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1. Scientific results 2016 

The programme 129, Fundamental aspects of friction is close to its end and most of the PhD have obtained 
their degree. In the year 2016, Dirk van Baarle (Frenken, Leiden), H. Song (Groningen, Giessen) , Liu Fei 
(Twente, Mugele) and Robbert-Jan Dikken (Delft, Nicola) is planned for the beginning of next year. The 
scientific production depends in each group by the stage of the involved PhD, many papers have been published 
this year and many are ready or in preparation. The work has been presented in many conferences, in posters 
or oral presentations of the involved PhD students, as well as in invited and plenary talks of the PI's.  
 
The interest in the topic of friction is steadily growing, partially boosted by the interest in graphene as well as 
by new computational approaches in contact mechanics. The activity of the FAF programme has stimulated 
many new collaborations (e.g. with K. Novoselov, A. Vakis, A. de Wijn) and also led to the approval of a Lorentz 
workshop entitled 'Micro-Nano Models for Tribology' to be held at the beginning of 2017 with Nicola and 
Fasolino in the organizing committee. Also, the partner have met in several other conferences and workshops, 
in particular in those organized within the European COST project Under-standing and Controlling Nano and 
Meso-scale Friction.  
 
Below some more specific results of the involved groups. 
 
Erik van der Giessen (RuG): 
In the project involving T. Suhina, we have performed a multiscale computational study of the role of plastic 
deformation in contact and friction. In particular, our emphasis has been on size effects in surface asperities of 
tens of micrometers down to tens of nanometers, i.e. on a length scale where it is known that plastic 
deformation becomes increasingly more difficult in smaller volumes.  
 
At the smallest length scales, we have adopted the discrete dislocation plasticity method developed in our lab. 
Complementary to previous simulations that showed that this method can reproduce the indentation size effect, 
we confirm the 'smaller is harder' trend observed in pillar compression tests. Together with Lucia Nicola we 
have established nevertheless that the plastic flattening of an asperity is more like indentation than pillar 
compression. Similarly, we have found that the ploughing of small interlocking asperities can be seen as the 
shearing of a flat contact, with plasticity taking place underneath the contact; plasticity can takes place inside 
the asperity only when it is larger than a micrometer or so [1,2]. The pillar compression study, however, did 
provide deep insight in the connection between the strengths of dislocation sources and obstacles versus size-
dependent strengthening, large flow stress fluctuations and critical avalanches of slip. 
 
The second part of the PhD work has been dedicated to the scale transition from a single asperity to a random 
rough surface. In order to beat the borders of computational feasibility, we have done so by employing a 
continuum strain gradient theory, which is also able to capture the indentation size effect. Parameter values 
have been fit to the response of semi-circular asperities of varying sizes as computed from discrete dislocation 
plasticity. This strain gradient theory is then used in an extension of the statistical Greenwood-Williamson 
model [4] that also takes the interaction between asperities into account. One salient conclusion from this work 
is that the size dependence of plastic deformation retains a linear relationship between contact force and 
contact area, as is the cornerstone of classical Amontons friction, even though the mean contact pressure is 
sensitive to the plastic properties.  
 
Lucia Nicola (TuD): 
The first part of the PhD work of Robbert-Jan Dikken was devoted to gaining a better understanding of metal 
plasticity in micro-scale metal asperities of various size during shear loading. Results showed that the size of 
the contact area, more than the geometry and volume of the asperity, controlled plastic deformation, since it is 
the contact area that determines the size of the stressed region where dislocation nucleation can occur. The 
larger the contact size, the softer the asperity. 
 
Interlocking asperities are found to be easier to deform plastically than asperities making flat contact, unless 
the dimensions of the asperities are so small that dislocation plasticity would occur primarily only outside of the 
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asperities. In the latter case interlocking and flat contacts have the same shearing response as long as the 
contact size is the same. 
 
The second part of the work focused on modeling through MD simulations the impingement of dislocations at 
the atomically rough contact interface between two copper crystals with various orientation. The idea is to get a 
better understanding of whether dislocation pile-ups can grow very long (as modeled in larger scale 
simulations) or if the length is limited by dislocation transmission or nucleation at the location of dislocation 
impingement. To this end a bi-crystal with one or more dislocations at its interface is loaded until a dislocation 
is nucleated from the contact. The nucleation stress decreases with the number of impinging dislocations (up to 
three in the system studied) but at its lowest values is still an order of magnitude larger than the stress levels 
encountered in micron-scale simulations. Also, the stress at which nucleation occurs is found to be controlled by 
the atomic scale roughness, while the interfacial energy plays a marginal role. 
 
We finally analysed the shearing response of contacts containing single steps or steps pairs. Upon shearing the 
steps will move both in the direction of the loading and normal to the loading giving rise to a recrystallization 
process. During loading, the morphology of the surface changes, the original step becomes indistinguishable, 
while the net Burgers vector is conserved. Sliding friction of stepped surfaces has all the properties of self-
organized criticality. The power law slip statistics depend on step density, with large slip events being more 
probable for contacts with high density. 
 
Frieder Mugele (University of Twente): 
The project has finished with the defense Fei with thesis entitled A study of interaction forces at the solid-liquid 
interface using Atomic Force Microscopy. 
We are still planning to publish the last chapter of his thesis. The plan is to submit it to a special issue of J. 
Phys. Chem. , the Festschrift honoring the 70th birthday of Miquel Salmeron. 
 
D. Bonn, A.M. Brouwer (UvA): 
Both PhD students, Tomislav Suhina and Bart Weber are now finishing their theses. We have worked on 
visualizing frictional contacts using contact sensitive molecules immobilized onto glass surfaces. Using this new 
technique, we have demonstrated the relation between the real contact area and the normal and frictional force 
on a contact, a manuscript on this topic has been submitted. In a separate manuscript that we are currently 
preparing for submission, we use the molecular probes to visualize the time dependence of friction and show 
how slow changes in contact area cause the friction coefficient to go up in time. Finally, we have worked on ice 
friction and demonstrate that the slipperiness of ice is linked to very fast surface diffusion of water molecules 
on the ice surface in a recently submitted paper.  
 
Merlijn van Spengen (TUD): 
A thorough measurement of the adhesion of polycrystalline silicon MEMS sidewall surfaces as a function of 
temperature was performed with the MEMS adhesion sensor devices with integrated heaters designed earlier. It 
was confirmed that adhesion becomes large and very variable around 75 - 80 degrees Celsius, due to the faster 
dynamics of Capillary condensation and hence capillary adhesion, and that adhesion drops at higher 
temperatures due to the evaporation of water from the contact.  
Silicon MEMS friction sensors (again with integrated heaters) were produced as well, and these have been used 
to experimentally assess the friction of polycrystalline MEMS surfaces as a function of temperature. Many 
friction loops were recorded, showing a wealth of interesting effects happening at different temperatures. These 
measurements have shown run-in of the surfaces, changes in the friction behavior around 245 degrees Celsius, 
and a markedly increased and variable friction after run-in, observed around 80 degrees C. The latter is 
consistent with a model where run-in wear has made the surfaces fit more intimately together, which enables 
the large adhesion at 80 degrees Celsius observed in the adhesion experiments to enlarge the friction 
considerably. We have also developed a quantitative stress corrosion cracking-induced oxide removal/regrowth 
model to describe the behavior observed at high temperature. 
The vacuum probe station for local graphene growth has been fully assembled and connected to the gas lines, 
and new nickel MEMS devices were designed and produced for the next round of experiments. In these 
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experiments nickel MEMS with integrated heaters will be used to try to locally grow grahene on the MEMS 
contacting surfaces to lower the friction coefficient. 
 
A. Fasolino(RU): 
After the defense of M. van Wijk at the end of 2015 there have been a few more papers with her, in particular a 
Nat. Commun. with the group pf Novoselov where Merel van Wijk has provided a possible explanation in terms 
of weak van der Waals interactions for the observation of rotation of macroscopic graphene flakes on substrate 
by annealing at moderate temperatures. There have been a few papers in collaboration with Astrid de Wijn who 
has been involved in the project from the beginning, both on graphitic systems investigated by means of 
realistic molecular dynamics simulations and for model systems, like the 2D Frenkel Kontorova model. Also the 
master thesis of a student within the project has led to a publication. 
 
2. Added value of the programme 

We believe that the programme has been very successful in expanding the interest of the topic of friction, 
proposing it within many different contexts and in general raising the awareness on the interesting 
technological perspectives as well as on the appeal for the general public of a research on a topic that is 
common experience for everybody. 
 
3. Personnel 

Three PhD have finished and one is almost ready. 
 
4. Publications 

H. Song, V.S. Deshpande, E. van der Giessen, Discrete dislocation plasticity analysis of loading rate-dependent 
static friction, Proceedings of the Royal Society A, Mathematical Physical and Engineering Sciences, 472, 
20150877 (2016). 
 
H. Song, E. van der Giessen, X. Liu, Strain gradient plasticity analysis of elasto-plastic contact between rough 
surfaces, Journal of the Mechanics and Physics of Solids, 96, 18-28 (2016). 
 
H. Song, E. van der Giessen, A.I. Vakis, Erratum: 'Asperity Interaction and Substrate Deformation in Statistical 
Summation Models of Contact Between Rough Surfaces [Journal of Applied Mechanics, 81(4), p. 041012]', 
Journal of Applied Mechanics-Transactions of the ASME, 83(8), 087001 (2016). 
 
Collective superlubricity of graphene flakes, Merel M van Wijk, Astrid S de Wijn and Annalisa Fasolino, J. Phys. 
Condens. Matter, 28, 134007 (2016). 
 
Macroscopic self-reorientation of interacting two-dimensional crystals, C.R. Woods, F. Withers, M.J. Zhu, Y. Cao, 
G. Yu, A. Kozikov, M. Ben Shalom, S.V. Morozov, M M. van Wijk, A. Fasolino, M.I. Katsnelson, K. Watanabe, T. 
Taniguchi, A.K. Geim, A. Mishchenko and K.S. Novoselov, NATURE COMMUN 7, 10800 (2016). 
 
Emergent friction in two-dimensional Frenkel-Kontorova models, Jesper Norell, Annalisa Fasolino, and Astrid S. 
de Wijn, Phys. Rev. E 94, 023001 (2016). 
 
An asymmetric dimer in a periodic potential: a minimal model for friction of graphene flakes, Remco Hens, 
Annalisa Fasolino, Eur. Phys. J. B, 89, 167 (2016). 
 
Effects of molecule geometry and dispersion on nanoscopic friction under electrochemical control, Astrid de 
Wijn, Annalisa Fasolino, Alexander Filippov and Michael Urbakh, J. Phys. Cond. Matt., 28, 105001 (2016). 
 
Controlling adhesion between multi-asperity contacting surfaces in MEMS devices by local heating, Gkouzou, A., 
Kokorian, J., Janssen, G.C.A.M. & van Spengen, W.M. 2016 , J. of Micromechanics and Microengineering. 26, 1-
13 (2016). 
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5. PhD defences 

None. 
 
6. Valorisation, outreach and patents 

None. 
 
7. Vacancies 

None. 
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Fact sheet as of 1 January 2017 

 FOM - 10.1725/6 
 datum: 01-01-2017 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 129. 
  
Title (code) Fundamental aspects of friction (FAF) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. A. Fasolino 
  
Duration 2011 – 2018 
  
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 lubricated 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 microscopic 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 contacts. 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 relevant 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 nanopatterns. 
 
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 
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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 01-01-2016 
 

bedragen in k€ ≥ 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 2.447 - - - - - 2.447 

FOM-basisinvesteringen 300 - - - - - 300 

Doelsubsidies NWO - - - - - - - 

Doelsubsidies derden - - - - - - - 

Totaal 2.747 - - - - - 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 2018. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 PS par. HOZB 
 
 
Subgebieden: 70% FeF, 15% NANO, 15% COMOP 
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Overview of projects and personnel 

 
Workgroup FOM-A-03 

Leader Prof.dr. D. Bonn 

Organisation University of Amsterdam 

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 April 2017 

T. Suhina PhD 1 September 2012 30 November 2016 

 
 
Workgroup FOM-D-54 

Leader Dr.ir. L. Nicola 

Organisation Delft University of Technology 

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

 

FOM employees on this project 

Name  Position Start date End date 

R.J. Dikken PhD 1 December 2011 31 March 2016 

 
 
Workgroup FOM-D-55 

Leader Dr.ir. W.M. van Spengen 

Organisation Delft University of Technology 

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 

 
 
Workgroup FOM-G-17 

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

Organisation Groningen University 

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 1 September 2012 31 August 2016 
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Workgroup FOM-L-14 

Leader Dr. I.M.N. Groot 

Organisation Leiden University 

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

 

FOM employees on this project 

Name  Position Start date End date 

P. Antonov PhD 1 October 2012 31 May 2017 
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