
over a wide range of velocities ð�30 to 1000mm=sÞ
suggests that a boundary-layer-lubrication mechanism
is active in this regime. The high-velocity region where
film thickness increases with increasing velocity is
similar to that previously observed for pure water and
probably represents the hydrodynamic entrainment of
water into the contact. The velocity-dependent behav-
ior of the lubricant-film thickness for the PLL(10)-
g[2.9]-PEG(2)-containing buffer solution in the low-
velocity regime is qualitatively similar to that of
surfactant (sodium olefin (C16) sulfonate)-containing
water, reported in a previous study [8]. However, a
relatively thicker layer is observed in this work
ð� 11 nm versus �3 nmÞ, attributed to the brush-like
structure of this polymer.

3.3. Lubrication properties in mixed sliding/rolling
contact

The lubrication properties of PLL(10)-g[2.9]-PEG(2)
solutions have been characterized in a mixed sliding/
rolling contact regime by means of MTM. As described
in the experimental section, a mixed sliding/rolling

contact was achieved by independent driving of the
ball and disk, to form a lubricated contact. In this work,
the measurement was initially performed under 20.0N
load. Regardless of the slide/rolling ratio, the friction
forces were very high and irreproducible. Furthermore,
no noticeable reduction of friction forces was observed
by addition of the polymers into buffer solution, which
is in contrast to the results shown in section 3.2. This
may be due partly to the higher contact pressure for the
FeOx=FeOx pair (max. 0.86GPa) compared to the
FeOx=SiOx pair (max. 0.51GPa), and partly to the
lower areal density of PLL-g-PEG on the iron oxide
surface, as measured by OWLS in section 3.1. Thus, the
measurements were carried out under a lower-pressure
regime by applying a load of 3.0N (max. 0.46GPa). The
coefficient of friction was measured as a function of
velocity at three different slide/roll ratios, SRR¼ 50 and
100% for comparison. Due to an instrumental resolu-
tion issue, measurements were only able to be made in
the velocity range shown in figure 6.

For SRR¼ 50%, apparently higher values of friction
were observed in pure buffer solution than the polymer-
containing solution. Furthermore, monotonically
decreasing frictional properties (from � ¼ 0:43 to
� ¼ 0:22) as a function of increasing velocity were
observed. The polymer-containing solution, on the other
hand, showed similar velocity-dependent frictional
behavior, but with clearly lower coefficients of friction
ð� ¼ 0:25 to � ¼ 0:12Þ within the same velocity range.
The frictional properties at SRR¼ 100% were observed
to be similar to those at SRR¼ 50%. The coefficient of
friction reduced from 0.42 to 0.26 in buffer solution to
0.26 to 0.09 in the presence of the polymers. It is noted
that all measurements were performed on the same disk
track, although different balls and disks were used for
measurements with or without polymers.

Figure 5. Log (film thickness) versus log (velocity) plot by ultra-thin-film interferometery (ball ¼ AISI 52100 steel (19mm in diameter), disk

surface ¼ sputtered silica, buffer solution ¼ 10mM HEPES (pH 7.4), concentration of the polymers ¼ 0:25mg=ml; load ¼ 20:0N;T ¼ 25 �CÞ:
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Due to the relatively narrow range of velocities
available, it is not trivial to determine what lubrication
regime is activated for the mixed sliding/rolling contact
in this work. However, the results above show that the
PLL(10)-g[2.9]-PEG(2) can effectively reduce the fric-
tional properties at mixed sliding/rolling contact of
FeOx=FeOx in buffer solution.

3.4. Lubrication properties in sliding contact

Finally, the lubrication properties of the PLL(10)-
g[2.9]-PEG(2) were characterized in a pure sliding-
contact regime by employing pin-on-disk tribometry.
Stainless steel was selected as ball and both glass and
steel were selected as disks. The lubrication properties of
the PLL(10)-g[2.9]-PEG(2) were investigated by com-
paring the frictional properties of the tribo-pair in the
presence and absence of the polymers in buffer solution.
In this experiment, the lubrication properties of PLL(10)
were also included for comparison.

Firstly, the load dependence of the frictional proper-
ties for the steel/glass tribo-pair was investigated. In this
experiment, the friction forces were measured on fresh
tracks for each load (0.5 to 5.0N), while keeping the
rpm constant and the total number of revolutions below
5. The resultant velocity was within the range of � 0:2 to
� 0:8mm=s, which is close to the lowest value achieved
with the tribometer. As will be shown below, the
frictional properties were virtually independent of the
slight variation of the velocity in that range. The results
are shown in figure 7. In all cases, the frictional forces
are fairly linear with increasing applied load. It is also
noticeable that the friction forces of the steel/glass pair
are significantly reduced by addition of the polymers
into the buffer solution. The coefficient of friction of the

steel/glass tribo-pair, obtained by taking the slope of
friction versus load plots ð�F=�L ðL ¼ 0:5 to 5:0NÞÞ

decreased from 0.34 to 0.15 by the addition of PLL(10),
and further decreased to 0.09 by the addition of
PLL(10)-g-[2.9]-PEG(2).

Secondly, the velocity dependence of the frictional
properties for the steel/glass tribo-pair was investigated.
For this experiment, the friction forces were also
measured on fresh tracks for each velocity in the range
of � 0:1 to � 400 mm=s. All the measurements were
performed under a fixed load (2.0 N) and the total
number of revolutions was extended to 100. The results
are shown in figure 8. The friction versus velocity plots
in figure 8 reveal that there are two distinct velocity
regimes in which the frictional properties of the tribo-
pair in the presence versus absence of the polymers in
buffer solution can be compared. In the velocity regime
lower than �40 mm=s, the frictional properties of the
tribo-pair can clearly be distinguished in magnitude in
decreasing order, buffer solution only 	PLL(10)>
PLL(10)-g[2.9]-PEG(2), which is consistent with the
load-dependent frictional properties shown in figure 7.
In the velocity regime higher than �40 mm=s, however,
the difference between the lubricants diminishes and the
frictional properties of the tribo-pair in buffer solution is
not significantly influenced by the presence of the
polymers. Throughout the entire velocity range, the
sliding of the tribo-pair in the presence of buffer
solution only or with PLL(10) appears to decrease
with an increase of the velocity. Meanwhile, the
corresponding sliding in the presence of PLL(10)-
g[2.9]-PEG(2) appears to exhibit a virtually constant
coefficient of friction (0:062� 0:019 on average). This is
highly indicative of boundary-layer formation by the
PLL(10)-g[2.9]-PEG(2) on these oxide surfaces in
aqueous buffer solution. For both load- and velocity-

Figure 6. Log (coefficient of friction) versus log (velocity) plot by MTM slide/roll ratio (SRR) ¼ 50% and 100%. Empty symbols are for buffer

solution only and filled symbols are for the polymer in buffer solution (ball ¼ AISI 52100 steel (17.4mm in diameter), substrate ¼ AISI 52100

steel, buffer solution ¼ 10mM HEPES (pH 7.4), concentration of the polymer ¼ 0:25mg=ml; load ¼ 3:0N;T ¼ 25 �C).
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dependence measurements, it appears that the lower
frictional properties of the PLL(10)-g[2.9]-PEG(2) com-
pared with PLL(10) indicate a significant role of the
brush-like PEG side chains in lubrication of the tribo-
interfaces, as suggested in studies on end-grafted
polymers in organic solvents [12–18].

Finally, the load and velocity dependence for pure
sliding of the FeOx=FeOx tribo-pair has been investi-
gated. The coefficient of friction obtained from the slope
of the friction versus load plots ð�F=�L ðL ¼

0:5 to 5:0 NÞÞ after 5 rotations decreased from 0.30 to
0.14 upon addition of polymer. However, the coefficient
of friction, dF/dN ðN ¼ 2:0 NÞ that was obtained after
100 rotations for each velocity, which remained virtually
constant over the range of �1 to� 100mm=s, was not
significantly reduced upon addition of polymer
ð� ¼ 0:31� 0:05 without polymer to � ¼ 0:27� 0:03

with polymer on average). The reduced lubrication
effect of PLL(10)-g[2.9]-PEG(2) for the sliding of a
FeOx=FeOx tribo-pair (with respect to FeOx=SiOx tribo-
pair) is thought to be mainly correlated with the relatively
lower amount of polymer adsorption (see figure 4).

4. Summary

The lubrication properties of PLL(10)-g[2.9]-PEG(2)
(PLL-g-PEG) as an additive for tribo-systems composed
of silicon oxide and iron oxide in an aqueous environ-
ment have been characterized employing several macro-
scopic tribological approaches. The tribological
properties of tribo-pairs lubricated by a PLL-g-PEG-
containing aqueous buffer solution have been investi-
gated in various dynamic contact regimes encountered

Figure 7. Friction force versus load plot (pin-on-disk tribometer) of buffer solution only (*), PLL(10) in buffer solution ( ), and PLL(10)-g[2.9]-

PEG(2) in buffer solution (.) (ball ¼ steel (6mm in diameter), disk ¼ glass, buffer solution ¼ 10mM HEPES (pH 7.4), concentration of the

polymer ¼ 0:25mg=ml; load ¼ 0:5� 5:0N;T ¼ 25 �C).

Figure 8. Log (coefficient of friction) versus log (velocity) plot by pin-on-disk tribometer of buffer solution only (*), PLL(10) in buffer solution

( ), and PLL(10)-g[2.9]-PEG(2) in buffer solution (.) (ball ¼ steel (6mm in diameter), disk ¼ glass, buffer solution ¼ 10mM HEPES (pH 7.4),

concentration of the polymer ¼ 0:25mg=ml; load ¼ 2:0N;T ¼ 25 �C). In this plot, the error bars, typically 0.05 for buffer solution only and 0.02

for the polymers, are omitted for clarity.
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in engineering systems: (1) pure rolling contact of a
FeOx=SiOx tribo-pair, as measured by ultra-thin film
interferometry, showed that the polymer-containing
buffer solution forms a stable lubricant film (11.4�1.0
nm on average) over a wide velocity range (� 30 to
1000mm/s); (2) the mixed sliding/rolling contact of an
FeOx=FeOx tribo-pair measured by MTM showed that
the friction forces were reduced by approximately one-
half upon addition of PLL-g-PEG when the slide/roll
ratio is 50 or 100% in a low-pressure regime; (3) pure
sliding contact of an FeOx=SiOx tribo-pair, measured by
a pin-on-disk tribometer, showed a significant reduction
of friction (remains constant at 0.06�0.019 on average
for � 0:1 to 400mm/s), while less effective lubrication
was observed upon the sliding contact of an FeOx=FeOx

tribo-pair.
The effectiveness of boundary lubrication by

PLL(10)-g[2.9]-PEG(2) in aqueous buffer solution is
very apparent in relatively low velocity regimes, where
lubrication by water alone is practically impossible due
to its extremely low pressure-coefficient of viscosity and
poor film-forming properties. The relative adsorption
behavior of the polymer onto SiOx and FeOx surfaces,
as investigated by OWLS (� 120 ng=cm2 for SiOx and
� 60 ng=cm2 for FeOx surfaces), seems to explain the
relatively less effective lubrication for FeOx=FeOx

compared with the FeOx=SiOx tribo-pair. In summary,
the PLL(10)-g[2.9]-PEG(2) appears to form a protective
layer both on silicon oxide and iron oxide surfaces, thus
effectively improving load-carrying and boundary lubri-
cation properties of water for a variety of dynamic
contact regimes.
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