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1. Scientific results 2013 

All the groups involved in the programme Fundamental Aspects of Friction are now complete and 
very active. In the first complete meeting held in this year all groups have presented new and 
exciting results based also on radically new experimental techniques and materials. Examples are 
the achievement of bonding of rigidochromic molecules to a substrate that fluoresce with intensity 
proportional to the applied pressure, a high resolution atomic force microscope for measuring the 
dissipation of graphene flakes in water, elements of nanomechanical devices fully made of dia-
mond. The theoretical groups have also addressed relevant problems at different length scales, 
from the friction in graphene contacts that could explain data measured in the Leiden group to 
that due to dislocations in metals. Several publications have appeared or are in preparation. 
 
More specifically: 
Delft (Nicola-Dikken) and Groningen (Van der Giessen-Song) have studied the influence of size 
dependent plastic deformation on the interaction between isolated micron-scale surface asperities 
in two modes: head-on shearing asperities versus ploughing asperities. Two papers, one of which 
in collaboration, are in preparation. In the future, the results of these studies will be inserted into a 
simulation tool that has been developed in Groningen to study the onset of friction between rough 
surfaces. 
 
In Amsterdam, the team of chemists and physicists Amsterdam (Bonn, Weber, Suhina) is focusing 
on the rigidochromic probing of frictional contacts. They are now able to synthesize glass cover 
slips with a monolayer of rigidochromic molecules covalently bonded to the surface. The rigi-
dochromic molecules probe their environment, and fluoresce with an intensity that is proportional 
to the local pressure. This way we can image the details of a frictional contact between a glass or 
plastic bead and the cover slip, on a confocal microscope. They have developed a method to cali-
brate the fluorescent signal and can now measure the pressure distribution in a contact and its 
evolution during loading. The next step will be to relate these observations to the frictional prop-
erties of the system. When we impose an increasing tangential force on the contact, it will break 
eventually. Is the static friction force at break proportional to the contact area? 
 
In Twente (Mugele, Liu) the first step was to develop a reliable and high resolution atomic force 
(AFM) spectroscopy method for measuring dissipation on graphene in water. This work resulted 
in a publication in Physical Review E, in which we describe how to reconstruct conservative and 
dissipative forces as a function of the tip-sample distance from the thermal fluctuations of the AFM 
cantilever. The approach overcomes difficulties in force inversion related to the active drive of the 
cantilever. Substantial effort was devoted to the preparation and characterization of graphene 
flakes with a well-defined number of C-sheets for imaging under liquid. Attempts included depo-
sition from oxidized colloidal graphene, conventional 'scotch tape' preparation, and scotch tape-
free mechanical exfoliation. The latter turned out to be the only reliable method yielding surfaces 
that are devoid of organic contaminants. However, adhesion of the flakes to the substrate once 
submersed under water still provides substantial challenges. Delivery of clean patterned graphene 
flakes from partners within the network would still be highly desirable. 
 
In Nijmegen, the motion and friction of mobile and flexible graphene flakes moving at incommen-
surate orientations on a graphite substrate has been studied by molecular dynamics. In agreement 
with FFM experimental results, it has been found that the superlubric behaviour at low loads 
evolves to a frictional stick-slip motion at high loads in a reversible way. No dislocations appear in 
the flake also under high load, contrary to the typical behaviour of diffusion for metals andrare-gas 
islands on surfaces. The strong in-plane bonding of layered materials like graphite causes the 
crystalline structure to be preserved while vertical distortions at the edges are energetically 
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favourable. This feature might explain the good and persisting lubricant properties of layered 
materials. Other current projects concern, the role of graphene coating for the protection from wear 
in nanomechanical devices, the formation of moiré patterns in hybrid van der Waals heterostruc-
tures formed by stacking of two-dimensional crystals and their effect on friction. 
 

In Leiden (Frenken, Antonov, Van Baarle, Krylov) the main focus is on the production of new sub-
states with the aim of scaling up superlubricity in very large flat graphene surfaces and scaling up 
thermolubricity by fabrication of nanopillar arrays. The first friction measurements have been per-
formed. 
 
In Delft (Van Spengen, Alkisti Gkouzou, Guido C.A.M. Janssen) the first results for the production 
of micro-electromechanical systems (MEMS) fully made of diamond have been obtained. To 
understand the results one needs now a model of distribution of adhesion in MEMS device. In fact 
statistically identical surfaces are not identical, possibly due capillary forces and van der Waals 
forces. A new theory has been developed which describes the distribution of adhesion strength 
between the rough surfaces of nominally identical MEMS devices. Polycrystalline silicon (polysili-
con) and nickel MEMS devices have been designed and fabricated which contain integrated 
microheaters. These heaters have been calibrated with Raman to determine the temperature vs 
heating power. Preliminary results show that adhesion of the polysilicon MEMS devices decreases 
with temperature. The nickel devices will be used for locally grown graphene only at the places in 
the device where adhesive or sliding contact will take place. A probe station enabling measure-
ments within an environmental chamber has been ordered to provide the correct operating condi-
tions for these devices. 
 
 
2. Added value of the programme 

The variety of systems, phenomena and length scales is inherent to the physical problem and aims 
of the programme. The challenge for the coming years will be to increase the interaction between 
the different groups, exploiting the expertise built in the first phase of the programme. The easiest 
contact is between the groups where graphene and carbon systems are studied (Leiden, Nijmegen, 
Delft, Twente). Other lines of research are being examined and will be the focus of the meetings in 
the next year. One additional opportunity is the participation of the programme to a COST action 
on friction that can be used in the future to build new international contacts and provide dissemi-
nation of results at specific international meetings. A particular example is the collaboration 
started between Delft and Nijmegen on the understanding of small scale diamond-diamond con-
tact with amorphous carbon contamination. 
 
 
3. Personnel 

The search for suitable candidates for the PhD positions has been more difficult than expected but 
now all positions have been filled. 
 
The programme leader, Prof. Joost Frenken has accepted a new position as director of the ARCNL. 
He has expressed the will to continue the supervision of the PhD in Leiden but to leave the posi-
tion of programme leader. This role has now been taken by Prof. Annalisa Fasolino. 
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4. Publications 

 
10FAF01 
- S.Yu. Krylov and J.W.M. Frenken, The physics of atomic-scale friction: basic considerations and 

open questions, Book chapter (invited) in the book series Surface and Interface Science, Vol. 4, 
Solid-Solid Interfaces and Thin Films, Ed. K. Wandelt, (Wiley-VCH, 2013), Chapter 30. 

- G. Dong, D.W. van Baarle and J.W.M. Frenken, Graphene Formation on Metal Surfaces Investi-
gated by In-situ STM, Book chapter (invited) in Advances in Graphene Science, Ed. Mahmood 
Aliofkhazraei, (InTech, 2013), Chapter 2 (ISBN: 978-953-51-1182-5, InTech, DOI: 
10.5772/56435). 

- G. Dong, D.W. van Baarle, M.J. Rost and J.W.M. Frenken, Kinetics of graphene formation on 
Rh(111) investigated by in-situ Scanning Tunneling Microscopy, ACS Nano, 7, 7028, 2013 

 
10FAF02 
- Fei Liu, Sissi de Beer, Dirk van den Ende, and Frieder Mugele, Atomic force microscopy of confined 

liquids using the thermal bending fluctuations of the cantilever, Phys. Rev. E, 87, 062406, 2013. 
 
10FAF05 
- W.M. van Spengen, A physical model to describe the distribution of adhesion strength in MEMS. 

Or: why one MEMS device sticks, and another ‘identical’ one doesn’t, almost finished, to be 
submitted to e.g. J. Micromech Microeng. 

 
10FAF08 
- M. M. van Wijk, M. Dienwiebel, J. W. M. Frenken, and A. Fasolino, Superlubric to stick-slip sliding 

of incommensurate graphene flakes on graphite, Phys. Rev. B, 88, 235423, 2013. 
 
 
5. Valorisation and outreach 

With Frenken’s move from Leiden University to the Advanced Research Center for Nano-Lithog-
raphy, his research project in the FaF-programme will also be relocated from Leiden to Amster-
dam. Both the graphene component and the components of Frenken’s project that are devoted to 
contact dynamics and frictional energy dissipation fit very well within the mission of the ARCNL. 
This implies that they also resonate with the interests of the company ASML, the private partner in 
ARCNL. This valorisation aspect has turned out to be stronger and of more direct potential rele-
vance than anticipated at the start of the FaF programme. 
 
- J.W.M. Frenken Feit en Fictie over Frictie 

Lustrumlezing (invited) for De Leidsche Flesch, Leiden, The Netherlands, March 13, 2013 
- J.W.M. Frenken, Wrijving 

Contribution (invited) to the Ig Nobel 24/7 Battle, De Nederlandse Ig Nobel Night, Leiden, 
The Netherlands, May 28, 2013. 

- J.W.M. Frenken, Science F(r)iction 
 PechaKucha lecture (invited), Leiden, The Netherlands, September 5, 2013. 
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Fact sheet as of 1 January 2014 

 FOM - 10.1725/3 
 datum: 01-01-2014 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 129. 
  
Title (code) Fundamental aspects of friction (FAF) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. A. Fasolino 
  
Duration 2011-2016 
  
Cost estimate M€ 2.7 
  
Concise programme description 

a. Objectives 

This programme is focused on bridging the threefold gap between our understanding of frictional 
energy dissipation in an ideal, dry, single, elastic nanoscale contact and the practical situation for 
sliding bodies of a large ensemble of micrometer-scale, elasto-plastic contacts under dry or lubri-
cated conditions. 
 
b. Background, relevance and implementation 

Friction originates from interactions between stationary or moving bodies on the sub-nanometer 
length scale of individual atoms and molecules. Interestingly, its consequences manifest themselves 
on much larger scales, thus easily bridging orders of magnitude in scale, up to the micrometer regime 
of a single, practical asperity and the macroscopic regime of large ensembles of such asperities on 
rough surfaces. Although an impressive body is available of phenomenological knowledge about 
friction, surface treatments, the application of special coatings and a wide variety of lubricants, most 
of this know-how rests on a purely empirical basis and lacks a thorough understanding of the micro-
scopic dissipation phenomena that are responsible for the energy loss during sliding. Yet, it will be 
through precisely such advanced knowledge that completely new geometries and materials will be 
invented that will be at the core of the next generation of genuine breakthroughs in lubrication and 
other forms of friction reduction. In view of the large scale of continual loss of energy and resources 
in modern society that results from unwanted forms of friction and wear, the economic and societal 
impact of breakthroughs in this area of science and technology cannot be overestimated. 
 
We target three major differences between 'idealized', nanoscale contacts and practical situations, 
namely (i) the difference between single and multiple contacts, (ii) the difference between purely 
elastic and elasto-plastic systems and (iii) the difference between unlubricated and lubricated con-
tacts. In each case we will identify and investigate the generic physics involved in these differences, 
employing a dedicated mix of experimental, theoretical and computational expertise. Our objective is 
to reach genuine, fundamental understanding of the phenomenology of friction in (near)-practical 
situations, rooted in a solid description, with predictive power, of the underlying physics on all rele-
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vant length scales, ranging from the atomic scale to the collective response on the micrometer level. 
In the context of this programme we will explore various new strategies to control and lower friction. 
A key role in these is reserved for novel materials, graphene and boron nitride, and special nano-
patterns. 
 

When successful, this programme will not only provide improved understanding of the foundations 
of macroscopic friction, but it will also lead to novel tools for nano- and microtechnology where the 
importance of friction is magnified because of the high surface-to-volume ratio. Our ultimate goal is 
to make friction a design parameter, with a specified value, or absent, as desired. 
 
 
Funding 

salarispeil cao per 01-07-2012 

 

bedragen in k€ < 2013 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 1.529 508 292 118 - - - 2.447 

FOM-basisinvesteringen 300 - - - - - - 300 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.829 508 292 118 - - - 2.747 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-10.1240 
b) Ex ante evaluation: FOM-10.1414 
c) Decision Executive Board: FOM-10.1724 
 
 
Remarks 

The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2017. 
 
 
 
 
 
 
 
 
 
 
 
 BO par. HOZB 
 
 
Subgebieden: 70% FeF, 15% NANO, 15% COMOP 
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Historical overview of input en output 

 

Input 
personnel (in fte)  finances* (in k€ ) 

WP/V WP/T PhD NWP 

2011 - - 0.8 - 133 

2012 - - 4.1 - 199 

2013 - - 7.4 - 346 

 

Output 
PhD theses refereed publications other publications & 

presentations 
patents 

2011 - 1 4 14 

2012 1 3 10 - 

2013 - 6 21 - 

* After closing the financial year. 
 
 
PhD defences 

2011 
None. 

2012 
G. Dong, 7 November 2012, FOM-L-14. 

2013 
None. 

 

 
 
Patents (new/changes) 

2013 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-A-03 

Leader Prof.dr. D. Bonn 

Organisation University of Amsterdam 

Programme Fundamental aspects of friction 

Project (title + number) 
Quantitative probing of friction in multi-asperity contacts with 
fluorescent probes 10FAF06 

 

FOM employees on this project 

Name  Position Start date End date 

B.A. Weber PhD 15 October 2012 14 October 2016 

T. Suhina PhD 01 September 2012 31 August 2016 

 
 
Workgroup FOM-D-54 

Leader Dr.ir. L. Nicola 

Organisation Delft University of Technology 

Programme Fundamental aspects of friction 

Project (title + number) Single asperity contact and friction 10FAF03 

 

FOM employees on this project 

Name  Position Start date End date 

R.J. Dikken PhD 01 December 2011 30 November 2015 

 
 
Workgroup FOM-D-55 

Leader Dr.ir. W.M. van Spengen 

Organisation Delft University of Technology 

Programme Fundamental aspects of friction 

Project (title + number) 
Nanoscale multi-asperity contact adhesion/friction/wear 
measurements with MEMS devices 10FAF08 

 

FOM employees on this project 

Name  Position Start date End date 

A. Gkouzou PhD 19 August 2013 18 August 2017 
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Workgroup FOM-G-17 

Leader Prof.dr.ir. E. van der Giessen 

Organisation Groningen University 

Programme Fundamental aspects of friction 

Project (title + number) Mesoscopic modeling of multi-asperity contact and friction 10FAF04 

 

FOM employees on this project 

Name  Position Start date End date 

H. Song PhD 01 September 2012 31 August 2016 

 
 
Workgroup FOM-L-14 

Leader Prof.dr. J.W.M. Frenken 

Organisation Leiden University 

Programme Fundamental aspects of friction 

Project (title + number) Superlubricity, themolubricity and energy dissipation 10FAF01 

 

FOM employees on this project 

Name  Position Start date End date 

P. Antonov PhD 01 October 2012 30 September 2016 

 
 
Workgroup FOM-N-24 

Leader Prof.dr. A. Fasolino 

Organisation Radboud University Nijmegen 

Programme Fundamental aspects of friction 

Project (title + number) Low-friction sliding in graphene and related systems 10FAF05 

 

FOM employees on this project 

Name  Position Start date End date 

M.M. van Wijk PhD 01 September 2011 31 August 2015 

 
 
Workgroup FOM-T-17 

Leader Prof.dr. F. Mugele 

Organisation Twente University 

Programme Fundamental aspects of friction 

Project (title + number) Nanolubrication on novel low-friction surface 10FAF02 

 

FOM employees on this project 

Name  Position Start date End date 

F. Liu PhD 16 August 2011 15 August 2015 


