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TRIBOLOGY OF WET SYSTEMS: 

FROM HYDRODYNAMIC TO BOUNDARY CONTACTS
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OUTLINE

• Introduction of lubricated contacts: hydrodynamic and boundary lubrication

• Connection between lubrication and rheology of concentrated suspensions (shear 
thickening)

• The impact of tribology beyond viscosity and flow curves

• Measuring single-particle friction

• Modifying boundary friction coefficients

• Open questions and interesting directions for future work
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OUTLINE OF THE REVIEW






American Journal of Physics 82, 1029 (2014)

𝑅𝑅 = 0.5 m
𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 = 0.6 rad

𝜇𝜇 = 10−3 Pa s

𝜌𝜌𝑔𝑔𝑔𝑔 = 2750 kg/m3
𝑄𝑄𝑖𝑖𝑖𝑖 = 1.5 L/s

ℎ𝑠𝑠𝑠𝑠 = 0.3 mm
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LUBRICATED CONTACTS

𝑆𝑆 or 𝐻𝐻 =
𝜂𝜂𝑓𝑓 𝑣𝑣 𝑎𝑎
𝑁𝑁

h
z

R

Λ =
ℎ
𝑅𝑅𝑞𝑞

RMS roughness

Lambda ratio

Λ ≪ 1 Λ ≫ 1Λ ≃ 1

Stribeck curve
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NON-LINEAR RHEOLOGY
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HYDRODYNAMIC-TO-BOUNDARY TRANSITION
Low Shear

High Shear

Morris, Wyart, Cates, Poon, ….
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Low Shear High Shear

𝐻𝐻 = 𝜂𝜂𝑓𝑓 𝑣𝑣 𝑅𝑅𝑝𝑝
𝑁𝑁

= 𝜂𝜂𝑓𝑓 𝛾̇𝛾
𝑃𝑃𝑝𝑝

𝐻𝐻

𝑃𝑃𝑝𝑝 ∝ 𝜂𝜂𝛾̇𝛾

𝜂𝜂 = 𝜂𝜂𝑓𝑓𝜂𝜂0𝛾̇𝛾𝑛𝑛−1

𝐻𝐻 ∝
1

𝜂𝜂0𝛾̇𝛾𝑛𝑛−1

HYDRODYNAMIC-TO-BOUNDARY TRANSITION
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2 FN FT

vN

vN vT

vN

Hydrodynamic forces diverge at contact

Cut-off distance for hydrodynamic to boundary transition

HYDRODYNAMIC-TO-BOUNDARY TRANSITION

Inertia
(Large particles)
Fernandez et al PRL 2013

Overcoming a potential barrier
(e.g. charge-stabilized particles)

distance for which P=P*
Wyart& Cates PRL 2014 

Λ =
ℎ
𝑅𝑅𝑞𝑞

≈ 1

Surface roughness
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𝜂𝜂 ∝ (𝜙𝜙𝑚𝑚 − 𝜙𝜙)−2
and 

𝜙𝜙𝑚𝑚=𝜙𝜙𝑚𝑚(μ)
Wyart&Cates, PRL, 2014

Friction Coefficient

“…colloids with surface 
asperities interacting via 
lubrication (square) [11], 
spheres with sliding 
friction (upper triangle) 
[22], spheres with sliding 
and rolling friction (circle) 
[19]…”

HYDRODYNAMIC-TO-BOUNDARY TRANSITION
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CONSTRAINTS, FRICTION & RHEOLOGY

Moore and Ardekani, J. Rheol. 64, 1107 (2020)

Singh et al. Phys. Rev. Lett. 124, 248005 (2020)

• There is a mapping between the friction 
coefficient and 𝜙𝜙𝑚𝑚

• 𝜙𝜙𝑚𝑚 depends on the details of the frictional 
contact 
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FRICTION COEFFICIENTS DETERMINE RHEOLOGY

M = λN +M0FL = μsN+F0
L

Friction 
force Sliding friction

coefficient
(dynamic)

Normal 
load

Friction 
force at zero 
load 
(adhesion)

𝑀𝑀
𝑅𝑅𝑝𝑝

= 𝜇𝜇𝑅𝑅𝑁𝑁 +
𝑀𝑀0

𝑅𝑅𝑝𝑝

Rolling friction
coefficient
(dynamic)

Particle radius

A. Singh et al., PRL (2020)

The rheology is defined by a 
combination of 𝜇𝜇𝑠𝑠 and 𝜇𝜇𝑅𝑅
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A. Singh et al., Phys. Rev. Fluids (2022)

𝜇𝜇𝑠𝑠 and 𝜇𝜇𝑅𝑅 determine 𝜙𝜙𝑚𝑚

The distance from 𝜙𝜙𝑚𝑚 determines 𝜂𝜂

FRICTION COEFFICIENTS DETERMINE RHEOLOGY

S. Pradeep et al., Phys. Rev. Lett. (2021)
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S. Sharma et al., Newton (2025)

FRICTION COEFFICIENTS DETERMINE RHEOLOGY
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MEASURING FRICTION COEFFICIENTS

200 nm

FN

FL

S Scherrer et al. Langmuir, 2024, 40, 13, 6750–6760C. P. Hsu et al., PNAS 115, (2018).

• Simultaneous detection of 
normal and lateral forces 

• Detection of the 
kinematics of the contact 
(sliding, rolling or mixed)
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MODIFYING FRICTION COEFFICIENTS

Coating surfaces with polymer brushes

Poly-l-lysine (PLL)-g-polyethylene glycol (PEG) X. Yan et al. Langmuir 2004, 20, 423-428

Massive reduction of 𝜇𝜇𝑠𝑠
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MODIFYING FRICTION COEFFICIENTS

“Enforced” Fluid-Film Lubrication by Polymer Brushes
FN solvent

polymer

D. Irfachsyad et al. Phys. Chem. Chem. Phys., 2002,4, 3008-3015 

By retaining liquid within the brush and 
keeping the surface apart, polymer 

brushes reduce boundary lubrication 
coefficients 𝜇𝜇𝑠𝑠
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MODIFYING FRICTION COEFFICIENTS

R. M. Bielecki et al. Tribol Lett (2013) 49:263–272

Stribeck Curve in Microtribometer: 7 Oils, Bare Borosilicate Against Brush or Si Wafer 
250nm (dry) Poly(dodecyl methacrylate), 20 mN, rotating, reciprocating, 20 cycles per point

No Brushes

With Brushes
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OPEN QUESTIONS

How do I engineer 𝜇𝜇𝑠𝑠 and 
𝜇𝜇𝑅𝑅 during particle 

synthesis/fabrication to control 
𝜙𝜙𝑚𝑚?

F. Müller et al. Nat Commun 14, 5309 (2023).

What is the role of adhesion and 
static friction in addition to 

𝜇𝜇𝑠𝑠 and 𝜇𝜇𝑅𝑅 in materials such as 
gels?

Are there other rheological 
signatures of interest beyond 
steady shear viscosity in and 
how do we measure them?
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