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ABSTRACT  

Frictional and nanomechanical properties of nanostructured polymer surfaces are important to their 

technological and biomedical applications. In this work, poly(ethylene terephthalate) (PET) 

surfaces with a periodic distribution of well-defined nanopillars were fabricated through an 

anodization/embossing process. The apparent surface energy of the nanopillared surfaces was 

evaluated using the Fowkes acid-base approach, and the surface morphology was characterized 

using scanning electron microscope (SEM) and atomic force microscope (AFM). The normal and 

lateral forces between a silica microparticle and these surfaces were quantified using colloidal 

probe atomic force microscopy (CP-AFM). The friction-load relationship followed Amonton’s 

first law, and the friction coefficient appeared to scale linearly with the nanopillar height. 

Furthermore, all the nanopillared surfaces showed pronounced frictional instabilities compared to 

the smooth sliding friction loop on the flat control. Performing the stick-slip amplitude coefficient 

(SSAC) analysis, we found a correlation between the frictional instabilities and the nanopillars 

density, pull-off force and work of adhesion. We have summarised the dependence of the 

nanotribological properties on such nanopillared surfaces on five relevant parameters, i.e. pull-off 

force 𝑓𝑝, Amontons’ friction coefficient 𝜇, RMS roughness 𝑅𝑞, stick-slip amplitude friction 

coefficient 𝑆𝑆𝐴𝐶, and work of adhesion between the substrate and water 𝑊𝑎𝑑ℎ in a radar chart. 

Whilst demonstrating the complexity of the frictional behaviour of nanopillared polymer surfaces, 

our results show that analyses of multiparametric nanotribological properties of nanostructured 

surfaces should go beyond classic Amontons’ laws, with the SSAC more representative of the 

frictional properties compared to the friction coefficient.  
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INTRODUCTION 

Nanostructured surfaces have gained increasing interest in the scientific community due to their 

many applications, inspired by the ingenious functionality of naturally occurring surfaces such as 

lotus leafP

1
P, gecko feet2, shark skin3 and insect wings4, endowed by surface micro/nanostructures5. 

Recent development in nanopatterning techniques such as photolithography, electron beam 

lithography, scanning probe patterning, mold-based imprinting, and nano/micromachining has 

facilitated implementation of micro/nanostructures on different materials for enhanced or added 

functionalities, e.g. in applications such as batteries, gas sensors, computational storage, solar 

panels, and mobile technology5. With unique wetting behaviour, surfaces with protruding 

nanostructures such as nanopillars and nanospikes have found applications in antifouling surfaces, 

self-cleaning solar panels and high-resolution molecular analysis components. Recently, it has 

been found that nanopillar surfaces can also kill bacteria by stretching or deforming the bacterial 

cell wall envelope, leading to cell lysis4. However, the bactericidal mechanisms due to nanopillars 

are still unclear. In order to fully elucidate the interactions between bacterial cell wall and 

nanostructured surfaces, it is important to understand their nanomechanical and nanotribological 

properties.  

Currently, there are three different models proposed to explain the bactericidal mechanism of 

nanotopography based on cell lysis due to rupturing of the bacterial cell membrane6–8. These 

models postulate that as the cell adheres to the surface, the absorbed cell membrane experiences 

nonuniform stretching upon contact with the nanotopography which eventually causes the cell wall 

between the adjacent nanopillars to rupture. However, the main forces that cause highly stable 

bacterial cell membranes to rupture are still unknown9. Recent evidence on the bactericidal effects 

of nanostructured surfaces reveal that the antibacterial activities do not necessarily require 
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disturbance on the cell wall10. Jenkins et al. reported that one of the bactericidal mechanisms of 

nanotopography is that it can cause cell impedance which reduces the proliferation of the cell 

significantly. They also found that interaction with nanostructures could cause oxidative stress 

within the bacterial cells which is expected to impair bioprocesses such as bacterial growth and 

biofilm formation10. Bandara et al. proposed that the shear forces played a role in the bactericidal 

mechanism of nanostructures found on dragonfly wing surfaces11. They argued that due to the 

height of the nanostructures on the dragonfly wing being not uniform, the bacteria might adhere 

to the taller nanospikes first which subsequently limited the mobility of the cell. As the adhered 

bacteria tried to evade the unfavourable surface, the shear force generated from the lateral 

movement would inflict damage to the bacterial cell wall. Therefore, understanding frictional 

behaviour of nanostructured surfaces will provide valuable mechanistic insight on 

mechanobactericidal surfaces.  

Atomic force microscopy (AFM) has been widely used to characterise surface features at the 

nanoscopic and atomic scale, and to measure surface interactions such as the pull-off force and 

lateral force between two surfaces12,13. In the colloidal probe AFM (CP-AFM) technique, a 

colloidal particle with known dimension and elastic properties is attached to the AFM cantilever14, 

and the well-defined geometry of the colloidal probe allows analysis using different contact 

mechanics models to more accurately account for the contact area. CP-AFM is thus well-suited 

for investigating the interactions of 2D nanostructured surfaces14–17.  

Several studies have shown that an increase in the nanoscale surface roughness can lead to a 

significant difference in the measured interaction forces compared to smooth surfaces. For 

instance, pronounced stick-slip instabilities in the lateral interaction (friction) on nanostructured 

surfaces have been reported18–24. A recent study on frictional instabilities using a sharp AFM tip 
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showed that the frictional force was dependent on nanotopological characteristics of the textured 

surfaces25. Furthermore, a linear relationship between the amplitude of the stick-slip friction 

oscillations due to frictional instabilities and the applied load was observed, from which a stick-

slip amplitude coefficient (SSAC) was defined as the slope of the stick-slip amplitude vs. load 

plot26. It was proposed that, instead of the friction coefficient, SSAC should be considered in 

describing the frictional properties for nanotextured surfaces. In the study of Quignon et al.26, 

nanodomed surfaces (i.e. anodised AlR2ROR3R) were used, but the concept of SSAC remains to be 

evaluated on other nanotextured surfaces, e.g. on soft polymer materials that could undergo 

significant deformations.  

In this study, CP-AFM was used to study the interactions between a silica colloidal probe (~15 𝜇m 

in diameter) and three interrelated polymer surfaces with nanopillars that were designed 

specifically with a systematic variation on the nanopillar diameter and interpillar distance. The 

contact angle, apparent surface energy, and pull-off force on the nanopillared surfaces as well as 

on a smooth control were characterised to correlate the nanopillar morphology with the 

nanotribological behaviour. It was found that the presence of nanopillars affected the pull-off 

force, friction coefficient and SSAC. These effects could be related to the differences in 

nanotopography and apparent surface energy of different nanopillared polymer surfaces.  

Experimental 

Preparation of nanopillared poly(ethylene terephthalate) (PET) surfaces 

UPreparation of aluminium oxide (AAO) nanopore master moldsU: An aluminium foil with a 

thickness of 5 mm (99.9999% purity, Goodfellow) was washed vigorously with Milli-Q water 

(18.2 MΩ ∙ cm at 25°C), ethanol (analytical reagent grade (99.99%), Fischer Scientific), and 
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acetone (Analytical reagent grade (99.99%), Fisher Scientific) for 10 min each in an ultrasonic 

bath (Grant Scientific XUB) to remove the grease. The aluminium was electropolished in 1:4 

perchloric acid (60%, extra pure, Fisher Scientific) /ethanol (analytical reagent grade (99.99%), 

Fischer Scientific) v/v mixture at 7oC for 2 min at a current density of 0.1 mA mm-2. The first-step 

anodisation was performed at 40 V or 70 V in 0.3 M oxalic acid solution at 4.5oC for 4 h. Anodising 

at different potentials resulted in different interpore distance, 𝐷𝑖 (i.e. 𝐷𝑖 at 40 V = 100 nm, 𝐷𝑖 at 

70 V = 130 – 170 nm). The oxide layer from the first anodisation step was removed by etching in 

a chromic acid mixture (1.8% CrR2ROR3R (99%, Alfa Aesar), 6% HR3RPOR4 R(85%, Food Grade, Sigma 

Aldrich)) at 50°C for 2 h. The second-step anodisation used the same potential, electrolyte and 

temperature but with a shorter anodisation time. To prepare the blunt and dense master mold, 

HR3RPOR4 Retching was performed for 55 min after the second-step anodisation of the anodised 

aluminum oxide (AAO) mold at 40V (Table S1). All the master molds were treated with a mold 

release agent, dimethyldichlorosilane in heptane (99.5%, 1.6 ml, 5%, Sigma Aldrich), to facilitate 

the removal of the nanopillars from the AAO mold. SRepresentative SEM images of the master 

molds generated for this study can be found in Fig. S1 in SI. 

UPreparation of nanopillared PET substratesU: The PET substrate with a thickness of 5 mm 

(Goodfellow, 99.9%) was cut into 10×10 mm size and cleaned thoroughly with Milli-Q water (18.2 

M cm at 25 °C), ethanol (analytical reagent grade (99.99%), Fischer Scientific), and then 

isopropanol (analytical reagent grade 99.9%, Fischer Scientific) in an ultrasonic bath (XUB5 

model, Grant Instrument) at 90% power (100 W) for 10 min. The embossing of the PET substrate 

was performed with a dual-plate hydraulic heat press (CYJ-600C, Zhengzhou CY Scientific 

Instrument Co. Ltd). The PET substrate was heated to 90 oC before the master mold was pressed 

down against the PET substrate at a pressure of 1.2 MPa for 10 – 20 min. The PET-AAO sandwich 
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was cooled to 60 oC before the pressure was released. After the sample reached room temperature, 

the nanopillars were released from the AAO mold by carefully peeling off the PET substrate with 

a wedge angle < 10o maintained between the PET and the AAO mold. All the nanopillar surfaces 

were examined using scanning electron microscope (SEM) and atomic force microscope (AFM). 

SEM images were taken using FEI Quanta SEM at varying magnifications and angles, while AFM 

images were recorded using Bruker Multimode III AFM in tapping mode using Si R3RNR4R cantilevers 

(Aluminum coated, spring constant: 30 N/m, MikroMasch® Europe). 

Contact angle and surface wettability measurements  

42TThe contact angle and apparent surface energy of the nanopillared and control PET substrates were 

measured using a sessile drop method with a drop42T shape analyser (DSA100, KRÜSS). The system 

was first calibrated, and the surface tension of the test liquids (MilliQ water , diiodomethane (99%, 

Alfa Aesar), and glycerol (≥99.5%, Fluka Analytical)) were measured. A 2 𝜇𝐿 droplet of a test 

liquid was deposited on the substrate, and the resulting static contact angle  was recorded over 30 

s after the droplet was deposited. A minimum of 30 measurements were automatically recorded 

by the KRÜSS software. The resulting apparent surface energy was calculated using the Fowkes 

method to decompose the electron donor-acceptor and the polar and dispersive contributions to 

the surface energy27,28.  We term it “apparent” surface energy throughout, mindful of the fact that 

the Fowkes method was not originally derived for surfaces bearing nanotextures.    

Colloidal probe AFM (CP-AFM) 

A tip-less cantilever (CSC 38, MicroMasch®) was calibrated using a thermal tuning method on 

the Bruker Multimode 8 to determine the normal spring constant, 𝐾𝑁 = 2.25 N∙m-1, and the Sader 

method29 to measure the torsional spring constant, 𝐾𝑇 = 1.5 × 10−9  N∙m∙rad-1. The lateral spring 
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constant was calculated as 𝐾𝐿 = 𝐾𝑇/ℎ2 where30 ℎ = 𝑥 is the torsional arm length which is the sum 

of the diameter of the sphere (15.28 𝜇m) and half the thickness of the cantilever beam (118 𝜇m in 

length, 35 𝜇m in width and 1.0 𝜇m in thickness).  

Pull-off and friction force measurements 

Both pull-off force and friction force measurements were performed using Nanoscope Multimode 

III AFM equipped with a Picoforce scanner (Veeco Instruments, Ltd) to enable closed-loop 

operation in the normal direction. The force vs. distance curves were recorded on an area of 4×4 

𝜇m and repeated at different areas of the sample. Typically, 20 curves were collected in each area.  

For the friction measurements, trace and retrace data was collected by monitoring the lateral 

deflection of the cantilever at the scan speed of 10 𝜇m s-1 in a rectangular scan area of 1×10 𝜇m 

(512 points per line of 16 lines), with the scanning direction set perpendicular to the long axis of 

the cantilever. The deflection set point (i.e. the applied load) was increased between 0 V and up to 

2.0 V with a 0.2 V step (upon loading) and then decreased to 0.0 V with the same step (upon 

unloading). This corresponded to a load range of 0-170 nN for a spring constant of KRNR = 2.25 N 

m-1. Each measurement was performed on at least two different locations per sample and all the 

measurements were conducted in air at room temperature (21-23°C) and relative humidity of 

40±10% conditions. 

The data obtained was analysed using OriginPro 2018b. For each frame, the mean and standard 

deviation of each shear trace were calculated by excluding the first and last 20 points in the trace 

to eliminate the instabilities introduced when the scanning direction was changed. The frictional 

force was calculated as 𝑓𝑓 = (Δ𝑉 × 𝐾𝑡)/2𝛿𝑡𝐷𝑡𝑖𝑝 where Δ𝑉 is the lateral deflection of the 

cantilever that is half of the difference between the trace and retrace signal, 𝐾𝑡 is the torsional 
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spring constant, 𝛿𝑡 is the torsional sensitivity, and 𝐷𝑡𝑖𝑝 is the diameter of the colloidal probe. The 

torsional or horizontal deflection sensitivity was measured using Bogdanovic’s method where 

𝛿𝑡 = 2736 V rad-1. To calculate the standard deviation for the trace and retrace, the raw friction 

loop was first normalised using the Peak Analysis tool in OriginPro. Details on the shear traces 

analysis are briefly discussed in Section D in SI. 

RESULTS AND DISCUSSION 

Surface characterisation 

The flat and the three nanopillared PET surfaces were characterised using AFM and SEM, where 

the base diameter (𝐷𝐵), tip width (𝐷𝑇), pillar spacing (𝑆𝑃), interpillar distance/pitch (𝐷𝑃), height 

(ℎ) and RMS (𝑅𝑞) were quantified (Fig. 1f). 𝐷𝐵, 𝐷𝑇  and 𝐷𝑃 were quantified using SEM images 

and analysed using FIJI (ImageJ, Particle Analysis) while ℎ and 𝑅𝑞 were quantified using AFM 

and analysed using Nanoscope analysis V8.2 (Table 1). 𝐷𝑇 and 𝐷𝐵 were measured by setting the 

threshold value of the SEM images to be 70-80% and 80-90%, respectively before using the 

“Analyze Particles” tool. The height data from tilted images of SEM and from AFM measurements 

was in close agreement. Details for the SEM height analysis can be found in Supporting 

Information (cf. Section B in SI). However, it was found there were small differences in terms of 

the lateral dimension of the nanotopography between the SEM analysis and the analysis from the 

AFM data. This could be due to the limitation in measuring lateral dimensions because of AFM 

tip/sample convolution31.  

The resulting nanopillars were found packed in a hexagonal pattern and relatively uniform in 

heights. They were divided into three groups with different dimensions as listed in Table 1, i.e. 

sharp and dense nanopillars (SDN), blunt and dense nanopillars (BDN) and blunt and widely-
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spaced nanopillars (BWN). The tip shape of the nanopillars was conical, except for the BDN which 

had a flattened tip. The aspect ratio (𝐴𝑅 = ℎ/𝐷𝑇) between different samples was almost identical 

except for the BDN. The discrepancies between the BDN and other samples (in terms of tip shape 

and AR) could be attributed to the lower squeeze flow rate of the molten polymer into the AAO 

mold cavities during hot-embossing due to the tighter spacing between the adjacent nanopores on 

the BDN mold (cf. Fig. S1)32. 

Table 1. Measured base diameter (𝐷𝐵), tip width (𝐷𝑇), interpillar distance/pitch (𝐷𝑃), peak-to-

peak distance from shear traces (DRSTR), height (ℎ), aspect ratio (𝐴𝑅) and RMS (𝑅𝑞) of nanopillared 

PET substrates and the flat control. 𝐷𝐵, 𝐷𝑇  and 𝐷𝑃 were quantified from analyzing ~100 – 200 

pillars from SEM images, whilst ℎ and 𝑅𝑞 from ~50 – 100 pillars from AFM images. The AFM 

and SEM images were collected from 3 separate experiments each. 

 𝐷𝐵 (nm) 𝐷𝑇 (nm) 𝐷𝑝 (nm) DRSTR (nm) ℎ (nm) 𝐴𝑅 𝑅𝑞 

Control 0.00 0.00 0.00 81.8±5.2 7.1±3.4 0.00 2.3±0.7 

BWN 136.2±5.4 79.4±6.7 121.8±4.0 128.5±3.2 256.3±15.6 3.23 98.5±4.1 

BDN 85.3±1.1 76.4±2.7 90.4±0.9 102.0±2.8 153.7±1.2 1.80 39.3±0.04 

SDN 51.8±1.8 39.1±0.4 85.4±2.0 101.1±2.2 176.8±45.9 3.41 57.7±15.5 

 



 

 

11 

  
Fig. 1. SEM images (a, c, and e; left column) with 30o tilted SEM images (insets, all scale bars 

2000 nm); and representative AFM micrographs (b, d, and f; right column) with corresponding 

line profiles for (a) BWN, (c) BDN and (e) SDN surfaces. Annotation on the SDN AFM line 
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profile in (f) indicates the tip width 𝐷𝑇, base diameter 𝐷𝐵, pillar spacing 𝑆𝑃, interpillar distance 

𝐷𝑃, and height ℎ.  

Surface wettability and energy 

The contact angles from three liquids with a known surface tension component (𝛾𝐿
𝐿𝑊, 𝛾𝐿

+, and 𝛾𝐿
−) 

were measured (Table 2) in order to calculate the surface energy components of the solid substrates 

(𝛾𝑆
𝐿𝑊, 𝛾𝑆

+, and 𝛾𝑆
−). Details of the equations used for this calculation are presented in the 

Supporting Info.  

The contact angle of the test liquids, i.e. MilliQ water, ethylene glycol and diiodomethane, on the 

flat and nanopillared PET surfaces are given in Table 3 (cf. Section C in SI). By using these values, 

the apparent surface energies of the samples and their respective apolar and polar components were 

calculated using the Fowkes acid-base approach (Table 2). It was found that the PET substrate 

with nanopillars exhibited a higher apparent surface energy when compared to the flat PET 

substrate, and that surfaces with higher nanopillar densities (BDN and SDN) exhibited a higher 

apparent surface energy compared to that with lower nanopillar density (BWN). The surfaces 

bearing sharper nanopillars appeared to exhibit a higher apparent surface energy compared to the 

surface with blunt nanopillars. However, these differences in the apparent surface energy between 

different nanopillared surfaces are not significant in the absolute value.  

Table 2. Liquid surface tension (𝛾𝐿), apolar component 𝛾𝐿, polar component 𝛾𝐿
𝐴𝐵, electron acceptor 

𝛾𝐿
+, and electron donor 𝛾𝐿

− of water, diiodomethane, and ethylene glycol33. 

Test liquid 
Surface tension data (mJ/m2) 

𝛾𝐿 𝛾𝐿
𝐿𝑊 𝛾𝐿

𝐴𝐵 𝛾𝐿
+ 𝛾𝐿

− 
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Water (HR2RO) 72.8 21.8 51 25.5 25.5 

Diiodomethane (CHR2RIR2R)  50.8 50.8 0 0 0 

Ethylene glycol (CR2RHR6ROR2 R) 48 29 19.0 1.92 47.0 

 

 

Table 3. Contact angle (𝜃), apparent surface energy components (𝛾𝐿), and work of adhesion 

between surface and water (𝑊𝑎𝑑ℎ), of the flat, BWN, BDN and SDN surfaces. The data were 

collected from 3 separate experiments. 

 Contact angle, 𝜃 (o) 
Apparent Surface energy components, 𝛾𝐿 

(mN∙m-2) 
mJ∙m-2 

 𝜃W 𝜃Di 𝜃EG 𝛾LW 𝛾+ 𝛾- 𝛾AB 𝛾TOT 𝑊𝑎𝑑ℎ 

Flat 76.9±0.7 29.3±3.4 56.9±1.4 44.5±1.6 0.2±0.02 9.8±2.5 2.9±0.2 47.4±1.6 89.3±0.9 

BWN 92.6±7.3 17.1±4.7 49.7±6.8 48.6±1.2 0.1±0.01 0.0±1.7 0.1±1.2 48.7±1.7 69.5±9.3 

BDN 84.9±2.3 18.3±1.2 39.2±5.4 48.3±0.4 0.4±0.02 0.7±2.5 1.0±0.9 49.3±1.0 79.3±2.9 

SDN 73.6±5.1 20.6±3.1 37.5±9.2 47.6±1.0 0.1±0.01 6.3±2.5 1.8±0.2 49.4±1.0 93.4±6.2 

 

There was no direct correlation between the parameters characterising the vertical 

dimensions/length scales of the surface (h, RRqR, and AR) and the apparent surface energy. Instead, 

the surface energy was dependent on the density of the nanopillars, where higher density 

nanopillars showed a higher apparent surface energy (Fig. S3). This is in agreement with the report 

by Hazell et al. in which more densely compacted PET nanocones had higher surface energies34. 

For a periodic nanostructured surface with a known interpillar distance, 𝐷𝑝, density is defined as, 

𝛿𝑛 = (
1000

𝐷p
)

2

 (nanopillars/nm). 
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Intrinsic contact angle calculations using Young’s equation do not consider the surface roughness. 

To understand the effects of surface roughness on the wetting properties of nanostructured 

surfaces, the Wenzel35 model and the Cassie-Baxter model36 were often utilised to calculate the 

effective contact angle. Our results suggest that the correlation between the surface roughness and 

the contact angle is not straightforward. 

Table 4. Contact angle, Wenzel (𝜃𝑊) and Cassie-Baxter effective (𝜃𝐶𝐵), solid fraction (𝜑), and 

roughness factor (r, cf. Eq.2) for BWN, BDN and SDN. The analyses were performed on data 

collected from 3 separate experiments. 

 𝜑 r 𝜃𝛾 𝜃𝑊 𝜃𝐶𝐵 

BWN 0.1±0.01 3.0±0.2 92.6±7.3 46.9±2.9 143.9±0.2 

BDN 0.2±0.0 2.7±0.0 84.9±2.3 52.3±2.4 135.3±0.2 

SDN 0.1±0.01 3.0±0.5 73.6±5.1 47.9±2.8 145.5±0.2 

Shear characteristics 

The characteristics of the measured shear traces showed sharp and irregular peaks on all the 

nanopillar surfaces, whereas the flat surface showed a relatively smooth sliding profile. A 

representative raw SDN shear trace is shown in Fig. 2 and the shear traces for other samples are 

shown in Fig. S4.  These shear traces are consistent with previous studies25,37–44 on textured 

surfaces such as zinc oxide (ZnO) nanograins25, flexible microstructured silicon surface37, 

pyrolytic graphite steps38, nanorods with gelatinous layer40, silicon with nanopits and 

nanogrooves41, and aluminium oxide (AlR2ROR3R) nanodomes26. These different surfaces bearing 

different nanotopographies showed distinct but qualitatively similar pronounced stick-slip profiles 

in their shear traces.  
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Similar stick-slip oscillations also persisted on the flat PET substrate but with a much lower 

amplitude, indicating a smoother sliding behaviour of the silica colloidal probe on the control 

surface (Fig. S4). The distinct stick-slip profile on the PET nanopillared surfaces is likely related 

to more pronounced elastic bending of the nanopillars compared to the more rigid nanostructures 

made from ZnO and AlR2ROR3 R

25,26. It has also been reported that a polymer surface could form 

molecular bonds (i.e. covalent bonds) with another surface (including silica) owing to the energy 

instabilities at the contact interface; such a strongly adhesive contact could further contribute to 

the stick-slip profile on the PET nanopillared surfaces45. 

 

Fig. 2. Raw shear trace (grey line) and baseline corrected (black line) shear trace for the SDN 

surface with a sliding velocity 𝜐 = 10𝜇𝑚 𝑠−1 at a load force L = 20 nN. The blue lines represent 

the averages of the trace and retrace while the red lines represent the standard deviation range for 

the trace and retrace in the friction loop. The peak-to-peak distance, (휀) between two adjacent stick 
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slip peaks represent the interpillar distance of the nanopillars (green dotted lines), DRPR ~110 nm. 

Procedures to process the data can be found in the Supporting Information Section D.  

The peaks found from the resulting spatial frequency of the Fourier transform of the shear trace 

have been reported to correspond to the spacing between the nanopillars. Lomboy et al. reported 

topographic contributions evident from the Fourier transform of the trace and retrace signals when 

analysing a grid with 5 and 10 𝜇m of square pits46. When studying an array of micro needles with 

silica colloidal probes, Thormann et al. also found a relationship between the spatial frequency 

and the spacing between microneedles in the Fourier transform of the shear traces37. However, in 

this study, broad and not so well-defined spatial frequency peaks are revealed that cannot be 

precisely identified with the surface topographic features even at the high load force (Supporting 

Fig. S5). Instead, we have found that the distance between the adjacent peaks on the shear traces 

corresponded approximately to the periodicity of the nanopillars (for BWN, BDN and SDN 

surfaces DRPR ~ 130 nm, 100 nm, and 100 nm, respectively). These values are in agreement with the 

pitch distance measured using SEM and AFM analysis. 

Friction-load relationship 

Fig. 3 shows an example plot of friction vs. load between the colloidal probe and an SDN sample 

at a speed of v = 10 𝜇𝑚 𝑠−1 for both increasing load (loading ) and decreasing load (unloading 

). The linear relationship found on friction vs. load plot is typical across all the samples in 

accordance with Amontons’ first law of friction25,47. A finite friction force 𝑓0 at the zero load 

originates from the contribution from adhesive forces. Derjaguin has shown that the friction force, 

fRsR, is a sum of finite friction force (𝑓0) and effective load force 𝜇𝐿: 
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 𝑓s = 𝑓0 + 𝜇𝐿 Eq. 1 

This observation has also been reported by previous studies25,26,48. Pilkington et al. used a sharp 

AFM tip to study the adhesion and friction properties of nanostructured surface bearing nanoseeds, 

nanodiamonds, nanodomes and nanorods.  They have found that, at the microscale, the linear 

nature of friction-load relationship can be explained using the model of Bowden and Tabor which 

states that the model holds if the surfaces are plastically deformed49. However, at the atomic scale, 

the Tomlinson model50,51 and the Cobblestone model52 are preferred which consider energy 

dissipation as a result of climbing the asperities. In our work, 𝑓0 = 56 nN on the flat surface is 

significantly lower than that on the nanostructured surfaces. Nanopillared surfaces with the same 

𝐷𝑝 but different 𝐷𝑇 had approximately the same 𝑓0 = 63 nN, while the blunt SsharpS and dense 

nanopillars had a much lower 𝑓0 = 53 nN. It is important to note that the linear relationship between 

fRsR and 𝐿 is not typical on nanostructured surfaces. A previous AFM study showed a nonlinear 

relationship between fRsR and 𝐿 between alumina nanopores and a 0.32 𝜇𝑚 silica bead53. Another 

study also reported a nonlinear relationship between fRs Rand L between a Ni nanoporous membrane 

and 0.38 – 2.28 𝜇𝑚 silica probes54.  
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Fig. 3 Example of friction force fRsR against load force L at a shear velocity v = 10 𝜇𝑚 𝑠−1 for the 

SDN surface. The gradient for the best fit gives a friction coefficient when loading 𝜇𝑓𝐿
= 0.36 and 

unloading, 𝜇𝑓𝑈𝐿
= 0.42. The error bars represent the standard deviation for the loading ( ) and 

unloading ( ). A finite friction force, 𝑓0, when applied load is zero is marked by the arrow.  

Finite friction force, 𝑓0𝐿
 of the high aspect ratio nanopillared surfaces (BWN and SDN) is higher 

compared to low aspect ratio nanopillared surface, BWN and the flat surface (Table 5). This trend, 

where the high aspect ratio nanopillared surface has higher values compared to the low aspect ratio 

nanopillared surface continues as the load increases to 170 nN (Fig. 4). It is interesting to note that 

upon unloading, the finite friction force, 𝑓0𝑈𝐿
 for all the tested surfaces is identical (𝑓0𝑈𝐿

= 48 nN). 

It should be noted that fR0R – and indeed the conventional Amontons’ analysis - was obtained by 

taking average of the lateral force traces, thus masking the stick-slip oscillations.  
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There is a significant difference in the friction coefficient during loading, 𝜇𝐿 between the flat PET 

surface and the nanopillared PET surfaces; meanwhile, there is no significant difference between 

different nanopillared surfaces (Table 5). The 𝜇𝐿 for the flat PET substrate is 𝜇𝐿 ~ 0.26 which is 

within the range of reported friction coefficient for a polyethene substrate against a steel or silica 

particle. The presence of nanopillars on the PET substrate increased the 𝜇𝐿 to 0.35-0.36. There is 

a small hysteresis observed on all test surfaces between loading and unloading fRsR vs. L plots, and 

it is more pronounced on the higher aspect ratio surfaces of SDN and BWN (Fig. 4). The hysteresis 

could be attributed to higher elastic bending and consequently more prolonged dynamic relaxation 

responses due to slow recovery of local deformations. A second factor could be related to a certain 

degree of nanopillar tilt angle anisotropy. Both of the effects would be more pronounced for the 

higher aspect ratio nanopillars compared to the flat control surface and the surface with short-blunt 

nanopillars.  
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Fig. 4. Changes of the frictional force, fRsR from loading to unloading during sliding of the silica 

surface against the nanopillared surfaces at different load, L.  

 

Table 5. Pull-off force (𝑓p), finite friction force during loading (𝑓0L
) and unloading (𝑓0UL

), friction 

coefficient during loading (μRLR) and unloading (μRULR), and stick-slip peak-to-peak distance (휀) 

measured from the friction loop for each sample. The analyses were performed on data collected 

from 3 separate experiments. 

Surface 𝑓𝑝 (nN) 𝑓0𝐿
 (nN) 𝑓0𝑈𝐿

 (nN) 𝜇RL 𝜇RUL 휀 (nm) 

Flat 65.4±1.1 56.4±13.3 48.2±7.1 0.26±0.08 0.27±0.07 81.8±15.2 

BWN 35.6±1.8 65.3±9.0 48.9±1.3 0.36±0.03 0.43±0.01 128.5±13.2 

BDN 65.7±2.5 53.1±13.1 48.3±8.6 0.35±0.06 0.36±0.07 102.0±12.8 

SDN 72.53±4.6 62.6±2.3 48.9±4.7 0.36±0.05 0.42±0.03 101.1±12.2 

 

Pull-off force  

As discuss earlier, the contributions from the adhesive force to the frictional behaviour is evident 

from Fig. 3 where 𝑓0 is significant at the zero-load force. The observed adhesive force was 

dependent on the surface wetting, work of adhesion, and the interpillar distance of the nanopillared 

surfaces (Fig. 5). The data suggests that the adhesive force was dependent on the apparent contact 

area between the colloidal probe and the nanopillars, where a larger contact area would lead to a 

higher pull-off force55. The presence of nanopillars reduced the adhesion force significantly when 

compared to the flat PET surface (fRp R= 65.4 nN) due to a reduced effective contact area between 

the BWN (fRp R= 35.6 nN) nanopillars with the probe. However, the pull-off force on densely packed 

nanopillared surfaces (BDN 65.7 nN and SDN 64.4 nN) was almost identical to that on the flat 
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surface, further highlighting the link between the pull-off force and the effective surface area. The 

slightly higher adhesion force found on SDN may be due to its higher apparent surface energy 

compared to the flat surface. Representative force-distance curve for all surfaces can be found in 

Supporting Fig. S6. 
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Fig. 5. Relationship between pull-off force (𝑓𝑝), and (a) water contact angle on the surface (𝜃), 

(b) work of adhesion 𝑊𝑎𝑑ℎ, and (c) the interpillar distance (pitch) (𝐷𝑃).  
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Effect of nanotopography on friction coefficient m 

Due to the large scatters in the data, no apparent correlation was found between the 𝜇𝐿, 𝜇𝑈𝐿 and 

the ℎ or the 𝑅𝑞 of the PET nanopillared surfaces (Fig. 6). Previous friction studies on 

nanostructured surfaces reported conflicting results on the relationship between the surface 

roughness or the vertical scale of the surface topographies and the friction coefficient25,26. 

Pilkington et al.23 reported a possible correlation between vertical dimensions and the geometric 

friction coefficient when they studied nanotextured surfaces with varying nanotopography. In 

contrast, Quignon et al.25 did not find any correlation between nanotopography and the friction 

coefficient when studying the AlR3ROR2R nanodomed surfaces with an AFM nanotip.  

Rather than measuring the interaction between single asperities, the utilisation of colloidal probe 

allows measurement of the interactions from multiple asperities over a larger surface area. A study 

on tribological behaviour of GeSbTe thin films has reported a linear correlation between the 

friction coefficient and the surface roughness explained using the Ratchet mechanism56.  

 

Fig. 6. Correlation between friction coefficient, 𝜇𝐿 and 𝜇𝑈𝐿, with (a) average height, ℎ and (b) 

measured RMS roughness, 𝑅𝑞. Error bar is the standard deviation of the mean values. 
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Surface properties and stick-slip amplitude coefficient (SSAC) 

Quignon et al. previously reported that an additional analysis could be performed on the friction 

loop data to find a correlation between surface topography, velocity, and applied load to account 

for the significant oscillations in the shear-traces induced by the presence of the nanostructures26. 

These oscillations were attributed to multiple collisions of the AFM probe with the nanopillars 

which registered peaks and troughs as the probe slid past the sample. Frictional instabilities have 

previously been reported at the atomic scale in a study involving polymer brushes where an 

increase in the lateral force was attributed to an increase in the dissipative Schowoebel-Ehrlich 

barrier at atomic step edges39. The Prandtl-Tomlinson model also accounted for tip-sample 

interactions at the atomic scale which states that the AFM tip might be stuck in a potential energy 

minimum which will cause sudden increase in lateral deflection signal. The tip will remain in this 

position until sufficient energy is supplied for the tip to slide again which causes another sudden 

change in the lateral deflection signal57.  

Several studies have reported frictional instabilities at the nanoscale. For example, the friction data 

on molybdenum disulphide coatings was decomposed into two components: a constant value and 

a fluctuating value. The fluctuating value accounted for the variation on the local surface slope58. 

Another study found abrupt oscillations on microgrooved silicon surfaces where the peaks and 

troughs on the surface gave rise to the sharp fluctuations on the friction loop41. It was proposed 

that the asperities on the surface cause the AFM tip linear momentum to be converted into an 

angular momentum. With the abrupt changes in the amplitude of the friction loops attributed to 

the sudden lateral jump of the tip on the surface. A study of single asperity contact between an 

AFM tip and a microarray also showed distinct frictional instabilities attributed to extra energy 

dissipation during the stick and slip motion of the AFM tip on the surface nanofeatures59.  
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In this study, the distinct and consistent fluctuations observed in the nanostructured surface friction 

loops suggest that the interactions between the tip and the nanopillars were dominated by the 

interactions between the colloidal probe and the nanopillars. As discussed above, the distance 

between two adjacent peaks in the shear traces corresponded to the interpillar distance. The 

instabilities in the friction loops were thus attributed to the CP-AFM probe colliding with the 

nanopillars, in contrast to the frictional sliding on the flat PET substrate.  

The average peak to peak amplitude, 𝜎𝑓, of the frictional oscillations was calculated at each load, 

by taking an average of the standard deviation of the peaks for both the trace and the retrace of the 

frictional force loop (Fig. 2). This amplitude, 𝜎𝑓 is plotted against the load force for all the samples 

(Fig. 7), showing a linear relationship. The gradient of the plot has been defined as the stick-slip 

amplitude coefficient (SSAC)26. 
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Fig. 7. The average peak to peak amplitude, 𝜎𝑓 plotted against applied load force, L for flat PET, 

SDN, BDN and BWN surfaces. The error bar is the standard deviation of the mean values. The 

slope of the plot is the stick-slip amplitude coefficient (SSAC).  

It is found that the SSAC increases as the value of 𝑁, 𝑓𝑝, and 𝑊𝑎𝑑ℎ increases (Fig. 8a-Sc). This 

appears to point to the interactions at the nanopillar polymer surfaces being governed by the 

contact area and the interfacial energy between the surfaces60. Initially, the probe is “stuck” with 

the nanopillars, leading to the peak in the shear force, before the sudden release of the nanopillars 

from the elastically deformed state as the probe slides past. The energy is dissipated, leading to the 

slip in the shear trace. This stick-slip process is repeated as the new nanopillars are engaged and 

released, corresponding to the abrupt increase and decrease in the lateral deflection signal. Stiffer 

nanopillars (e.g. SDN) will resist bending upon interaction with the colloidal probe, leading to 

more pronounced stick-slip oscillations. As the load increases, the total contact area and thus the 

number of nanopillars in contact with the probe also increase, leading to larger stick-slip 

amplitudes and the observation of the SSAC in Fig. 8.  
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Fig. 8. Correlation between SSAC and (a) nanopillars density, 𝜙 (b) pull-off force, 𝑓𝑝, and (c) 

Swork of adhesion, 𝑊𝑎𝑑ℎ. The error bar is the standard error of the mean value.  

Results in this study highlight the possibility to control the frictional properties of polymeric 

nanopillared surfaces by manipulating the nanotopography of the substrate.  

A performance nanotribological profile in a radar chart (Fig. 9) can give a quick overview on the 

relative differences in the trend in how the five relevant parameters/variables, 𝑓𝑝, 𝜇, 𝑅𝑞, 𝑆𝑆𝐴𝐶 and 

𝑊𝑎𝑑ℎ, would vary with the three PET nanopillared surfaces. In plotting the chart, which appears 

as a pentagon with five dimensionless axes/spokes all on a scale of 0-1, each of the five parameters 

was normalised with respect to the maximum values registered across the three surfaces (i.e. BWN, 

BDN, and SDN). Then lines were drawn to join the data value on each of the axes. For instance, 

high aspect ratio nanopillars will have higher RRqR than low aspect ratio nanopillars, while the higher 

density nanopillared surfaces will have higher fRpR and SSAC than the lower density nanopillared 

surfaces. This offers a clear overview – beyond the analysis of the Amontons laws - of the 

parameters relevant to the nanotribological properties of such nanostructured surfaces. 
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Fig. 9 Nanotribological profiles that show relative differences of pull-off force (𝑓𝑝), friction 

coefficient (𝜇), roughness (𝑅𝑞), stick-slip amplitude coefficient (𝑆𝑆𝐴𝐶) and work of adhesion 

(𝑊𝑎𝑑ℎ) between (a) blunt and dense nanopillars (BDN) (b) blunt and dense nanopillars (BDN) and 

(c) sharp and dense nanopillars (SDN).  

Conclusions 

We have reported unprecedented results on the interactions – particularly friction – between a 

silica micro-particle and PET nanopillared surfaces with well-defined geometry. Whilst the 

frictional force was found proportional to the load force, in line with the classic Amonton’s first 

law of friction25,47, our results also highlight the complexity of frictional behaviour on 

nanostructured polymer surfaces, due to the convolution between the geometric features of the 

surface textures and the intrinsic elastic properties of the polymer. We have proposed a radar plot 

to illustrate the multiparametric nanotribological characteristics of such nanotextured surfaces – 

with broad implications to the analyses of frictional properties of nanostructured surfaces. 

These parameters in this study include the surface topography, wetting behaviour, work of 

adhesion, normal and lateral forces (particularly the stick-slip instabilities) – quantified using 

SEM/AFM, drop shape analyser, and colloidal probe AFM, respectively. Our analyses and 

discussions have focused on identifying possible correlations between the parameters. We found 

that the average pull-off force between the colloidal probe and the nanopillared surface appeared 

to correlate with the contact angle, work of adhesion, and nanopillar pitch. A hysteresis in the 

friction coefficient upon loading and unloading could be attributed to the relaxation related to 

bending of the nanopillars. No correlation was found between the roughness parameters and height 

with the friction coefficient. 
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We also performed analysis of the instabilities in the friction loop which were quantified using the 

novel stick-slip amplitude coefficient (SSAC) approach, first proposed by Quignon et al. on 

nanodomed surfaces26 which is yet to be widely adopted. The SSAC analysis revealed a linear 

dependence between the stick-slip peak-to-peak amplitude and the applied load, confirming the 

validity and generality of such SSAC analysis on nanostructured surfaces.  Furthermore, the 

nanopillars density N, pull-off force 𝑓𝑝, and work of adhesion 𝑊𝑎𝑑ℎ have been bound to have a 

direct influence on the SSAC. This points to the relevance of using SSAC, instead of the classic 

Amontons’ friction coefficient, to characterise frictional properties of surfaces bearing 

nanotextures. 

Our results are specifically relevant to the application of nanopillared polymer surfaces where the 

correction between the interfacial interactions and the surface characteristics is an important 

consideration. We are particularly interested in its implications to our understanding of the 

bactericidal activity of such nanopillared polymer surfaces. In addition to direct rupturing bacterial 

membranes, nanopillared surfaces could impede motility and lateral division – and thus 

proliferation and survival – of bacteria on the surface10. Frictional properties perceived by the 

bacterial of a surface are critically important in these bioprocesses61,62. The effects of frictional 

properties such as friction coefficient and SSAC on bacterial adhesion to solid surfaces, especially 

nanostructured surfaces, are still unclear and require further investigation. Here we have probed 

the nanopillared surface with a silica microparticle and its elastic properties are very different from 

those of bacterial membranes63. As a future direction, we plan to study interactions between softer 

particles and nanopillared polymer surfaces and performing microbiological tests of these surfaces 

to correlate with the friction properties summarised in the radar plot (Fig. 9), particularly the stick-

slip behaviour as characterised by the SSAC. 
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