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Amontonian frictional behaviour of nanostructured surfacesw
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With nanotextured surfaces and interfaces increasingly being encountered in technological and

biomedical applications, there is a need for a better understanding of frictional properties

involving such surfaces. Here we report friction measurements of several nanostructured surfaces

using an Atomic Force Microscope (AFM). These nanostructured surfaces provide well defined

model systems on which we have tested the applicability of Amontons’ laws of friction. Our

results show that Amontonian behaviour is observed with each of the surfaces studied. However,

no correlation has been found between measured friction and various surface roughness

parameters such as average surface roughness (Ra) and root mean squared (rms) roughness.

Instead, we propose that the friction coefficient may be decomposed into two contributions, i.e.,

m = m0 + mg, with the intrinsic friction coefficient m0 accounting for the chemical nature of the

surfaces and the geometric friction coefficient mg for the presence of nanotextures. We have found

a possible correlation between mg and the average local slope of the surface nanotextures.

1. Introduction

With advances in nanotechnology, mechanical devices are

becoming smaller and smaller, and with this the surface-to-

volume ratio is ever increasing. Concomitantly, friction and

other surface related phenomena are predicted to dominate the

performance, functionality and durability of future mechan-

ical systems. It is thus important to understand how surfaces

interact in tribological processes on the nanoscale.

An effective strategy in modern technologies is to implement

textured or structured surfaces to enhance a desired function

or property. For instance, synthetic gecko inspired nano-

structured adhesives have been developed for use in medical

applications1 and polymeric nanostructures have been utilised

to enhance the frictional grip of robotic endoscopes to

intestinal tissue.2 However, our understanding of the frictional

behaviour of these nanostructured surfaces is limited.

On a macroscopic scale, our practices of controlling friction

have hitherto largely relied on the ancient Amontons’ laws of

friction.3 Based on the studies by da Vinci,4 Amontons5 and

Coulomb,6 Amontons’ laws state that friction is (1) proportional

to applied load L; (2) independent of contact area A, and

(3) independent of shear velocity V. Together these laws may

be summarised by the equation fs = mL, where m is a

proportionality constant known as the friction coefficient.

The question we seek to address here is whether these

empirical laws of friction, devised for macroscopic rough

surfaces, can be applied to describe the frictional properties

of nanostructured surfaces.

In some aspect, this question is not new. It has long been

recognised that friction is influenced by asperities that

invariably exist on surfaces in real applications. As a result,

numerous friction studies have addressed the effect of surface

roughness.7–12 Due to the randomness and irregularity of

surface asperities, however, it is difficult to characterise

surface roughness and correlate it with observed tribological

properties. Consequently, recent research has focused on

single asperity friction, facilitated by the development of the

AFM13 and the surface force apparatus (SFA).14–16 The

problem has also been addressed and discussed by advanced

simulation methods.17

With advances in lithography techniques, it is now possible

to design and fabricate surfaces bearing well defined and

tuneable nanotextures of sophisticated topography.18–25 Such

surfaces provide model surfaces on which the applicability of

Amontons’ laws can be tested. Conversely, given the

increasing application of these nanostructured surfaces, it is

important to understand their tribological properties better.

A number of related studies have been carried out recently.

A study across silicon (Si) surfaces with micro-grooves

(5–20 mm in width and 1.5 mm in height) conducted by

Sung et al. using a micro-tribotester found that friction
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depended on the groove width and spacing.26 Marchetto et al.

found that the presence of such micro-grooves reduced friction

as compared with smooth Si surfaces. Upon varying load and

velocity they also observed Amontonian frictional behaviours

with these micro-grooved Si surfaces.27 Similarly Choi et al.

found that friction varied linearly with applied load between

highly ordered nickel nanopores (diameter 80–320 nm, spacing

500 nm and depth 300 nm), and a variety of micrometre silica

colloidal probes. The magnitude of friction was observed to be

higher in the presence of such nanopores as compared with a

smooth nickel surface.28 Mo et al. reported that the presence

of nanopillars (11 nm in height) on a Si surface reduced both

its adhesion and friction with a micrometre sized glass

colloidal probe using an AFM.29 Zhao et al.30 and Burton

and Bhushan31 observed similar effects with nanopillars of

various dimensions on gold and poly(methyl methacrylate)

(PMMA) surfaces respectively.

From these studies, it is clear that friction is affected by the

presence of surface textures. These studies also highlight the

possibility of controlling friction with the geometry, distri-

bution, dimensions and material properties of the surface

textures. Thus, there is scope for further investigations in

which these parameters are varied systematically and

correlated with frictional properties. In this study, we have

fabricated surfaces with a range of nanostructures including

ZnO nanorods, ZnO nanograins, Al2O3 nanodomes and nano-

diamonds. We have measured friction between these nano-

structured surfaces and an AFM tip, and also between ZnO

nanorods using an AFM tip functionalised with the nanorods.

In this report, we will focus on testing the applicability of

Amontons’ laws of friction on these nanostructured surfaces.

The present results may help guide the design of future devices

incorporating nanostructured surfaces. Our ongoing research

is also attempting to correlate observed frictional behaviours

with two dimensional surface characteristics of the nano-

structures. Such information will help to facilitate tuneable

friction via tailored nanostructures.

2. Experimental

2.1 AFM force measurements

All force measurements were conducted in a fused silica liquid

cell in air at room temperature (20 1C) and 30% relative

humidity (RH) using a Nanoscope Multimode III AFM

(Veeco, Santa Barbara) equipped with a PicoForce unit

enabling closed-loop in the normal direction.32 Uncoated,

regular tipped silicon nitride cantilevers (CSC38, A-lever,

MikroMasch, Estonia) were used with a typical spring

constant of 0.08 Nm�1 and a radius of tip curvatureRE 10 nm.

Both normal and torsional spring constants (normal, kN
and torsional, kt) of the cantilevers were determined, prior to

use, using the thermal vibration methods by Sader et al.33 and

Green et al.34 respectively. The torsional detector sensitivity

d (V rad�1) was determined using the method of tilting the

AFM head as suggested by Pettersson et al.35 The vertical and

lateral thermal spectra of the cantilevers were recorded using

high speed data capture software (Veeco) and their thermal

spectra fitted using a MATLABs script.

Normal forces (adhesion) were measured with a constant

approach and a retraction speed of 581 nm s�1, typically at

nine positions across each surface, each 2 mm apart. Lateral

force (friction) measurements were recorded as a function of

both increasing and decreasing load over a scan size of

5 mm and a rate of 1 Hz, corresponding to a shear velocity

V = 10 mm s�1. To study the effect of varying shear velocity,

friction was measured at a particular load with shear rates of

0.1, 1, 5, 10 and 100 Hz.

2.2 Sample preparation

Sample preparation procedures are briefly outlined below,

with the details given in the ESI.w The zinc oxide (ZnO)

nanograins were grown on Si(100) substrates by a Pulsed

Laser Deposition (PLD) method using a ZnO target

(Testbourne, 99.99% purity) and an ArF excimer laser

(193 nm, Lambda-Physik Compex 201). Zinc oxide nanorod

(NR) arrays were subsequently grown on Si(100) substrates

using a two stage diffusive pulsed laser deposition (DPLD)

method which involved continuing growth on a pre-deposited

seedlayer facing away from the target.36 To functionalise an

AFM cantilever tip with ZnO nanorods, the cantilever was

substituted in place of the Si substrate in the above process.

The nanocrystalline diamond (NCD) films were grown by

microwave plasma enhanced chemical vapour deposition

(MWPECVD) in a 2.45 GHz reactor on polished Si(100)

substrates pre-seeded with 5 nm detonation diamond

powder.37 Typical gas mixtures used for film deposition

comprised 1% H2, 1% CH4 and 98% X (where X = He,

Ne, Ar or Kr, all 499.9% pure). The total gas flow was

maintained at 520 standard cm3 per minute (sccm) in each case

but, in order to maintain a stable plasma, it was necessary to

use different microwave powers and total gas pressures for

each X.38

The aluminium oxide nanodomes (40 nm and 70 nm in

diameter) were prepared from a two-step anodic oxidation of

high purity (99.997%) aluminium foils (Alfa Aesar) using a

0.5 M sulfuric acid or 0.3 M oxalic acid electrolyte,

respectively. All the surfaces were characterised by scanning

electron microscopy (SEM, JEOL JSM 6330F) and/or by

atomic force microscopy (Veeco Multimode with Nanoscope V

controller).

3. Results

Fig. 1 shows AFM and SEM images of some of the nano-

structured surfaces used in this study. A ZnO nanograin

coated Si surface, prepared with an incident laser fluence

F = 15 J cm�2 and a substrate temperature Tsub = 25 1C, is

shown in Fig. 1(a); the average grain diameter is B60 nm.

Different surface coverage and average grain sizes (in the range

40 and 80 nm) were obtained by varying F and/or Tsub.

The detailed sample characteristics and the associated PLD

conditions are summarised in Table S1 of the ESI.w
Fig. 1(b) shows an AFM image of an NCD film on Si, with

high surface coverage and an average domain size of 216 nm.

Different average crystallite domain sizes, in the range

70–220 nm, could be prepared by use of the different gas

mixtures. Fig. 1(c) shows an AFM image of B70 nm diameter
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aluminium oxide nanodomes. 40 nm nanodomes were also

prepared (see ESIw).
Fig. 1(d) shows an AFM image of a ZnO NR array,

comprising NRs of length 600 nm and diameter 20 nm,

revealing only the upper canopy of the NRs. Such AFM

imaging yields useful information on the extent of the inter-

digitation of the AFM tip into the NR array, which could

corroborate with our friction data below. The full length of the

NRs could be revealed using SEM imaging, and a sample

SEM image is given in Fig. 1(e), which shows ZnO NRs

225 nm in length taken at a 301 tilt angle. The NR lengths

could be varied in the range 225–720 nm by changing the

duration of the DPLD process, but their diameters remained

constant at B20 nm. ZnO NRs were also grown on a Si3N4

AFM tip by the same method, to a length of 600 nm and

similar radius, as shown in Fig. 1(f).

Taken together, the above nanograin, nanodiamond, nano-

dome and NR coated surfaces provide a range of nano-

structured surfaces of different dimensions, geometries and

material properties. It is across these nanostructured surfaces

that we made measurements of friction against an AFM tip. In

the case of the NRs, measurement was also made against a NR

coated AFM tip (cf. Fig. 1(f)).

Characteristic of all the nanostructured surfaces investi-

gated, the raw friction trace profiles appear to be dominated

by peaks and troughs, rather than smoother sliding as seen on

a bare silicon wafer. This is evident from the examples shown

in Fig. 2. The height and the density of the peaks in the shear

traces varied from sample to sample, and also depended on the

applied shear velocity. At low shear velocities, the spacing

between the peaks measured for the nanograin, nanodiamond

and nanodome samples could be correlated to the spacing of

the surface features. However, at higher velocity, the spacing

became larger and the peaks became more pronounced,

suggesting that the AFM tip may be skipping over some of

the surface features. In the case of NRs, such tip skipping

was more evident, particularly at higher load, with more

pronounced peaks and larger spacing between them, as

illustrated in Fig. 2 for shear traces taken at L = 1 and

7 nN and 10 mm s�1 shear velocity.

To obtain friction forces from these raw traces, two different

approaches were taken. Firstly, we took an average of the

friction force values of the trace and retrace, as would be done

for the smooth shear traces obtained on bare silica surfaces.

Alternatively, we integrated the traces over the scan distance

to give the total area enclosed by the trace, which was then

normalised by the scan distance. The two approaches yielded

friction force values that agreed with each other to within 1%,

and should be interpreted as the average lateral force ‘‘felt’’ by

the AFM cantilever over the scan distance. We typically

averaged ten trace and retrace profiles to obtain one of the

friction force data points shown in Fig. 3. Friction traces were

also collected at several different areas of each sample.

Fig. 3(a) shows an example of a friction–load curve of an

AFM tip vs. NCD sample, withB collected upon increasing

load (i.e., loading) andEupon decreasing load (i.e., unloading).

The tip and the surface are initially not in contact (A in the

figure) and become engaged at B. The applied load is increased

and then reversed at C, until the tip becomes disengaged

(cf. E). The negative load at D indicates an adhesive contact

between the tip and the surface. The normal force measure-

ments, in general, showed a small adhesion between the tip

and all the surfaces. The measured pull-off forces Fp fall in the

Fig. 1 AFM images acquired with a Si3N4 AFM tip (R E 10 nm) of

(a) ZnO nanograins prepared using an incident laser fluence of

22.5 J cm�2 at room temperature; (b) CVD nanodiamonds prepared

using a He gas mixture; (c) 70 nm Al2O3 nano-domes; and (d) ZnO

nanorods 600 nm in length and 20 nm in diameter grown on Si. SEM

images of ZnO nanorods 225 nm in length on (e) a Si substrate and

(f) a Si3N4 AFM tip.

Fig. 2 Examples of raw frictional traces measured between an AFM

tip vs. ZnO nanorods at different applied loads of 1 nN (blue curve)

and 7 nN (red curve) at a scanning velocity of 10 mm s�1. The trace and

retrace arrows in the figure indicate friction traces collected from two

opposite scan directions. For comparison, the frictional traces for an

AFM tip vs. a bare silicon wafer (black curves) measured also at 1 nN

load and 10 mm s�1 are also shown.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
ri

st
ol

 o
n 

16
 J

an
ua

ry
 2

01
2

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0C

P0
26

57
C

View Online

http://dx.doi.org/10.1039/c0cp02657c


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 9318–9326 9321

range of B0–10 nN, as summarised in Table 1. The solid line

in Fig. 3(a) is a linear fit to the data points, and the slope of the

line qfs/qL gives the friction coefficient m E 0.38 � 0.02 in this

case. Fig. 3(b) plots fs vs. L for all surface types studied,

including one example from each system, and is representative

of all of our results. A linear fs–L relationship is evident for all

the systems, indicating that Amontons’ 1st law is observed.

The m values for all samples studied are listed in Table 1.

We have also measured friction while varying V between

1–200 mm s�1. Generally a mild velocity dependence towards

smaller friction with increasing shear velocity was observed for

all the samples studied as shown in Fig. 4, despite considerable

variations in the shear characteristics in the friction traces

registered at different shear velocities (cf. Fig. 2).

4. Discussion

Although Amontons’ laws have been found to be valid for

atomically smooth and macroscopically rough surfaces,3 their

applicability on a nanoscale is less clear. It has been sometimes

explicitly stated in the literature (e.g., ref. 43) that ‘‘in nano-

scale, the well known Amontons’ laws of friction are no longer

valid’’. However, in other studies of friction on nanostructured

surfaces, Amontons’ laws have been found to describe the fs–L

dependence.27,28 Our observations in Fig. 3 point to a linear

fs–L dependence as predicted by Amontons’ laws.

A number of previous studies have attempted to correlate

the friction coefficient m with surface roughness parameters. In

Fig. 5(a), the measured m values for all the systems are plotted

against rms roughness, with no correlation found. Similarly,

no correlation is found between m and average roughness Ra.

Noting that the shear traces from our nanostructured surfaces

are dominated by peaks which could be related to more

pronounced surface features (cf. Fig. 1), in Fig. 5(b) we also

plot m against the maximum height of the surface roughness as

measured with AFM. Again, no clear trend or correlation

could be identified.

The validity of Amontons’ laws has long been tested on a

wide spectrum of surfaces. Most often, these surfaces are

either molecularly smooth and thus can be considered in terms

of ‘‘single asperity contact’’ as in the case of model SFA

studies, or bearing macroscopic random roughness, as in the

case of tribological measurements. Our samples with regular,

nanosized surface textures fall between these two extremes.

Could we invoke various models that have been derived from

these studies?

For single asperity, non-adhesive (or load dominated) contact,

realisable in model friction studies, e.g., using the SFA, a

number of phenomenological models have been proposed to

explain the linear load dependence of friction. Several such

models are based on the Eyring activation model, which states

that a kinetic energy barrier DE must be overcome to initiate

sliding.44 Both applied shear force fs and the applied load L

would modify DE linearly, leading to fs p L. In the same vein,

the cobblestone model, first devised for atomic friction by

Tomlinson45 and later re-articulated by Israelachvili et al.,46

argues that work must be done against an applied load L, as

opposing atomic or molecular cobblestones climb from the

groove to the summit positions during sliding over an atomic

or molecular spacing d, as schematically shown in Fig. 6(a),

leading to frictional dissipation linearly dependent on load,

i.e., fs E e(d/d)L, where e is the fraction of energy dissipated in

the process.

For surfaces with macroscopic roughness, consisting of

multiple macroscopic asperities, the explanation of the

observation of Amontons’ 1st law, fs p L, has to deal with

two aspects: (1) how the number of contacts, and in turn the

total contact area A, between two solid surfaces depend on the

load; and (2) how friction between individual macroscopic

asperities depends on the load.

Fig. 3 (a) Friction forces measured with increasing load (loading)

and decreasing load (unloading) for an AFM tip against nano-

diamonds. The discontinuity upon loading is due to the tip engaging

the surface, and upon unloading due to the tip and surface disengaging

from the adhesive contact, with events A–E explained in the text.

(b) Comparison of friction measured upon varying applied load across

different systems: NR tip vs. ZnO nanograins at two different grain

sizes (m and n); 600 nm ZnO nanorod coated AFM tip vs. 600 nm

ZnO nanorods (’); NR tip vs. 225 nm ZnO nanorods (&); NR tip vs.

He nanodiamonds (B); and NR tip vs. Al2O3 nanodomes (70 nm

diameter; J).
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To address the first of the above two considerations,

Bowden and Tabor (BT) observed, by electrical conductivity

measurements, that the real contact area Ar between rough

metal surfaces was proportional to the load.47 For plastically

deforming surfaces, BT’s observations immediately arrived at

Amontons’ 1st law (fs p L). For non-adhering elastic

(Hertzian) contact, however, their observations predicted

Ar p L2/3. The apparent inconsistency between BT’s observa-

tions and Amontons’ 1st law was resolved by Archard,48 who

suggested that the number of contacts between surfaces was

load dependent and that, upon increasing L, the total contact

area between elastic contacts is proportional to L.

Based on Archard’s theory, Greenwood and Williamson

(GW) proceeded to show that for two rough (non-adhering

and elastic) surfaces, with a Gaussian height distribution of

spherical asperities, the real contact area would indeed be

proportional to the applied load and that Amontons’ 1st law,

fs p L, would thus be observed.

More recently, Berman et al. attempted in a contact value

theorem49 to explain the load-independence of contact area by

making an analogy between the frictional energy dissipation

fsd and energy dissipation ePDV during a thermodynamic air

compression cycle as schematically shown in Fig. 6(b), where

DV = Ard is interpreted as the local volume change in the

contact zone due to the vertical deformation d under the

applied L, and e again is the fraction of dissipated energy

and pressure P = L/Ar. Equating the above two terms, i.e.,

fsd = ePDV, one obtains fs E e(d/d)L, eliminating Ar and in

remarkable agreement with the aforementioned molecular/

atomic cobblestone model.

The effect of macroscopic asperities on the m–L relation has

also long been investigated. Euler’s interlocking asperity

model devised in the 18th century50 (cf. Fig. 6(c)) relates the

friction coefficient to the local slope as specified by an

inclination angle a, i.e., m = tan a. Similarly, in the ratchet

mechanism shown schematically in Fig. 6(d), Makinson51

arrived at a relation m = m0 + tan a after balancing the forces

at the contact between an upper surface and an inclined lower

asperity of tilt angle a, where m0 = fP/fN is defined as the

intrinsic friction coefficient between smooth surfaces.

A common feature emerging from these models—devised

for molecular or macroscopic asperity contacts—is that the

Table 1 Pull off force and friction coefficient values for surfaces used

System Condition Pull-off force Fp/nN Average friction coefficient m

Tip vs. silicon N/A 0.04 1.07
Bulk ZnO39 N/A 0.60–0.70
PLD ZnO39 N/A 0.15–0.20
Anodic Al2O3 nanopores

40 No pores 0.2
45 nm 1.2

CVD diamond41 29 nm 0.03–0.07
150 nm 0.55–0.7

Tip vs. nanorods 225 nm 3.72 1.77
450 nm 5.77 10.3342

600 nm 3.37 2.44
720 nm 2.76 1.66

Tip vs. nanograins 7.5 J cm�2 2.7 0.24
15 J cm�2 2.89 0.66
22.5 J cm�2 2.83 0.82

Tip vs. 300 1C nanograins 7.5 J cm�2 0.02 0.31
15 J cm�2 0.02 0.38
22.5 J cm�2 2.77 0.25

Tip vs. nanodiamond Kr 3.38 1.56
Ar 7.27 0.69
Ne 7.7 0.38
He 9.19 0.77

Tip vs. nanodomes 40 nm 3.2 0.93
70 nm 3.66 1.45

Nanorod tip vs. nanorods 225 nm 3.06 1.31
450 nm 6.5 3.47
600 nm 5.42 1.34
720 nm 5.03 1.13

Fig. 4 Comparison of velocity dependence of friction between an

AFM tip and different nanostructured surfaces obtained at the applied

load LE 1 nN, with the symbols corresponding to different systems as

in Fig. 3.
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friction coefficient m is directly related to the local asperity

slope. Accordingly, we might write for our nanostructured

surfaces m = m0 + mg where m0 is the intrinsic friction

coefficient between smooth surfaces and mg accounts for the

local geometry contribution. We may further write mg E d/d
with d and d being some vertical and lateral length scales

whose ratio defines an average local slope. In Fig. 7 we plot

mg vs. d/d for all the systems studied.

To obtain the mg values, we first subtracted the average

literature m0 values from the measured m values. For CVD

nanodiamonds, m0 E 0.05–0.1;41 for Al2O3, in the case of

nanodomes, m0 E 0.240; and for PLD ZnO, m0 E 0.15–0.2.39 It

should be noted that these literature values are not from

molecularly smooth surfaces; rather they are measured in the

absence of the nanotextures that are present on our surfaces.

Secondly, we had to decide on what d and d values to use. In

the case of d, we used the mean height (MH) values as

registered on all the samples, as listed in the ESI.w For

nanodiamonds, nanodomes and ZnO nanograins, this is

readily justified, as the MH is the average height that the tip

had to climb. However, for ZnO NR samples, the MH values

are very different from—much smaller than—the nominal rod

heights. The reason for electing to use the MH instead of NR

height values for d is that interdigitation between the AFM tip

(including the NR coated tip) and the NR array on the

substrate is limited. This is evident from Fig. 1(d) where only

the ‘‘canopy’’ of the NR array was ‘‘seen’’ by the AFM tip and

‘‘felt’’ in the friction measurement, and thus the MH is what

the tip had to climb, not the full rod height.

d was estimated as d E (R + 1
2
f) where R E 10 nm is the

radius of the AFM tip (or the radius of the rods in the case of

the NR coated AFM tip), and f is specific to each nano-

structured surface. For ZnO nanograins, it is the average grain

size; for nanodomes, it is the size of the domes as revealed by

AFM (cf. Fig 1(c)); and for NRs, it is the diameter of the rods,

i.e., f E 20 nm. In the case of the nanodiamonds, we used

the average domain size as revealed by AFM imaging

(cf. Fig. 1(b)), although SEM could identify smaller nano-

crystallites within the domains as listed in Table S3 in the

ESI.w The justification for this is similar to that for using the

MH for NR d values, i.e., it is the domains that the AFM felt

and that is thus relevant for the friction measurement.

The solid curve in Fig. 7(a) is an empirical exponential fit to

the data points, i.e., mg = 1.52–1.61 � exp(�1.12 � dMH/d),

with the subscript referring to using the MH as d. The scatter
in the data is significant, however, and a power law mg =

�3.11 + 3.97 � (dMH/d)
0.087 also fits the data.52 We have also

attempted to use maximum heights or rms roughness of the

nanotextures as d values instead of the MHs, and the trends

are very similar. To demonstrate this, mg is plotted against

drms/d in Fig. 7(b). It is unclear which d values are the most

appropriate to represent the average slope, and we should not

over-interpret the physical meaning of the exponential fit or

the power law fit. Nonetheless, as compared with the lack of

m–roughness correlation in Fig. 5, Fig. 7 points to a possible

correlation between mg and the average local slope d/d. We

would also like to note the presence of two apparent regimes in

Fig. 5 Comparison of friction coefficients m measured across

different systems with respect to (a) measured rms roughness and

(b) maximum roughness (height).

Fig. 6 Schematic representations of (a) the cobblestone model of

friction; (b) the contact value theorem; (c) a sliding block on inclined

plane in Euler’s interlocking asperities model; and (d) an upper surface

and a lower surface asperity in the ratchet mechanism.
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the mg–d/d correlation. At low d/d values, mg increases rapidly
with d/d (almost linearly). This dependence is consistent with

Tomlison’s model and Euler’s interlocking mechanism which

predict such a linear dependence. At higher d/d values, the

mg–d/d dependence appears to plateau. It is conceivable that

this second regime, observed for nanotextures with larger

vertical dimensions (in our case, nanorods), could be related

to the elastic deformations such as bending experienced by the

surface asperities. This interpretation is speculative and will be

investigated in a further study.

It is worth noting that the applied load in our measurements

(up to B10 nN) is comparable to the registered pull-off or

adhesive force, as listed in Table S1 (ESIw). In the case of such

adhering surfaces, Derjaguin53 has suggested that Amontons’

1st law should be modified to read, i.e. fs = fs0 + mL, where fs0
is the effective frictional force due to intermolecular adhesive

forces. This has been observed in a number of previous works

(e.g., ref. 54) and is in line with our observations (cf. Fig. 2)

where a finite friction value is registered at zero load.

The velocity dependence of friction has been less investi-

gated and a unified picture is yet to emerge. As predicted by

Amontons’ 3rd law, friction has been found to be largely

constant over a wide range of shear velocities on a number of

surfaces. For example, Mak and Krim55 observed a linear

friction across full monolayers of both liquid and solid

krypton, for a range of sliding speeds, using a quartz-crystal

microbalance. Zwörner et al. found that friction between

silicon AFM tips and different carbon compounds was

independent of velocity.56 However, a logarithmic increase in

friction has also been reported across a variety of other

surfaces.57–60 Tao and Bhushan, in a recent study, found the

velocity dependence of friction to vary across a range of thin

films—reflecting the different mechanisms involved, including

adhesion, solid–solid interactions, meniscus bridges, atomic-

scale stick slip, impact of the contacts and viscoelastic shear.61

As Fig. 4 shows, we observed a slight decrease in friction for

all our samples but the nanograins samples. It is fair to

comment, however, that the velocity dependence is mild for

these nanostructured surfaces over the two and half orders of

magnitude velocity range studied. Tambe and Bhushan60

reported a similar trend, over a comparable velocity range,

for an AFM tip vs. silicon, and ascribed such a decrease of

friction with velocity to reduced meniscus formation. How-

ever, their measurement was made at higher relative humidity

than ours (B50% vs. 30%32). Rather, we ascribe our observed

mild decrease in friction with velocity to interactions of the tip

with the nanostructured surfaces, i.e., at higher V, the tip

might hop and thus skip some of the nanotextures, and thus

‘feel’ a slightly reduced overall lateral force. We believe that

the frictional forces we have measured are dominated by the

presence of nanotextures, rather than capillary condensation

for the following considerations. (A) Capillary condensation

would result in a large hysteresis in the loading–unloading

fs–L curves, as reported by Feiler et al.54 However, no

significant hysteresis between loading and unloading is

observed in our cases, as evident from Fig. 3. (B) Another

previous study62 noted tilting in the friction force loop at high

RH, ascribed to a feature due to capillary condensation. Such

tilting is absent from our friction loops as evident from Fig. 2.

5. Summary and outlook

We have measured friction between an AFM tip (R E 10 nm)

and a number of fabricated nanostructured surfaces: ZnO

nanograins, ZnO NRs, CVD nanodiamonds and Al2O3 nano-

domes. We have also functionalised an AFM tip with ZnO

NRs and measured its friction with NR coated surfaces. The

shear characteristics as registered by raw frictional traces

(cf. Fig. 2) are dominated by irregular friction peaks that

could be related to interactions between the tip and the

nanotextures. This is rather different from relatively smooth

shear traces or regular stick-slip behaviour observed on

surfaces without nanotextures. The density and magnitude

of these peaks depended on the nature of the surfaces.

However, the overriding outcome of our measurements is

Fig. 7 Comparison of geometric friction coefficients mg measured

across different systems with respect to the ratio d/d where d is related

to the average surface feature size plus radius of the AFM tip and d is

(a) mean surface feature height and (b) root mean squared (rms)

roughness (height). The exponential fits (solid curves) to the data

points are included to guide the eye.
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that, despite the variations in the shear traces, the frictional

forces are found to vary linearly with the applied load, thereby

obeying Amontons’ 1st law (with a finite friction force at zero

load due to adhesive effects also registered). It is also found that

friction was rather insensitive to the applied shear velocity.

No direct correlation was found between measured

friction coefficients m and surface roughness parameters

(rms roughness or average roughness Ra) or the height of

the surface nanotextures. In order to identify the contribution

from the presence of nanotextures to the frictional process, we

have defined, in addition to the intrinsic friction coefficient

m0 which accounts for the material property and associated

surface chemistry, an effective geometric friction coefficient mg,
i.e., m = m0 + mg. We have attempted to examine the

correlation between mg and the average local slope d/d related

to the topography of the nanotextures. This points to a

possible correlation between mg and d/d as shown in Fig. 7.

The significance of this correlation is that it is general,

regardless of the chemical nature of different surfaces. Such

a correlation would be in line with previous suggestions from a

number of friction models that friction is correlated to the

slope of the local corrugation, molecularly and macro-

scopically. Further efforts are required to construct better

defined model nanostructured surfaces on which the hypo-

thesis of the mg–d/d correlation could be tested and the exact

functional form of the correlation could be established.
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