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• …is not a fundamental force

• …is present only if a tangential movement (or a 
tendency to such motion) occurs

• …is a complex phenomena, with multiple 
intermingled causes

Friction…

Objective: to understand the fundamental
mechanisms of energy dissipation



"A course of Experimental Philosophy", J.T. Desaguliers, 1745

Friction… is much diversified, according to
circumstances, and can be discovered in any
particular case, only by experiments conducted
in a scale of sufficient magnitude. “Elements of
natural philosophy”, Sir John Leslie, 1829



• 3 Bodies: two surfaces+everything in between

• Surfaces/contact
• Roughness and chemical heterogeneity

• Elastic/plastic deformation

• Interface
• Lubricant

• Adhesion

• Characteristic times (system/external stimuli)

• History (wear/tribochemistry)

To consider…



Outline

• Aqueous boundary lubrication: 
• Mechanisms responsible for friction (rigid 

walls+boundary lubricant)

• Compliant boundaries: static and dynamic effects

• Active control of surface properties: 
• Electro-responsive lubrication



Lubrication: Stribeck’s curve

Coles et al, Curr. Opin. Coll. Interf. Sci.2010



Surface Forces Apparatus-Nanotribometer

Richetti, Drummond, Images de la Physique 2005



Boundary lubrication: Energy Dissipation

• Adhesive Surfaces: rupture of adhesive
nanojunctions

• Wall/boundary lubricant deformation:
thermal activation and multistability

• Wear

• Rheology of lubricant film



Adhésion : Formation et cisaillement de jonctions

“It is found by experience that the flat
Surface of Metals or other Bodies may be so
far polished as to increase Friction; and this
is a mechanical Paradox; but the Reason will
appear when we consider that the
Attraction or Cohesion becomes sensible as
we bring the Surfaces of Bodies nearer and
nearer to Contact.”

"A course of Experimental Philosophy", J.T. Desaguliers, 1745



“Le frottement ne peut venir que de l’engrenage
des aspérités des surfaces, et la cohérence ne
doit y influer que très peu : car nous trouvons
que le frottement est, dans tous les cas, à peu
près proportionnel aux pressions, et indépendant
de l’étendue des surfaces… Nous trouvons
cependant que cette cohérence n’est pas
précisément nulle ”

"Théorie des machines simples, en ayant égard au
frottement de leurs parties et à la roideur des cordages".
Charles-Augustin de Coulomb, 1785



Self-assembled surfactant layers 

Cylinder/globular: DTAB, TTAB, CTAB
Bilayer: DDAB, DMDAB, 12-3-12-3-12 trimer, trimer + nonionic, 

CTAC, 12-3-12 gemini, DDAB+ nonionic



Self-assembled surfactant bilayers
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Hemifusion: adhesive contact 
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SS1 Stick-Slip SS2

Hemifusion: sliding curve

Drummond, Elezgaray and Richetti, Europhys. Lett. 2002
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Constitutive friction law
F(V) = f(V)N fElas(V) + (1-f(V))N fVis(V)
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Nanojunctions
l** ≈ 0.5 nm
t0 ≈ 0.1 s
t ≈ 100 µs

area ≈ 10 nm2



"Théorie des machines simples, en ayant égard au
frottement de leurs parties et à la roideur des cordages".
Charles-Augustin de Coulomb, 1785



“To explain friction it is
necessary to suppose the
existence of some irreversible
stage in the passage of one
atom past another, in which
heat energy is developed at the
expense of external work”
Tomlinson 1929



(1829)



Robert Hooke



40nm 100nm

Plys8-PDMS40-Plys8 Plys40-PDMS40-Plys40

smoothrough

Drummond, Rodríguez-Hernández , Lecommandoux , Richetti. JCP, 2007

Non-adhesive contact:
Self-assembled copolymers





Drummond, PRL 2012

Polyelectrolyte brush (PAA)

VFf



a

Bouchet, et al. Macromolecules, 2015

Non-adhesive contact:
Adsorbed polyelectrolyte

d* ≈ 1.5 nm
t0 ≈ 0.3 s
l* ≈ 1 nm

Normal
Friction



a

Bouchet, et al. Macromolecules, 2015

Non-adhesive contact:
Adsorbed polyelectrolyte

d* ≈ 1.5 nm
t0 ≈ 0.3 s
l* ≈ 1 nm



Boundary lubrication: Energy Dissipation

• Adhesive Surfaces: rupture of adhesive
nanojunctions

• Wall/boundary lubricant deformation:
thermal activation and multistability

• Wear

• Rheology of lubricant film



Pérez-Fuentes, et al; Soft Matter, 2015

Soft boundaries: static and dynamic effects

Bastos-González et al. Current Opinion in Colloid & Interface Science (2016)

Thermoresponsive pNIPAM microgels



Vialar et al, Langmuir 2019



Normal force

Friction force

Vialar et al, Langmuir 2019



Numerical recipe from Barthel, Thin Solid Films 1998

Vialar et al, Langmuir 2019



Long-range repulsive interaction

significantly surface deformation at finite 

separations

limited  surface approach

restriction of friction growth
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Vialar et al, Langmuir 2019
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Vialar et al, Langmuir 2019
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Vialar et al, Langmuir 2019
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Bouchet et al, Macromolecules 2015

Self assembled polyDADMAC



Active friction control

• Means: 
• Lubricant “state”

• Chemistry (lubricants, surfaces, boundary layers…)

• Surface microstructure

• Consider:
• Dynamics 

• Amplitude of changes of the material’s properties.

• Reversibility 

• Reproducibility

• Intensity of the external trigger

38



Stimuli

39

Physical

• Thermal

• Light

• Electromagnetic

• Mechanical

Chemical

• pH

• Ionic strength

• Solvent quality

• Redox prcess

Biological

• DNA

• Protein

• Glucose

• Virus

• bacteria

Single/multiple response



Controlling friction: electric fields

• Bulk lubricant changes 
• Electrorheological

• Ionic liquids

• Contact changes
• Field-induced repulsive force

• Hysteresis reduction

• Boundary layer changes
• Redox reactions: gas formation, tribofilm development, oxidation

• Molecular rearrangement



The electromotograph (Edison)



J. E. Dubois et al 1975 J. Electrochem. Soc. 122 1454



Strong: Poly(styrene 

sulfonate)

Weak: Poly(acrylic acid)

CH-CH2

SO3Na

CH2-CH

COOH

Polyelectrolytes – polymers with charged groups

Biological

DNA

Conformation regulated by concentration of ions, pH, solvent 

quality, temperature…



E-field control of PE

• Attraction/repulsion of ionomers: typically
small changes (more important for rigid
molecules; e.g. DNA orientation).

• Polarization/counterion cloud distorsion

• Conformational transition: coil-globule
(pH-sensitive polyelectrolyte), helix-coil
(polypeptides)…. More significant changes

• Redox reactions
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PE brush

• Electroresponsive boundary lubricant

• Electroadhesion

• Electrowetting

Tuning of 

surface 
properties

Conformational 
control
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AC Field

-
-

-
-

-

-
-
-

-
- -

-

-
--

-

-

- -

+

+

+

+ +

+

++

+
+

+ -
-

-
-
-

-

-
-

-
-

-

-
-

-
-
-

-
-
-

-

+

+ +

++

+

+ +

+

++

+

+

+

Self-assembled PE brush: normal

forces

PAA, pH 10

pH=10 (> pKa)



Drummond, PRL 2012

Polyelectrolyte brush: e-responsive

boundary lubricant

Normal load

Velocity

AC Field

-
-

-
-

-

-
-
-

-
- -

-

-
--

-

-

- -

+

+

+

+ +

+

++

+
+

+ -
-

-
-
-

-

-
-

-
-

-

-
-

-
-
-

-
-
-

-

+

+ +

++

+

+ +

+

++

+

+

+

pH=10 (> pKa)



49



Drummond, PRL 2012

Polyelectrolyte brush: electro responsive lubricant

pH=10 (> pKa)
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Electroadhesion

pH 4.5: DC field-induced globule-coil transition
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a

V

pH 4.5: DC field-induced globule-coil transition

Electrowetting



Water 
pH 4.5
2mM KCl

Water 
pH 4.5
2mM KCl
V= -1 V

1 bromododecane

V



M. Heuberger, C. Drummond et J. Israelachvili, J. Phys. Chem. B, 1998

Friction control: sonolubrication



Small amplitude 
(0.15nm) perturbation 



Friction control: morphing

• Active (shaped tunable) microwrinkles
• Electromechanical
• Pressure
• Strain
• Light
• Temperature
• Chemically sensitive
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