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A microtribometer is used to measure and compare pull-off forces and friction forces exerted on (a) micro-dimpled

silicon surfaces, (b) bare silicon surfaces, and (c) octadecyltrichlorosilane (OTS) treated silicon surfaces at different

relative humidity (RH) levels separately. It is found that above a critical RH level, the capillary pull-off force increases

abruptly and that the micro-dimple textured surface has a lower critical RH value as well as a higher pull-off force value

than the other two surfaces. A micro topography parameter, namely sidewall area ratio, is found to play a major role

in controlling the capillary pull-off force. Furthermore, micro-dimpled silicon surface is also proved to be not sensitive

to variation in RH level, and can realize a stable and decreased friction coefficient compared with un-textured silicon

surfaces. The reservoir-like function of micro dimples is considered to weaken or avoid the breakage effect of liquid

bridges at different RH levels, thereby maintaining a stable frictional behaviour.
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1. Introduction

The capillary effect caused by water condensa-
tion due to ambient humidity may result in a stic-
tion failure and high friction in hard disk data storage
or in the operation of microelectromechanical system
(MEMS).[1−4] Stiction occurs when restoring force of
micro structure is unable to overcome the interfacial
attractive force (named pull-off force), which gener-
ally results from the capillary effect of condensed wa-
ter film due to ambient humidity. Surface texturing
proves to be a simplest method to avoid the stiction
failure and obtain stable friction property.[5−9] Many
theoretical and experimental researches have been per-
formed to investigate the effects of surface texturing
or pattern geometry on capillary pull-off force and
friction force at different levels of relative humidity
(RH). Textured surfaces with micro/nano patterns
such as ditches or asperities have been found to be
effective to reduce the capillary pull-off force[2] and
the friction force.[5−8] The pattern geometry param-

eters, such as roughness,[3,10,11] depth and width of
texturing ditch,[5] as well as aspect ratio[12] are all
considered as important design parameters to tailor
the capillary pull-off force and frictional behaviours
of textured surfaces involved in MEMS and head-disk
systems. It has been demonstrated that the stiction
possibility due to RH in an MEMS increases as the
surface roughness decreases.[2] However, experimental
data at micro scale are still scarce to reveal the ef-
fects of shape, size, and distribution of micro patterns
on capillary pull-off force and frictional property at
different RH levels. In this paper, we focus on micro-
dimpled surfaces and their capillary effects and fric-
tional properties. Micro-dimpled Si surfaces with var-
ious widths, depths and distributions are investigated
and compared with smooth un-textured Si surfaces
and hydrophobic films deposited on silicon surfaces at
different RH levels. We aim to test the possibility of
obtaining controllable capillary pull-off forces and sta-
ble frictional properties on micro patterned surfaces
and applying them as working surfaces in MEMS or
micro devices.
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2. Experimental details

2.1. Experimental specimen and pro-

cessing

To make micro/nano patterns on silicon surfaces,
different texturing processes can be used[5] including
mechanical (polishing, grinding, ultrasonic machin-
ing), lithographical or energy beam processes. Within
them, surface texturing by using the lithographical

process has attracted much interest, due to its high
product efficiency, excellent surface finish, and abun-
dant micro scale topographical features. By using
this method, regular micro dimples with a variety
of dimensions and distributions are etched on a sil-
icon wafer surface (Si(100) surface) as shown in the
inset table in Fig.1. The scanning electron micro-
scope (SEM) images of the micro-dimpled specimen
are shown in Figs.1(a) and 1(b).

Fig.1. Micro-dimpled silicon surface used as specimen, where panels (a) and (b) show the scanning electron micro-

scope (SEM) images of the micro dimples etched on silicon wafer using lithographical method, panel (c) exhibits the

profile of a micro dimple on the Si(100) surface with a surface roughness of less than 1 nm, and panel (d) displays

the micro dimples that are different in diameter, depth and interspace.

In our test, the upper specimen is adopted to be a
4mm×4mm Si(100) plate with a surface roughness of
less than 1 nm. The lower specimen is regularly micro-
dimpled silicon surface as shown in Figs.1(a) and 1(b).
For comparison, smooth silicon wafers, bare and cov-
ered with an octadecyltrichlorosilane (OTS) film are
also selected as the lower specimen. The OTS film
is deposited on the Si(100) surface that has been im-
mersed into a 10 mmol/L OTS solution for 15 min, and
it is used as a kind of hydrophobic surface for inves-
tigation. Before each test, the specimens are cleaned
in an ultrasonic cleaner using acetone and de-ionized
water for 5 min separately. Then they are dried thor-
oughly by using a heat blower for 2 min.

2.2. Experimental setup and test condi-

tions

A micro tribometer is used in our experiments.
Its force sensor is a double-leaf cantilever, and it is

schematically shown in Fig.2 (left). The upper spec-
imen is a 4 mm× 4mm flat surface fixed on the end
of the cantilever. The lower substrate is also a flat
surface, which is kept parallel to the upper specimen
by a specially designed soft spring on the back of the
upper specimen holder as shown in the right insert
in Fig.2. The force sensor has been calibrated by a
laser fibre sensor and has a good linear relationship be-
tween its deformation and the applied force. The can-
tilever is driven by a stepping motor to make the up-
per specimen move against the lower specimen (which
is fixed on the substrate). The end deflection of the
cantilever during the relative movement (vertically ap-
proaching/detaching or laterally sliding) is measured
by the strain gauges glued on it, and then converted
into the corresponding normal force or lateral force by
using the calibrated spring constants. The force res-
olution is 7µN in the normal direction, and 30µN in
the lateral direction.
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Fig.2. Force sensor and typical force curve of the micro tribometer setup. A double-leaf cantilever is used as the

force sensor, with a holder of upper specimen fixed at its end.

A typical force curve is shown in Fig.2 (right bot-
tom) when the cantilever vertically approaches to and
then is detached from the substrate. Its x-axis in-
dicates time step, and y-axis shows the normal force
exerted on the interface. Points from (a) to (b) in-
dicate that the upper specimen approaches close to
and then contacts the lower specimen surface, result-
ing in a normal load increasing from nearly zero to
3mN. The normal load can be kept constant by a
feedback circuit. When the two specimens are sep-
arated from each other, the force curve varies from
(b), along (c), then to (d). Point (d) indicates a neg-
ative normal load, suggesting there is a detected at-
tractive force still exerted on the interface before their
complete separation. The maximum attractive force
is referred to as pull-off force, which indicates that
the maximum interfacial force that needs to be over-
come to avoid any stiction failure involved in MEMS
and micro systems. The whole setup is sealed in a
closed box with a controlled relative humidity, and it
is believed that the capillary effect is dominant in the
measured pull-off force, since interfacial dry adhesion
force is negligible compared with the capillary adhe-
sion force. Furthermore, when the double-leaf can-
tilever with the attached upper specimen is driven to
slide on the lower specimen in the lateral direction,
the interfacial friction force can also be measured.

In our experiments, to investigate the effect of
surface patterns on capillary pull-off force and fric-
tion force at different RH levels, the inside humidity

is controlled to increase step by step through a humid-
ifier. Each measurement is carried out after a 10-min
stabilization of the inside humidity. From a sleeve,
the lower specimen can be changed easily. During our
test, the contact normal load for pull-off force test is
kept at 3mN, and then is held for 100 s. Approaching
and detaching speeds both are kept at 5µm/s. The
environment temperature is 21◦C.

3. Experimental results and dis-

cussion

3.1. Influence of micro dimples on capil-

lary pull-off force

Using the same upper specimen, i.e. a 4 mm ×
4mm smooth silicon wafer, capillary pull-off forces on
micro-dimpled Si surfaces, un-textured Si surfaces and
OTS film are investigated at RH levels ranging from
15% to about 95%. Results are shown in Fig.3. From
Fig.3, a critical level of RH is observed for all the
specimens studied. Above the critical RH value, the
capillary pull-off force increases abruptly for all the
specimen, from a nearly un-detectable value to sev-
eral hundred µNs. Meanwhile, for the micro-dimpled
surface a low critical RH value (about 45%) is ob-
served compared with that for an un-textured surface,
in the cases of bare silicon surface (about 65%) and
OTS film covered silicon surface (higher than about
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85%). Above the critical RH value, the capillary pull-
off force on micro-dimpled surface is obviously larger
than those on the bare silicon surface and the hy-
drophobic surface. The different critical RH values
suggest that the micro-dimpled surface begins to be
sensitive to ambient humidity early from 45% RH,
much earlier than the OTS film surface that is not
sensitive to ambient humidity until 85%RH. The crit-
ical RH value indicates the potential working ambi-
ent humidity for micro devices like head-disk systems

and MEMS. A higher critical RH value of the work-
ing surface implies that the micro system can oper-
ate smoothly with a higher humidity tolerance and
with a lower possibility of adhesive failure. From this
point of view, when selected as a working surface in
an MEMS or a head-disk system, micro-dimpled sur-
face will narrow down the working environment of the
micro system due to its relatively high possibility of
structure stiction compared with un-textured or hy-
drophobic surfaces.

Fig.3. Capillary pull-off forces on (a) micro patterned surface, (b) un-textured surface and (c) OTS film surface.

Micro-dimpled Si surface has a low critical RH value and high capillary force compared with others.

Our results on micro-dimpled surfaces are a little
different from previous experimental results given in
Refs.[3, 10, 11]. It was generally considered that[1−3] a
rough surface has a high critical RH value compared
with a smooth surface, for surface roughness can re-
duce the real contact area, and so reduce the capil-
lary adhesion force. Experimental results from Ra-
binovich et al [3] also show that (in Fig.4(a)) critical
RH value increases from 20 to 60% as surface rough-
ness increases from 0.2 to 0.7 nm, meanwhile pull-off
force decreases obviously. So they suggested that a
patterned rough surface was suited to be used as a
working surface in micro systems to reduce the capil-
lary effect and avoid stiction failure.

To reveal the discrepancy, we focus on the de-
tails of the texture patterns of our specimens and
those from previous tests.[3] It can be seen that the

micro-dimple patterns on our specimens are geomet-
rically concave in nature, while the sample surfaces in
Rabinovich et al ’s experiments are convex generally.
The growth mechanisms of the liquid bridge on these
kinds of surfaces are quite different, so the concave-
patterned surface and the convex-patterned surface
may form different interfacial water films. Firstly, wa-
ter vapour is apt to condense in a narrow interfacial
clearance, while a convex-patterned surface is liable to
form liquid bridges on tops of the asperities as shown
in Fig.4(b), thereby the liquid film is separated into
many discrete small bridge necks. As for a concave-
patterned surface, e.g. the micro-dimpled surface in
our test, the condensed water generally forms a uni-
form water film on the parallel interfaces, which is not
easy to be separated into discrete liquid bridges. Sec-
ondly, besides the condensation of water vapour, the
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Fig.4. Experimental results given by Rabinovich et al [3] (a), contact details obtained from Rabinovich et al ’s model

(b), and contact details of the micro-dimpled surface in our test (c).

thin liquid film on the substrate flowing to the contact
zone also influences the formation of liquid bridge,
which even becomes a dominant mechanism as the
contact time increases.[13] Obviously, the motion of
thin liquid film on the substrate as exhibited in
Fig.4(c) is easier to form a continuum water film. Ad-
ditionally, the thin liquid film on the micro-dimpled
surface may wet into the micro dimples as shown in
Fig.4(c). The wetting liquid may reduce the liquid
film thickness and meanwhile it can give rise to an
additional separating resistance. Therefore, quite a
different capillary mechanism results in a large pull-
off force on micro-dimpled surface compared with that
on the specimen in Ref.[3].

Furthermore, to investigate the effect of dimple
geometry on capillary force, a series of micro-dimpled
specimens with different diameters, depths and distri-
butions is tested. The geometry parameters are listed
in the inset table in Fig.1. For different dimensions
and distributions of micro dimples, the corresponding
capillary force curves are quite different. To summa-
rize the geometry effect of the micro dimples, a geom-
etry parameter r, namely a sidewall area ratio, is pro-
posed and adopted in this paper. It is defined as the
ratio of the whole sidewall area of the micro-dimples
to the nominal contact area of the two flat-flat contact
surfaces.

r =
πdh×N

a2 − π(d/2)2 ×N
, (1)

where d and h are the diameter and the depth of the
micro dimple respectively; a is the side length of the
contact area, i.e. the side length of upper specimen; N

is the number of dimples etched on a specimen. The
specimen in our test is described by different geom-
etry parameters, and the defined parameter r varies
from 0.006 to about 0.03 according to expression (1).
In order to indicate the force curves clearly, experi-
mental results on four typical samples are presented
in Fig.5. The four samples are labelled as sample 1,
2, 3 and 4 according to the values of parameter r in
a decreasing order, i.e. 0.028, 0.018, 0.014 and 0.009
respectively. In Fig.5 we can see that as the value of r

decreases from 0.028 for sample1 to 0.009 for sample
4, the critical RH value increases slightly from about
45% to 55%, while the capillary pull-off force decreases
largely as indicated by the open square points to the
inverse triangle points. Both the critical RH value and
capillary pull-off force are shown to be closely depen-
dent on the geometry parameter r, which suggests

Fig.5. Curves for the capillary pull-off force versus RH

value on micro-dimple surface with different geometry di-

mensions.
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that the ratio r may be an effective geometry param-
eter of micro-dimpled surfaces to tailor its capillary
pull-off force.

Actually, as we mentioned above, the continuum
liquid thin film and the behaviour of its wetting into
the micro dimples play an important role on the pull-
off force curve of micro-dimpled surface. Obviously,
as the wetting depth of the liquid increases, the inter-
facial pull-off force will increase due to the de-wetting
resistance inside the micro dimples. So it would be
more reasonable that the pull-off force is positively re-
lated with liquid wetting depth instead of the dimple
depth itself, because when the dimple depth increase
to a value above a limit, the wetting depth will not
increase any more. A further analysis of the capillary
pull-off force, with the wetting effect on micro dimple
taken into consideration, is under way.

3.2. Influence of contact geometry on

frictional property

Furthermore, friction tests are carried out on the
specimens at different RH values. The normal load is
kept constantly at 314µN, sliding speed is 2.7µm/s,

and sliding stroke is 100µm. The sliding speed is se-
lected to be not so high to avoid any hydrodynamic
lubrication effect. For each test, the coefficient of fric-
tion (COF) is calculated by dividing the average value
of the detected friction force by the normal load. Re-
sults are summarized in Fig.6. In Fig.6(a), the COF
of the un-textured sample surface is initially 0.6 fol-
lowed by a slight decrease to a relatively stable value
of around 0.4, and finally increases abruptly to more
than 2.2 after 85%RH. The high COF after 85%RH is
observed to be accompanied with an obvious stick-slip
behaviour, which makes the frictional property quite
unstable. In contrast, the micro-dimpled sample sur-
face owns a lower, more stable friction coefficient of
around 0.3 throughout the test, except a peak value
of about 0.7 at 80%RH as shown in Fig.6(b). For
comparison, frictional force on OTS film is also inves-
tigated. As shown in Fig.6(c), the hydrophobic sur-
face has quite a stable and low COF, less than 0.2, at
different RH values, which means that it is quite in-
sensitive to RH value. Focusing onto the un-textured
Si surface and the micro-dimpled Si surface, we can
see that a reduction in COF on micro-dimpled surface
is obvious, especially after 85%RH where the COF of
un-textured surface increases abruptly. The difference

Fig.6. Coefficients of friction on an un-textured Si surface (a), a micro-dimpled Si surface (b), and an OTS film

surface (c).
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mainly may be due to the breakage of the liquid
bridges, which can give rise to fluctuation on lateral
resistance force, and the micro dimples on surface,
which may act as reservoirs to store and supply wa-
ter during relative sliding to avoid sudden breakage
of liquid bridges, which eventually produces a relative
stable friction force. This implies that the appropri-
ate texturing of micro-dimpled surface may succeed in
friction control and friction reduction compared with
un-textured surfaces.

4. Conclusions

The capillary pull-off forces and the frictional
forces on micro-dimpled silicon surface and un-
textured silicon surfaces, bare and OTS film covered,
are investigated by using a micro tribometer at dif-
ferent levels of relative humidity. The findings are
summarized as follows.

(1) A critical RH value exists for all the tested
sample surfaces, including hydrophobic surface, un-
textured surface and regular patterned surface. When
ambient humidity is above the critical value, capillary
pull-off force increases abruptly with RH.

(2) A regularly patterned micro-dimpled surface

has a low critical RH value and high capillary fore
compared with an un-textured surface and a hy-
drophobic surface. A geometry parameter, namely
sidewall area ratio, is found to be an effective parame-
ter to tailor capillary pull-off force on a micro-dimpled
surface.

(3) The COF for micro-dimpled silicon surface is
found to be not so sensitive to the variation in RH
level compared with that for un-textured silicon sur-
face. The reservoir-like function of micro dimples is
suggested to explain the stable frictional behaviour
observed.

In summary, micro patterned surface is a promis-
ing option as working surface involved in MEMS and
micro systems. Some aspects of the dominant pa-
rameters and potential mechanism in micro-dimpled
surface are studied. Further investigations are still
needed to reveal the mechanism and control strategy
for other micro patterned surfaces.
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