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1. INTRODUCTION

The concept of friction has through modern human history
challenged engineers and fascinated scientists. The first docu-
mented systematic friction studies are dated back to the 15th
century, where Leonardo da Vinci performed experiments that
demonstrated that the friction force apparently is proportional to
the applied load and independent of the macroscopic contact
area between the sliding bodies. Two hundred years later, these
findings were rediscovered by Guillaume Amontons and even
later verified by Charles-Augustin de Coulomb, and merged to
the today well-known law of friction, Amontons’ law. This law
states that the friction force is given as

Ffric ¼ μFN ð1Þ

where Ffric and FN are the friction force and normal applied load,
respectively, and μ is known as the friction coefficient, which is a
constant related to the nature of the sliding bodies but indepen-
dent of their macroscopic contact area and the sliding velocity.

Despite its simplicity and lack of theoretical foundation,
Amontons’ law has been very successfully applied to a large
range of different types of materials.1 Also, friction between both
atomically mooth surfaces2�5 and surfaces with different degrees
of roughness6�9 friction measured at different humidities,10�13

in different solvents14�16 or in the presence of lubricating
agents;17�20 and recently, friction measured between a range of
nanostructured surfaces21 has all shown to be in accordance with
Amontons’ law. Only in the case of strongly adhesive contact
between the sliding surfaces, and when covering a very large range
of applied loads, does Amontons’ law seems to fail.4,11,22,23

There have been a large number of attempts to give a micro-
scopic explanation to Amontons’ law and especially the largest
intellectual challenge, namely the apparent independence be-
tween friction and the interacting area of the sliding bodies.
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ABSTRACT: Friction between nonadhering sliding surfaces
are normally described by Amontons’ law, which states that
there exists a linear relationship between the friction force and
the normal applied load and that the friction force is indepen-
dent of the macroscopic contact area between the surfaces and
the sliding velocity. In this study we have measured friction as a
function of applied load between a spherical silica particle and a
microstructured silicon surface consisting of arrays of vertical
microneedles, and we have challenged Amontons’ law by
changing the size of the silica particle and the sliding velocity.
First, when looking at the friction as a function of time for a
given applied load, the friction force was observed to oscillate
with a period related to the spacing between themicroneedles when using a small silica particle, whereas the friction force exhibited a
more random variation when a larger silica particle was used. The oscillation in the friction force is a direct evidence for bending and
release of individual microneedles and the observation illustrates that the energy dissipating mechanism becomes hidden in the
friction data when the dimensions of the sliding body becomes much larger than the length scale of the surface features causing the
friction. Second, when looking at the average friction force as a function of applied load we find, in accordance with Amontons’ law, a
linear relationship between the friction force and the applied load and the friction force is independent of both the size of the sliding
silica particle and of the sliding velocity. One exception from this, however, was observed when sliding a small silica particle at low
velocity, where a deviation from Amontons’ law was noticed. The deviation from Amontons’ law is suggested to be attributed to a
change in the energy dissipating mechanism giving rise to the friction force. In light of that it is suggested that Amontons’ law only is
valid as long as the main energy dissipating mechanism does not change with the applied load. To get a better understanding of the
general validity of Amontons’ law, our results were evaluated against different microscopic models.
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In 1950, Bowden and Tabor22 suggested that friction is indeed
related to the real contact area and that the validity of Amontons’
law is a consequence of surface roughness which causes the real
contact area to increase with the applied load. This was shown to
give a result in accordance with Amontons’ law if plastic
deformation between all surface junctions was assumed. A similar
approach was taken by Greenwood and Williamson,24 who
reached the result that the real contact area scales linearly with
the applied load when assuming elastic deformable surface
asperities with a Gaussian height distribution. Recently, extended
molecular dynamics simulations have demonstrated that Amontons’
law is fulfilled for nonadhering atomically smooth surfaces
because of a linear relationship between applied load and the
number of atomic contact points.25,26 However, the linear coupl-
ing between applied load and true contact area seems in all cases
to bemodel and systemdependent, and thus not in good agreement
with the experientially observed robustness of Amontons’ law.

Today, new types of topographically structured surfaces are
being developed for various applications.31�34 Because such
surfaces normally are very susceptible to wear processes the issue
of understanding the connection between friction and load is as
relevant as ever. In the present study, we will challenge Amontons’
law with a surface with topographical microstructure where the
number of macroscopic contact point does not vary with the
applied load but is proportional to the size of the sliding body. This
is done by measuring friction between a silica particle and a
microstructured silicon surface consisting of arrays of vertical
needles with a height and spacing of approximate 3 and 1.4 μm,
respectively (see Figure 1). By varying the applied load, the size of
the silica particle (d= 7 an 28μm) and the sliding velocity between
the particle and the microstructured surface we are able to test all
three aspects of Amontons’ law, namely, the linearity between
friction force and applied load, and the independence of the
apparent contact area and sliding velocity. The sample and probe
dimensions were chosen so that the smaller probe only will be in
contact with at small number of asperities at any given time,
whereas the larger probe will be in contact with many asperities.
The length scale of the spacing between the individual micro-
needles further makes it possible to resolve the interaction with
individual needles, whereas the choice of a sample design with thin
flexible surface features compared tomore robust structures enable
an investigation of how a microscopic elastic deformation con-
tributes to the overall friction force.

2. MATERIALS AND METHODS

Surface Preparation. A microstructured silicon surface consisting
of arrays of vertical silicon microneedles was fabricated by reactive ion
etching with the Bosch process which is commonly applied for the
fabrication of deep pore and trench arrays.27 A 1 μm-thick oxide layer
as an etching mask was capped on a Si (100) wafer. The patterning of
SiO2/Si was generated by photolithography followed by reactive ion
etching. SF6 and C4F8 in the etching process were used as etching and
passivating gas, respectively. A scanning electron microscope (SEM)
analysis has revealed that the needles have an approximate hight of 3 μm
and are sitting in a square lattice with a nearest neighbor distance of
approximately 1.4 μm. Figure 1 show tilted SEM images of the
microstructured surface. Before use the surface was cleaned in water
and ethanol and plasma cleaned for 30 s using a Harrick PDC-32G-2
plasma cleaner (Harrick Plasma, USA) at medium intensity (700 V,
15 mA DC). Additionally it should be noted that the microstructured
silicon surface did not have any grown oxide layer and is thus naturally

hydrophobic. However, a thin native oxide layer normally quickly appears
on a silicon surface and after the cleaning procedure this surface exhibited
a water contact angle of approximately 70�. This indicates a relatively low
surface energy, which is thus expected to limit possible capillary effects.
Friction Measurements. Measurements of the friction force

versus applied load were carried out in air (T=21 �C, RH≈30%) using
an atomic force microscope (NanoscopeMultimode III equipped with a
Pico Force controller and a scanner with closed loop in the normal
direction, Veeco Instruments Inc.). Colloidal probe cantilevers were
made by attaching a silica particle to a tipless rectangular cantilever
(NSC 12, F-lever, MikroMasch) with a high-temperature melting epoxy
glue (Shell Epikote 1009) by use of an EpendorfMicromanipulator 5171
and a Nikon Optiphot 100S reflection microscope. This microscope was
also used to measure the size of the attached silica particles. For this
study two cantilevers with 7 and 28 μm attached silica particles was

Figure 1. Top: Schematic illustration of our experimental setup. Friction
is measured between a silica particle glued to an AFM cantilever and a
microstructured silicon surface consisting of arrays of vertical silicon
microneedles. In the experiments, we have used two different sizes of the
silica particle, where the smallest (d = 7 μm) has a size that is only slightly
larger the spacing between the needles and the largest (d = 28 μm) covers
many needles at any given moment. Bottom: Scanning electron micro-
scope images of the microstructured silicon surface consisting of a
microneedles with an approximate height of 3 and a spacing of 1.4 μm.
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prepared. Smaller probes are not preferable if one wants to ensure that
we solely are going to have contact between the probe and the
microneedles and not between the microneedles and the cantilever
itself. Before particle attachment, the normal and torsional spring
constants of the cantilevers were determined by the Sader method as
described elsewhere.28 The cantilever dimension and stiffness were
chosen such that the maximum applied normal load was not leading
to a cantilever deflection outside the linear region of the detector.29

Further, as will be discussed in more detail later, a cantilever with a large
torsional spring constant is essential in situations where mechanical
instability of the lateral movement of the cantilever occurs.

Friction force measurements were performed by obtaining a series of
contact mode images each containing 16 trace and retrace lines and saving
torsional cantilever deflection data. From the knowledge of the probe size,
the torsional sensitivity and spring constant and the normal sensitivity and
spring constant, the torsional cantilever deflectionwas converted to friction
force and the normal deflection to applied load. During the scans we kept a
relatively low feedback gain ensuring a given average applied load but
allowing smaller local variations in load. During the scans, we keedback
gain, ensuring a given average applied load but allowing smaller local
variations in load. It was further observed that the torsional deflection signal
was insensitive to the gain settings as long as the gain was not so low that
the probe loses surface contact or so high that the piezo overcompensates
for height changes. To obtain the friction force as a function of normal load,
we systematically changed the deflection set point in between each image.
Further, to obtain the average friction force versus normal load, we
averaged the data from the 16 traces and retraces (each containing 512
points) to provide a single value for each value of applied load. In each case,
the friction versus normal loadmeasurements were repeated three times to
verify the data and to exclude wear. These repeated measurements are also
used to calculate the uncertainty in the determined friction coefficients. It
should be noted that in this study, we define the friction force as the lateral
force measured while moving the probe parallel to the sample substrate
under an average applied force. This definition is in agreement with the
macroscopic friction force resisting the movement of a body parallel to a
rough surface under a given applied load but is not identical to the local
microscopic friction response which is parallel to the tangent of a given
surface feature but not to the sample substrate.

The lateral photodetector sensitivity was calibrated using the method
of tilting the AFM head as suggested by Pettersson et al.30 The scan
length for the friction measurement were set to 40 μm to ensure that a
reasonable number of microneedles were passed in each scan line. The
scanning velocity was varied in four steps; 8, 80, 400, and 800 μm/s.
The friction measurements were in all cases performed parallel to the
orientation of the arrays of microneedles in the square lattice to ensure
the same distance between the needles as seen from the scanning
direction. This alignment was done by aligning lines on the surface,
originating from the etching mask, with the cantilever under an optical
microscope built into the AFM setup.
Results and Discussion. Local Friction Response. Panels A, C,

and E Figure 2 show examples of friction data obtained, at an applied
load of approximately 120 nN, in air between silica probes of different
sizes and a flat silica surface and the microstructured surface, respec-
tively. These plots illustrate single friction traces and retraces obtained
over a 40 μm scan in 1 s (0.5 s for each trace and retrace, respectively),
together with the averaged traces and retraces sampled under 16 sub-
sequent scans. Each trace and retrace were from the time domain
analyzed by performing a discrete Fourier transformation

Fn ¼ ∑
N � 1

k¼ 0
fke

�2πink=N ð2Þ

where N is the number of sampling points in a scan line and fk is the
inverse transform. From this expression, the complex modulus, also

commonly known as the power spectrum, is defined as

power ¼ ðFn 3 F̅nÞ�1=2 ð3Þ

where Fn is the complex conjugate of the discrete Fourier transform.
These power spectra are shown for each of the 16 scan lines in panels B,
D, and F in Figure 2.

In the case of shearing a d = 28 μm silica probe against a flat silicon
surface (Figure 2A), an almost constant friction force is observed and
the Fourier analysis (Figure 2B) reveals only low-intensity and low-
frequency random noise. Although part of the total friction force is
expected to be a result of surface irregularities or surface roughness, these
experiments show that such features cannot be directly resolved on the
time and length scale of this experiment.

In the case of shearing a d = 7 μm silica probe against the micro-
structured surface (Figure 2C), the friction force is no longer constant but
shows an apparent oscillatory behavior with a number of periods which
equals the expected number of microneedles being past during a 40 μm
scan. We interpret this observation as follows; shearing the probe against
the surface leads to bending of the needles and each oscillatory period
corresponds to bending and releasing individual needles. This also
suggests that only a few needles at the time provides a significant
contribution to the total friction force and because of this discreteness
in the interaction, we can in this experiment resolve the structure of the
surface from the friction data. The Fourier analysis (Figure 2D) presents a
clear peak, repeated in all 16 scan lines, with a maximum of 62 Hz, which
with a 40 μm scan in 0.5 s corresponds to a distance of 1.3 μm. This
distance correlates well with the approximate distance of 1.4 μm between
two neighboring needles determined from the SEM images. Here it
should be noted that the small difference between the distance from the
SEM analysis and the oscillatory period in the friction force is of the same
order of magnitude as the lateral resolution in our friction measurements.

In the case of shearing a d = 28 μm silica probe against the
microstructured surface (Figure 2E) the friction force has a higher
noise level than in the case of a flat silica surface but does not show the
same oscillatory behavior as in the case of using the d = 7 μm silica probe.
The high noise level is also revealed by the Fourier analysis (Figure 2F).
In this case peaks at different frequencies are found in different scan lines,
but no systematically repeating peak around 62 Hz or at other fre-
quencies are observed. Thus, by going from a 7 μm probe to a 28 μm
probe, we lose the ability to resolve the individual bending event. This
means that even if we know that the friction force is a result of the same
energy dissipating mechanism in the two cases, we do not see any direct
evidence of this when using the larger probe. This corresponds to
shearing surfaces with small-scaled random roughness, where the
friction force is dependent on the surface structure, but where the
surface features cannot be resolved in the friction data.

It should be noted that in cases where stick and slip motion occurs as
in the present case where a needle presumable first is bent and then
subsequently released, a mechanical instability of the measuring system
will be found.When the needle bends, it will act with a restoring force on
the silica particle leading to some cantilever deflection. When the needle
is released, the cantilever will thus for a short time interval be in a
mechanical unstable situation until the force balance is restored. This
leads to small gaps in the data where the equilibrium cantilever deflection
is unknown. A parallel to this is known from normal force measurements
where mechanical instabilities of the cantilever can lead to so-called
“jump-in” and “jump-out” events.35 In the case of normal force
measurements, the jump length can be reduced by choosing a cantilever
with a normal spring constant which is large relative to the gradient of
the force. In the present case, the jump length can be reduce by choosing
a cantilever with a torsional spring constant which is large compared to
the bending stiffness of the microneedles. This is the reason for choosing
a relatively stiff cantilever in this study as noted in the Materials and
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Methods section. An exact determination of the degree of bending is
difficult due to the undefined geometry of the needles and the
uncertainty of the exact loading point. However, for a silicon rod of
the approximate same dimension exposed to an end loaded force of
200 nN, corresponding to the highest local lateral force, the deflection
would be around Δxneedle = Fl3/(3EI) ≈ 100 nm.37 In comparison the
displacement of the probe due to the torsional deflection of the
cantilever, Δxprobe = d2F/kt ≈ 1 nm, for the d = 7 μm probe and
10 nm for the d = 28 μm probe.37

Average Friction versus Applied Load. In the previous section, we
discussed the local friction response in terms of its time dependence and
spatial variation. However, Amontons’ law is a macroscopic law and thus
refers to a time- and space-average of the observations discussed above.
The average friction force between the d = 7 μm and the d = 28 μm silica
probe, respectively, and the microstructured surface was determined by
performing a time- and space-average at each value of applied load as
described in the Materials and Methods section. Panels A and B in
Figure 3 display the average friction force versus normal load at four
different sliding velocities ranging 8�800 μm/s for the two different
probe sizes. The friction force was measured both upon increasing and
decreasing applied load, but no significant difference was observed.

In the case of shearing a d = 7 μm silica probe against the
microstructured surface (Figure 3A), a linear relation between friction

and applied load, in accordance with Amontons’ law, is found for sliding
velocities in the range 80�800 μm/s. Further, for the three largest
sliding velocities, the friction force is found to be independent of the
sliding velocity and thus we find the same friction coefficient, μ = 0.93(
0.04, in all three cases (compared to μ = 0.51( 0.07 measured between
the probe and flat silicon36). Further, the fact that the friction force is
close to zero at zero applied load indicates that adhesion, e.g., capillary
adhesion, does not significantly contribute to the friction. If the average
friction force is an effect of bending the microneedles and intrinsic
friction between the contact surfaces, then the friction force is expected
to be independent of the sliding velocity as long as the feedback is
sufficiently high to ensure that the probe is not “flying” over the surface
features. Thus, in the present case, it can be concluded that the probe
stays in contact with the surface features to the same degree at the
three highest sliding velocities. However, for the lowest sliding velocity,
v = 8 μm/s, the behavior is somewhat different. At low applied loads, the
friction force follows the same trend as for higher sliding velocities,
whereas at higher applied loads, the average friction force starts to
diverge, showing lower values than at higher sliding velocities. The
same behavior was observed in three repeated measurements. Such a
change in friction has to reflect a change in the interaction between the
probe and themicroneedles; because the measured friction decreases, an
obvious suggestion would be that the needles become less bent in the

Figure 2. Left panels show the friction force versus time obtained for a scan over 40 μmbetween (A) a 28 μm silica probe and a flat silicon surface, (C) a
7 μm silica probe and microstructured silicon surface, and a 28 μm silica probe, and (E) microstructured silicon surface. Right panels show the result of a
Fourier analysis of friction versus time data for 16 consecutive lines obtained for each of the three situations.
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present case. One explanation for the change in probe�needle interac-
tion could be that possible capillary effects become more significant at
low velocities. However, it is difficult to imagine why this should be the
case only for the smaller probe and only at high applied load. We
therefore suggest that a change in the needle relaxation mechanism is
needed to explain the observed decrease in friction. One scenario could
be that the smaller probe is sliding between two arrays of needles. These
needles will thus bend with a restoring force opposite to the probe
motion which will be released when the probe has past. Alternatively, the
needles can slide around the probe, which at high applied load will lead
to a smaller bending angle of the needles and thus lower the friction. On
the basis of the results, we suggest that such an alternative slower
relaxation process exists and becomes significant at low sliding velocity
and high applied load. Although this is a result of a special case related to
this particular system, it possibly illustrates how the friction force
deviates from Amontons’ law when the nature of the energy dissipating
mechanism changes with the applied load and sliding velocity. A similar
observation has previously been seen in the case of friction between

polyelectrolyte coated surfaces in aqueous solution where the normal
load was found to be carried by an electrostatic double layer force at low
applied loads and by steric repulsion between the polyelectrolyte chains
at higher applied loads.23 In this case, the friction behavior changed
dramatically when the main load carrying force, and thereby the energy
dissipating mechanism, was changed. Probably, this is also the reason
why Amontons’ law has been shown to fail for some system when
investigated over an extended range of applied loads since the main
energy dissipating mechanism for most systems are likely to change over
an extended range of applied loads.

In the case of shearing, a d = 28 μm silica probe against the
microstructured surface (Figure 3B) the average friction force is found
to be independent of sliding velocity and a linear relationship between
friction and applied load is again observed. When the probe is sig-
nificantly larger than the dimensions of the surface structures the second
relaxation mechanism where the needles slide around the probe
becomes unavailable, and it is thus in agreement with the above
suggested mechanism that the friction in this case does not change at
low sliding velocities. Interestingly, it is also observed that the measured
friction coefficient (μ = 0.96 ( 0.04), within experimental error, is
identical to the friction coefficient (μ = 0.93 ( 0.04) found when using
the smaller probe. This suggests that the average friction force is
independent of the number of macroscopic contact points. It is often
suggested that Amontons’ law, which states that friction is independent
of the macroscopic contact area and dependent only on the applied load,
holds because the actual contact area of rough surfaces changes with
applied load in such a way that the friction depends on the actual surface
area but not on the apparent contact area. However, in the present case,
it is difficult to make the same connection, because the number of
microneedles in contact with the probe scales with the probe size.
Instead we suggest that this is a direct consequence of the linear
relationship between the friction and applied load, as will be discussed
further in relation with Figure 4A. If a given applied load of the smaller
probe leads to a certain degree of bending of a few microneedles, the
same applied load of the larger probe will lead to less bending of a larger
number of microneedles. However, because of the linearity of the
response, the friction experienced by bending many microneedles to a
smaller extent adds up to the same friction experienced by bending few
microneedles to a larger extent. This can in the simplest form be
expressed as

Ffric ¼ ∑
n

k¼ 1
μk
FN
n

¼ μkFN ð4Þ

where FN is the normal applied load, n is the number of bent needles, and
μk is a constant given the proportionality between the applied normal
load and the bending contribution to the friction force from the kth
needle.

Comparison with Some Microscopic Models. The observed linearity
between the friction force and applied load in our experiments can be
rationalized by considering Figure 4A. The interaction between the
probe and a given microneedle leads to bending of the needle which
gives rise to a restoring force F^, which has to be balanced by an external
force if the system is in equilibrium. This restoring force has a
component normal to the surface (but not normal to the bent needle)
which is balanced by the applied normal load, FN, and a lateral
component which is balanced by a torsional cantilever deflection which
we recognize as the friction force, Ffric. These two components always
have a linear relationship, Ffric = FN tan R. It should be noted that the
lateral force is not equivalent to the local intrinsic friction force which
acts in the plane of the surface contact and not to the substrate and that
the angle, R, as well as the local restoring force, will change with the
applied load and the relative position of the probe and the needle.
However, as we define the friction force as the space and time average of

Figure 3. Friction vs normal load between a 7 μm silica probe and
a microstructured silicon surface (top) and a 28 μm silica probe and a
microstructured silicon surface obtained at four different sliding velo-
cities, in the range 8�800 μm/s.
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lateral force measured while moving the probe parallel to the sample
substrate under an average applied force these variations are invisible in
Figure 3. The friction can thus also be thought of as the bending energy
that is lost when the needle is released and returns to its rest position
although this view probably is too simple since the needle is not end-
loaded during the entire bending event. Amore likely situation is that the
needle in the beginning is loaded at a position away from the apex of the
needle, and as it starts to bend the probe simultaneously slides toward
the apex of the needle, whereafter the needle finally is released. This
means that on top of the lost bending energy comes the energy lost due
to the intrinsic friction between the probe and the needle when the
probe slides along the bent needle. The question of the effect of intrinsic
friction for interaction between inelastic and undeformable surface
asperities with known slopes has been modeled and measured by
Makinson38 more than 60 years ago, and more lately also demonstrated
by Ruan and Bhushan.5 To understand the special abilities of geckos to
climb walls and ceilings several studies have been focused on how
directional arrays of microscopic setae can lead to shear stress induced

adhesion.39�41 Related to this, studies of friction between model
surfaces consisting of relatively closed-packedmicrometer sized polymer
fibers have also showed significantly higher friction than corresponding
nonstructured surfaces of the same material.42�44 Studies of this kind of
systems have also revealed that for fibers with a tilt angle, the friction is
higher when sliding with the fiber orientation than when sliding against
the fiber orientation. This somehow counterintuitive result is suggested
to be a consequence of the larger penetration depth of the sliding probe
when sliding with the fiber orientation due to the lower bending
elasticity in this sliding geometry.44 This also suggests that both the
lost bending energy and the increased surface contact are responsible for
the increase in friction. However, no models have to our knowledge fully
accounted for the coupling between lateral elastic deformation and
intrinsic friction as observed in this study.

Several models and simulation results22,24,25 suggest that the validity
of Amontons’ law is due to a linear coupling between the applied load
and the real contact area. Due to the finite number of contact points
determined by the density of needles, their elastic response and the
applied load, this is not an obvious explanation for the validity of
Amontons’ law in this case. However, another purely mechanical model
introduced by Israelachvili seems to be able to explain the intrinsic
interatomic friction without including any information about neither the
apparent nor the real surface area. In this model, which is known as the
Cobblestone model,45,46 the friction force is related to the work done
against the applied load when a surface atom on the upper surface has to
“climb” over a surface atom on the lower surface (see Figure 4B). In this
model, the energy is dissipated because the upper atom after climbing
the lower atom collides with a neighboring atom on the lower surface; an
event where the potential energy is transformed to random vibrational
energy (heat). The reason why this model is independent of the number
of contact points for nonadhering surfaces is that if more contact points
exist, then the load carried by each contact point decreases to a fraction
given by the total applied load divided by the number of contact points
similar to the discussion in relation to eq 4. The Cobblestone model is
closely related to a more macroscopic model termed the stick-and-slip
model (although the climb-and-jump model would be a more appro-
priate name) by Rabinowicz47 where the friction force is related to the
work needed for a surface asperity on the upper surface to climb a surface
asperity on the lower surface against the applied load (see Figure 4C).
We find significant similarities between the cobblestone and stick-and-
slip models and our situation where work is needed to bend a micro-
needle is given by the applied load (this can be compared to climbing a
surface asperity against the applied load) and the energy is dissipated
when the needle is released (this can be compared to the energy that is
dissipated when the upper surface slips and collides with a neighboring
surface asperity on the lower surface). The main difference between the
two situations is that in our system, the surface features are not only
climbed but also laterally elastically deformed. We suggest that for many
systems a combination of the two situations will be found, which thus
calls for a more advanced model.

3. CONCLUSION

In this study, Amontons’ law was challenged by friction
measurements between a spherical silica particle and a micro-
structured silicon surface consisting of arrays of vertical micro-
needles. Amontons’ law was challenged in terms of linearity
between friction force and applied load, a change in size of the
spherical silica particle and variation in the sliding velocity. First,
by looking at the friction force as a function of time and space, the
friction force was observed to oscillate with a period related to the
spacing between the microneedles when using a small silica
particle, while showing a noisy random variation when using a
larger silica particle. Because the friction in both cases is expected

Figure 4. Schematic illustrations of three microscopic friction models.
(A) The coupling between the normal and the lateral force component
of the elastic restoring force of a bent needle can be used to explain the
linear relationship between friction force and applied load observed in
our experiments. (B) The Cobblestone model suggests a mechanism for
atomic friction. (C) The stick-and-slip model suggests a mechanism for
friction between rough surfaces.
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to be related to bending and releasing individual needles, this
shows how the direct evidence of the energy dissipating mechan-
ism becomes hidden when the size of the sliding body becomes
much larger than the surface features. Looking at the average
friction force as a function of applied load, our results show that
Amontons’ law is valid for this system since a linear relationship
between friction and applied load was achieved and the friction
force was found to be independent of the size of the silica particle
and the sliding velocity. One exception from this was observed
when using the smallest silica particle and the lowest sliding
velocity. We suggest that the deviation from Amontons’ law in
this particular case is a consequence of a change in the bending-
relaxationmode of themicroneedles which only is possible at low
sliding velocities and when the particle size approaches the
dimensions of the spacing between the microneedles. However,
although this explanation apply to a specific situation for this
particular system the observation illustrates a much more funda-
mental principle. The result illustrates that Amontons’ law is
fulfilled only as long as the main energy dissipating mechanism is
not changing with the applied load and sliding velocity.

Because Amontons’ law is a purely phenomenological and
macroscopic law, our system and results were also evaluated
against some existing microscopic models. It was concluded that
models where Amontons’ law is validated by a presumably linear
increase in contact area or in the number of contact points with
the applied load is not an obvious explanation for the Amontonian
behavior in the present case. Instead, we found strong similarities
between our system and a set of mechanical models, with the
Cobblestone model being the most well-known, where energy is
dissipated when the upper surface has to climb a surface asperity
on the lower surface against the applied load and subsequently
slips and collides with a neighboring surface asperity. In our
system, the results suggest that the energy to a large extent is
dissipated due to a process where the microneedles are first
bending (elastically deformed) then subsequently released so
that they can returned to their rest position. We suggest that for
many systems, both climbing and elastic deformation has to be
taken into account.
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