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We present a fundamental study of the frictional performance of silica microspheres, either 4, 2, or 0.5 mm
in diameter, on a silicon substrate. The tribological properties of these rolling systems were measured
with a ball-on-ﬂat tribometer at various loads. The frictional performance of the rolling systems is found
to be highly dependent on load and sphere diameter. Rolling motion was conﬁrmed by imaging the
surface of microsphere systems that have been coated with a thin layer of gold. In addition, the surface
energy of the lubrication scheme was altered using coatings containing octadecyltrichlorosilane or
(tridecaﬂuoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane precursors.
& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Introducing a rolling element between two contacting surfaces
can greatly reduce friction, as rolling can produce frictional forces
that are 102–103 times lower than those due to sliding [1]. Despite
the well-known frictional beneﬁts of rolling motion, few experimental investigations of rolling friction have been performed
on the micro and nanoscale [1–8]. In contrast to macroscopic
studies where adhesion is relatively unimportant and rolling
friction dominates, interfacial interactions grow in importance as
the dimensions of the rolling element shrink to the microscale
and below, and friction can be composed of both rolling and
sliding [9,10]. Furthermore, the pressure and contact areas inherent
in a microscale system are different than those seen on the
macroscale [11].
Prior investigations of rolling friction have focused on rolling
elements larger than 40 mm [2,5–8,12] and those of molecular
dimensions [1,3,4,13–15]. Beerschwinger et al. [5] reported coefﬁcient of friction values of 0.05 for 40 mm diameter glass spheres
rolling between two ﬂat surfaces and Waits et al. [6] reported a 0.01
value for a tribological system containing 285 mm diameter stainless steel ball bearings. More recently, Sinha et al. [8] reported
coefﬁcients of friction as low as 0.005 for 53 mm glass microspheres
contained between two rotating silicon plates. At the nanoscale,
experimental investigations of rolling friction have focused on
hollow nanoparticles such as C60 fullerenes [3] or fullerene-like
supramolecules consisting of WS2 or MoS2 [4]. While all these
studies have demonstrated the advantages of rolling over sliding in
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reducing frictional forces and wear, a key size range (200 nm–
5 mm) between these extremes that is compatible with MEMS and
modern micro-fabrication technologies has not been explored.
In this work, we present a simple lubrication scheme based on a
layer of silica spheres that are deposited onto a ﬂat silicon
substrate. To investigate the effect of sphere size and load on
frictional performance, the diameters of the spheres were varied
(4, 2, or 0.5 mm), and testing was done at multiple loads with a ballon-ﬂat microtribometer. A 10–50 mm contact radius exists
between the sample and the spherical probe tips used during
testing, creating microscale contact areas similar to those which
would be found in MEMS devices [16]. The goal of the work was to
assess whether low friction rolling could be established at this size
scale and to identify critical parameters, such as the surface
coverage of the spheres, which must be satisﬁed for effective
lubrication. Sphere conﬁnement suitable for extended cyclic testing, which has been achieved at larger dimensions [6], is outside the
scope of the present work. To conﬁrm that rolling friction is being
achieved, a simple test based on the deposition of a thin gold
coating onto the microsphere system was developed and introduced. We show that the coefﬁcient of friction and wear life of the
lubrication system are dependent on both sphere diameter and
load, as the individual spheres must withstand the contact
pressures applied during testing.
In addition, the silica spheres and silicon substrate can be
modiﬁed by the addition of monolayer ﬁlms to investigate the
effect of surface composition on microscale rolling friction. Molecularly thin ﬁlms can be formed on the spheres and surrounding
surfaces with trichlorosilane precursors, as the trichlorosilane
moieties covalently bind to the spheres and substrate through
siloxane linkages [17–19]. Previous studies investigating sliding
friction on silicon substrates found that trichlorosilane monolayers
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decrease friction forces by an order of magnitude [17] and
signiﬁcantly reduce stiction [19,20], which is caused by capillary
condensation of atmospheric water vapor [19] and can increase
the coefﬁcient of friction in rolling devices [21,22]. In the hope
of improving the frictional performance of the sphere systems,
we have developed a protocol to functionalize the sphere/
substrate systems with molecular coatings of either octadecyltrichlorosilane (H18) or (tridecaﬂuoro-1,1,2,2-tetrahydrooctyl)
-1-trichlorosilane (F6H2) precursors. While there have been
numerous studies that spray coat ball bearings [23–25], our work
represents the ﬁrst report of the molecular functionalization of a
rolling friction system.

2. Experimental
2.1. Materials
Octadecyltrichlorosilane (H18) and (tridecaﬂuoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (F6H2) were purchased from United
Chemical Technologies. 30% hydrogen peroxide (H2O2), methylene
chloride, and toluene were purchased from Fisher Scientiﬁc. Sulfuric
acid (H2SO4) was purchased from EMD Chemicals, Inc. All reagents
and chemicals were used as received. Silicon (1 0 0) wafers were
obtained from Wafer Reclaim Services, LLC. 10 mL of a water solution
containing a 5% mass fraction of silicon oxide spheres, with diameters
of 4, 2, or 0.5 mm, were obtained from Corpuscular Inc. The coefﬁcients
of variation for the spheres were o2% for the 4 and 2 mm spheres and
o3% for the 0.5 mm spheres.

2.2. Preparation of silicon substrates
Silicon wafers were ﬁrst cut into 4  1.3 cm2 pieces using a
diamond-tip stylus. The silicon samples were sequentially rinsed
with ethanol, water, and again with ethanol, dried in a stream of N2,
and then sonicated in ethanol for 30 min to displace any remaining
contaminants. After sonication, the samples were rinsed sequentially with water and ethanol, dried in a stream of N2, and placed in
piranha solution (14 mL H2SO4:6 mL H2O2) for 30 min to hydroxylate the silicon oxide surface. The piranha-treated substrates
were rinsed 3 times by submersion in water. All samples were
rinsed once more with a stream of DI water, brieﬂy rinsed with
ethanol, and thoroughly dried with N2 before the silicon oxide
spheres were deposited on the surface.

2.3. Deposition of silicon oxide spheres
400 mL of a well-mixed aqueous solution containing a 0.08%
sphere mass fraction was deposited on the silicon substrates with a
pipette. The samples were then placed in a vacuum chamber and
put under a reduced pressure of 0.03 Torr for 10 min. The 10 min
time period was found to be adequate to allow the spheres
suspended in the solution to adhere to the substrate surface, but
is sufﬁciently brief to prevent bubble defects from forming. The
samples were then removed from the chamber and the excess
water on the substrates was siphoned off the surface with a
micropipette. The samples were then once again placed under
reduced pressure for 10 min to evaporate any remaining water.
Finally, all samples were sequentially rinsed with a gentle stream of
ethanol and water, and then thoroughly dried with N2 (the particles
remain adhered to the surface throughout the rinsing and drying
process). The samples were stored in Petri dishes until testing or
functionalization was performed.
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2.4. Monolayer coatings of sphere systems
The trichlorosilane monolayers were formed by immersing the
substrates, which were already layered with 2 mm diameter silicon
oxide spheres, into 1 mM solutions of either the H18 or F6H2
precursors. The solution solvent was 20 mL of either toluene (H18)
or methylene chloride (F6H2). The F6H2 samples were removed
from the F6H2/methylene chloride solution after 20 min, sequentially rinsed with methylene chloride, ethanol, water, and again
with ethanol, and dried in a stream of N2. The H18 samples were
removed from the H18/toluene solution after 5 h, sequentially
rinsed with toluene, ethanol, water, and again with ethanol, and
dried in a stream of N2. The samples were stored in Petri dishes until
characterization or testing was performed.
2.5. Optical microscopy
Microscope images of the samples were acquired using an
Olympus BX41 microscope with Pixera camera and Pixera Viewﬁnder Pro software. Two magniﬁcation lens were used (10x and
25x) to produce the images. Quantitative analysis of coverage area
was achieved by using Image J software. The color contrast within
the optical images was maximized and the sphere coverage was
determined using the contrast distribution analysis tool. The
coverage areas were determined by averaging the results of at
least 3 separate images. The reported values and errors reﬂect the
average and standard deviation of at least 4 independently prepared samples.
2.6. Scanning electron microscope
Scanning electron images were obtained using a Raith e-Line
electron beam lithography (EBL) system equipped with a thermalassisted ﬁeld emission gun at 10 keV.
2.7. Contact angle
Contact angles of water were measured with a Rame-Hart
manual contact angle goinometer. Advancing and receding contact
angles were obtained on both sides of approximately 10 mL drops
with the syringe in the probe droplet during measurements. The
reported values and errors reﬂect the average and standard
deviation of at least 4 independently prepared samples.
2.8. Micro-scale friction testing
Micro-scale friction tests were performed in open air with a
ball-on-ﬂat micro-tribotester (Center for Tribology, Inc.) using two
separate sensors, a 2-D FVL force sensor and a DFM-0.5 force sensor.
The FVL sensor is capable of measuring forces from 1 to 100 mN in
both dimensions and was used to perform cyclic friction tests with
a constant load of 9.8 mN. The probe tip was a 1 mm diameter
stainless steel ball ﬁrmly glued onto the end of an 8 mm long pin
and attached to the sensor via a suspension mounting cantilever.
The DFM sensor can apply loads from 50 to 50,000 mN and was
used to perform cyclic friction tests with a constant load of 98, 245,
490, and 980 mN. For these higher loads, the probe tip was a 4 mm
diameter stainless steel ball contained in a holder. The arithmetical
mean roughness (Ra) of the 4 mm balls was determined using an
Olympus laser confocal microscope and was found to be 13 73 nm.
The contact radii achieved during testing was estimated using SEM
images of the probe paths and found to be between 10 and 50 mm.
All tests were conducted with a sliding speed of 1 mm/s and a scan
length of 10 mm. Unless speciﬁed, the frictional tests were
terminated once the coefﬁcient of friction reached 0.20. Three
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tests were performed for each load on each sample. The coefﬁcient
of friction (m) was determined using Amonton’s law, Ff ¼ mFn, where
the friction force (Ff) is proportional to the normal force load (Fn).
The reported coefﬁcients of friction (m) were determined by
averaging the forces measured during the low-friction rolling
stage. The reported values and errors reﬂect the averages and
standard deviations of at least 4 independently prepared samples.

3. Results and discussion
3.1. Sphere dispersion and conﬁrmation of rolling
To create the submonolayer coatings of silica spheres, a sphere/
water solution was pipetted onto the silicon substrates, and then,
the entire sample was placed under a reduced pressure. To prevent
bubble defects from forming, the samples were returned to atmospheric pressure after 10 min and any remaining water on the
surface was mechanically drawn off. The samples were then once
again placed under vacuum to evaporate any remaining water.
Using optical images, the coverage area for the three sphere sizes
were estimated to be 56 78% (4 mm dia.), 5175% (2 mm dia.), and
4674% (0.5 mm dia.), whereas perfect 2-D hexagonal sphere
packing would result in 90% coverage. Attempts to increase the
surface coverage above the reported values, by increasing the
sphere concentration or volume of the solution, resulted in multilayering and vertical aggregates.
During the evaporation process, the silica spheres aggregate due
to adhesive interactions between the silica spheres while in the
water solution [26]. These microscale clusters are shown in the
SEM images presented in Fig. 1(a–c). The attractive forces between

the spheres become more signiﬁcant with decreasing diameter [27]
and, therefore, clustering is more pronounced for the smallest
sphere size (Fig. 1(c)). During frictional testing, the rolling motion
of the spheres disrupts the adhesive interactions, and the aggregates disperse to create a more microscopically uniform coverage
(Fig. 2(a)). To conﬁrm that rolling motion is occurring during
frictional testing, we sputtered a  10 nm thick coating of gold onto
a 2 mm microsphere system. The coated samples were then tested
with the tribometer and imaged with a scanning electron microscope. Since the underside of the spheres will not be exposed
during sputtering, janus (or ‘‘two-faced’’) spheres are created
which contain a gold-coated region and a relatively bare silica
region, which will become visible as the janus spheres roll during
frictional testing. SEM imaging shows the bare silica regions of the
spheres (Fig. 1(d)), which conﬁrms that rolling motion does occur.
Furthermore, the weakly-adhered gold coating on the sphere was
occasionally worn away upon probe-sphere contact. Fig. 1(d)
clearly shows wear patterns which extend around the circumferences of the spheres, providing additional support that the sphere is
rolling as it contacts the probe.
3.2. Frictional performance of rolling-element lubrication systems
Fig. 2 shows a typical frictional test at a load of 98 mN for the
2 mm sphere system. An immediate decrease in friction is observed
for the ﬁrst few cycles, followed by an extended period of low
friction, and then, an eventual rapid increase in the coefﬁcient of
friction. We believe that the higher frictional forces observed
during the ﬁrst few passes are due to the collisions occurring
between the closely packed sphere clusters. To investigate the
effect of close packing, microsphere systems that have lower initial

Fig. 1. SEM images of the microsphere systems studied. Images (a)–(c) show the dispersion of the 4 mm diameter (a), 2 mm diameter (b), and 0.5 mm diameter (c) microsphere
systems before frictional testing was performed. Image (d) displays the exposure of the uncoated ‘‘bottom’’ and the circumferential wear-tracks of the 2 mm spheres coated
with 10 nm of gold, which demonstrates that rolling friction is being achieved.

S.G. Vilt et al. / Tribology International 44 (2011) 180–186

183

0.10

0.08

µ

0.06

0.04

c., d.
a.

0.02

b.

0.00
0

10

20

30

40

50

# of Cycles

20 µm

20 µm

20 µm

5 µm

Fig. 2. (top) Long-term frictional performance of the 2 mm diameter sphere system. The cyclic tribology test was performed with a 4 mm diameter stainless steel ball
contained in a holder at 1.0 mm/s with a scan length of 10 mm. (bottom) SEM images of the 2 mm diameter sphere system show areal coverage during different stages of the
cyclic test. Once the sphere coverage decreases to a critical level the pressure of the probe causes fragmentation of the individual sphere elements (d).

surface coverages (34 74%) than the reported averages were
tested. These sparser systems did not exhibit the initial high
friction forces, which supports our claim that the collisions
between the spheres resists the initial rolling motion [13] and
results in slightly higher friction. After a few passes the dispersion
of the spheres (Fig. 2(b)) allows unhindered rolling to be established. The substrate is devoid of any conﬁnement barriers and,
therefore, the wear track continually widens during testing as the
spheres become more dispersed (Fig. 2(a and b)). Once the surface
coverage decreases below a critical threshold (discussed further

below), the pressure on the individual spheres becomes too great;
instead of rolling, spheres begin to experience excessive compression and fracture (Fig. 2(c and d)), which increases the coefﬁcient of
friction. As testing continues, the remaining intact spheres experience even greater stress and eventually all the silica spheres are
either crushed or dispersed, resulting in probe-substrate contact
and a dramatic increase in the coefﬁcient of friction. Complete
failure occurs once the sphere fragments are pushed towards the
ends of the wear track (Fig. S1, Supplementary information). At this
phase the probe is scratching the silicon substrate, and the
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coefﬁcient of friction values increase to  0.6, which corresponds to
the values achieved for a bare silicon substrate.
To investigate the inﬂuence of load and sphere diameter on
microscale rolling friction, we tested the three sphere systems at
ﬁve loads: 9.8, 98, 245, 490, and 980 mN. The reported coefﬁcients
of friction (m) were determined by averaging the forces measured
during the low-friction rolling stage. As shown in Fig. 3, the
frictional performance is dependent on load and sphere diameter.
The 0.5 mm system, which will be discussed further below, only
achieved rolling friction at the lowest load tested, while rolling
friction was established up to 980 mN for the 4 and 2 mm systems.
At the 9.8, 98, and 245 mN loads, the 4 and 2 mm sphere systems
produced test proﬁles very similar to Fig. 2 and achieved extremely
low coefﬁcients of friction that were statistically indistinguishable
from each other. Speciﬁcally, the 4 mm system had coefﬁcient of
friction values of 0.02170.006 (9.8 mN), 0.021 70.004 (98 mN),
and 0.02070.005 (245 mN), while the 2 mm system had coefﬁcient
of friction values of 0.0207.004 (9.8 mN), 0.019 70.003 (98 mN),
and 0.021 70.004 (245 mN). The frictional beneﬁt of rolling over
sliding is considerable; the  0.02 values achieved for the silica
spheres is 30x less than the value achieved for tribometer testing on
a ﬂat silicon surface [17]. When the load is increased to 490 mN the
coefﬁcient of friction increases to 0.026 70.005 (4 mm) and
0.035 70.009 (2 mm) as the increased testing load puts a greater
contact pressure on the spheres and begins to hinder the rolling
motion [13,28]. At 980 mN the rolling motion is severely affected
and the coefﬁcients of friction increase signiﬁcantly to 0.08 70.036
(4 mm) and 0.1270.035 (2 mm).
The wear life of the sphere systems was also investigated and is
presented in Fig. 4. Failure was easily identiﬁed by a sudden spike in
coefﬁcient of friction and a dramatic increase in data noise (Fig. S2,
Supplementary information). The trends are similar for the 4 and
2 mm systems, as the 9.8 mN and 98 mN loads resulted in comparable cycle lives followed by a decrease in wear life with increasing
loads. The 4 mm system achieved wear life values of 33 72 cycles
(9.8 mN), 3272 cycles (98 mN), 1578 cycles (245 mN), 472
cycles (490 mN), and 170 cycles (980 mN), while the 2 mm system
achieved values of 28716 cycles (9.8 mN), 31 711 cycles (98 mN),
10 72 cycles (245 mN), 471 cycles (490 mN), and 170 cycles
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Fig. 3. Effect of sphere diameter and load on the frictional performance of the silica
sphere systems studied. Cyclic tribology tests were performed with a 1 mm
diameter stainless steel probe tip for the 9.8 mN loads, while all other loads used
a 4 mm diameter stainless steel ball contained in a holder. Test speed was at
1.0 mm/s with a scan length of 10 mm. The coefﬁcient of friction was determined by
averaging the forces measured during the low-friction rolling stage. The 0.5 mm
diameter spheres only achieved rolling friction for the 9.8 mN load, and, therefore,
there is only one data point for that diameter. Reported values and error bars
represent averages and standard deviations, respectively, based on at least 4
independently prepared ﬁlms.
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Fig. 4. Effect of sphere diameter and load on the wear life of the silica sphere
systems studied. Cyclic tribology tests were performed with a 1 mm diameter
stainless steel probe tip for the 9.8 mN loads, while all other loads used a
4 mm diameter stainless steel ball contained in a holder. Tests were performed
at 1.0 mm/s with a scan length of 10 mm. Failure was easily identiﬁed by a sudden
and drastic increase in friction and an increase in signal noise (Fig. S1). The 0.5 mm
diameter spheres only achieved rolling friction for the 9.8 mN load, and, therefore,
there is only one data point for that diameter. Reported values and error
bars represent averages and standard deviations, respectively, based on at least
4 independently prepared samples.

(980 mN). The lack of conﬁnement within the microsphere systems
is responsible for the failure; the continuous dispersal of the
spheres away from the probe track results in increased pressures
on the individual spheres which remain in contact with the probe,
and eventually the contact pressure experienced by the spheres
exceeds their material strength and fragmentation occurs. At
higher loads the critical pressure is reached earlier and, therefore,
the spheres are fragmented sooner (Fig. 4). The wear life is almost
identical at 9.8 and 98 mN loads, which would appear to disagree
with our analysis. However, the 9.8 mN load was applied with a
1 mm diameter probe, while the 98 mN load was applied with a
4 mm probe. If the applied pressure is estimated with a simpliﬁed
sphere-on-ﬂat Hertz equation [29,30] the 9.8 and 98 mN tests
would produce similar pressures and, therefore, results in comparable cycle lives.
The performance of the microsphere systems is dependent on
sphere radius, as larger spheres result in lower coefﬁcients of
friction and longer wear lives for a given load. The size effect was
only marginal between the 4 and 2 mm systems (a difference in
coefﬁcients of friction was only observed at the 490 and 980 mN
loads, while the differences in cycle-life were insigniﬁcant) but was
evident for the 0.5 mm spheres. While the 4 and 2 mm systems were
able to achieve rolling friction up to 980 mN, the 0.5 mm spheres
were able to support rolling motion only at the lowest tested load of
9.8 mN, achieving a coefﬁcient of friction of 0.08070.02 with an
average cycle-life of 26 716. Even though the 98 mN load should
provide a similar pressure as the 9.8 mN tests, the additional load of
98 mN was found to scatter the 500 nm spheres to a greater extent
(most likely due to the increased loading rate). This additional
dispersion reduced the contact area, thereby increasing the pressure above the yield strength of silica.
3.3. Inﬂuence of surface coverage on frictional performance
To conﬁrm and further investigate the effect of sphere coverage
on frictional performance, a series of 98 mN frictional tests with the
2 mm sphere system were performed and terminated at various
times. The surface coverage of the spheres was estimated using
SEM images and the coefﬁcient of friction determined by averaging
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the friction force over the last full cycle before the test was
terminated. As shown in Fig. 5, a large increase in friction force
occurs for the 2 mm system once the surface coverage of the spheres
drops below 15%. The surface coverage was found to decrease from
the initial value of 51 to 36% after only two cycles. After the ﬁrst
couple of passes the rate of sphere dispersion slows considerably,
as it took an average of 31 cycles (Fig. 4) to reach the critical failure
threshold of 15% coverage. These results support our explanation of
the frictional results; the continual scattering of the spheres
gradually increases the contact pressure due to decreased contact
area between the spheres and the probe tip. The increased pressure
hinders the motion of the spheres, increasing the coefﬁcient of
friction, and eventually, the pressure exceeds the yield strength of
the spheres and the spheres crack and fragment. In addition, the
identiﬁcation of the minimum coverage needed offers important
guidance for the development of advanced lubrication schemes
that use containment of 2 mm silica ball bearings.
3.4. Monolayer functionalization of the microsphere systems
In an attempt to reduce adhesive forces and improve the
performance of the microsphere system, the 2 mm sphere system
was coated with monolayers consisting of H18 or F6H2 molecules.
The 2 mm spheres were ﬁrst deposited on the silicon substrate and
then the entire surface (substrate plus spheres) was coated by
immersing the sample into 1 mM solutions of the precursor molecule.
The resulting coatings, which would be partially incomplete due to
the inaccessible regions where there is direct sphere–substrate
contact, will contain either CH3 (H18) or CF3 (F6H2) termini. Surface
coverage, using optical images, was calculated before and after the
functionalization process and was determined to be unchanged. The
presence of the monolayer coating was conﬁrmed using water contact
angles. Before functionalization, the 2 mm sphere samples achieved
advancing contact angles of 237101 and receding contact angles of
5751. After the CH3 or CF3-terminated monolayers were formed the
advancing contact angles rose to 142761 (CH3) and 1367121 (CF3),
signaling a dramatic decrease in the surface energy. The high
advancing contact angles achieved for the samples are greater than
those reported for ﬂat monolayers (1111 for CH3 [31,32] and 1201 for
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CF3 [33]) due to the surface roughness provided by the deposited
spheres [34]. The surface roughness also caused high contact angle
hysteresis, as the functionalized samples achieved receding contact
angles of 77751 (CH3) and 637191 (CF3).
The frictional performance of the functionalized samples was
tested with a 98 mN load and the minimum coefﬁcient of friction
achieved for the functionalized samples was found to be similar to the
unmodiﬁed samples. Speciﬁcally, the H18 monolayer samples
achieved a coefﬁcient of friction of 0.02370.0026 and the
F6H2 monolayer samples resulted in a value of 0.02070.0040. The
coated monolayers, however, did have signiﬁcantly shorter wear lives.
While the unmodiﬁed samples required 31 cycles (Fig. 4) to fail, the
coated sphere systems failed in 673 cycles (CH3) and 1274 cycles
(CF3). The lower cycle lives of the functionalized systems suggest that
the sphere coverage decreased more rapidly during testing. The lowenergy surfaces achieved by functionalization would dramatically
reduce the adhesive interactions between the spheres and the
substrate and, thus, promote quicker dispersal of the spheres beyond
the probe track. Despite the poor wear life shown by the coated
samples, functionalization of the sphere/substrate system may prove
beneﬁcial in next generation lubrication schemes as shearing surfaces
which conﬁne the spheres and ball bearing systems would beneﬁt
from lower energy surfaces and easier dispersion of spheres. The
monolayer coatings can greatly reduce stiction caused by liquid
adhesion and capillary condensation of water vapor from the environment [19,20,35]. In addition, functionalization could be used to
increase the wear life of microball bearing systems, as numerous
studies at larger size scales have shown that surface coatings can delay
failure [23–25,36,37].

4. Conclusion
We have investigated the frictional performance of lubrication
systems based on rolling silica spheres. Silica spheres, either 4, 2, or
0.5 mm in diameter, were dispersed on silicon substrates by drop
casting from an aqueous solution at reduced pressure. A simple test,
involving a deposition of gold onto the microsphere system, was
introduced to conﬁrm that rolling motion has occurred. The coefﬁcient
of friction and wear life of the lubrication systems were investigated at
numerous loads with a ball-on-ﬂat microtribometer. The 4 and 2 mm
systems preformed similarly, with the 4 mm spheres achieving slightly
lower coefﬁcients of friction at higher loads than the 2 mm spheres. The
dependence on sphere diameter was clearly seen with the 0.5 mm
system, which failed immediately at loads above 9.8 mN. The lubrication systems tested in this paper did not conﬁne the rolling spheres and,
therefore, failure was brought on by the continual dispersion of the
spheres. The decrease in the surface coverage of the spheres created
higher contact pressures that ultimately increased enough to fragment
the individual spheres. In addition, functionalization of the sphere
systems was accomplished using H18 or F6H2 precursors. The
molecular coatings decreased the surface energy of the spheres and
substrate, allowing the spheres to be more quickly dispersed beyond
the probe track during tribometry testing. Overall, the 0.02 coefﬁcient
of friction values achieved with the 4 and 2 mm systems for numerous
loads offers promise that rolling friction, if properly conﬁned, can be
utilized as a lubrication scheme for microscale devices.

Ball Bearing % Coverage
Fig. 5. Effect of sphere surface coverage on the coefﬁcient of friction. Cyclic tribology
tests, which were terminated at various times, were performed with a 4 mm
diameter stainless steel ball contained in a holder with a test speed of 1.0 mm/s and
a scan length of 10 mm. The areal coverage of the spheres was determined using
SEM images, and the coefﬁcient of friction was calculated by averaging the friction
force over the last full cycle before the test was terminated. The entire data set was
compartmentalized to produce the lowest standard deviation for sphere coverage
within individual groups, with each group consisting of at least 3 data points.
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Supplementary data associated with this article can be found in
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