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W I N T E R  S P O R T S

all these games exist because of slipperiness of snow and ice



S N O W  A N D  I C E  F R I C T I O N  ?

ultra-low friction coefficient

(a) (b) 

FT = µ⇥ FN

µ ⇡ 0.5

solid-on-solid friction

µ ⇡ 0.01

… but for ice and snow

µ ⇡ 0.01� 0.2
(ice) (snow)

Leonard de Vinci

?



O R I G I N  O F  L O W  I C E / S N O W  F R I C T I O N  ?

« skiing/sliding on a liquid film leads to low friction » 

?



O N  T H E  S P O R T  S I D E

project in collab with Martin Fourcade and Gregory Deschamp  (FFS Biathlon)

can scientists be of any help to competitors ? 

Martin Fourcade, Biathlon

FIN
ISH



N E E D  F O R  M O R E  S C I E N C E

what do we know about snow and ice friction ?

« skiing on a liquid film leads to low friction » 

« wax (a hydrophobic material) helps sliding » 



S L I P P E R Y  I C E :  P R E E X I S T I N G  L I Q U I D  F I L M

surface melting: back to Faraday and Thomson debates (1850-…)

Faraday (1859) 
against Thomson

ice ice

liquid film

surface premelting of ice: slippy (but adhesive)
Limmer PNAS (2016)
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Fig. 1. Molecular thermodynamics of ice premelting. (A) Snapshot taken from a molecular dynamics simulation of under conditions where

premelting occurs. (B) Dependence of the premelting thickness on temperature, away from the triple point (Tp), as predicted from the model

free energy discussed in the text. (C) Free energy as a function premelting thickness, near conditions of a first-order transition between two

different wetting states.

in the water vapor pressure, with simple physical modeling
rooted in classical wetting theory, to propose a thermodynamic
origin for these observations.

Building on previous work by Elbaum and Schick (12), Murata
et al. (2) posit that droplets form due to long-ranged attractive
interactions between ice and vapor. For thick liquid layers, long-
ranged interactions in the form of dispersion forces dominate
over molecular interactions and ultimately determine the wetting
behavior of the premelted layer. Provided the dielectric func-
tions of ice and water, the strength of these interactions can be
estimated using Lifshitz theory. This calculation adds a contri-
bution to the free energy per area of the interface of the form
W/`2, where ` is the thickness of the premelting layer and W is
the Hamaker constant for uniform slabs of ice, liquid water, and
vapor. This constant is dominated by the relative static dielectric
responses of the pure phases. Because the static dielectric con-
stant of ice is larger than those of liquid water and vapor at the
triple point, the Hamaker constant is negative (13). Its magnitude
is small, W ⇡�0.01 kBT, because the difference in the dielectric
constant between water and ice at the triple point is only a few
percent. This attraction pins the premelting layer thickness to a
finite value, rendering surface melting incomplete as the triple
point is approached. In the study by Murata et al. (2), incom-
plete melting is clearly signaled by the protruding micrometer-
sized droplets they are able to optically image. These droplets
fail to wet the surface of ice and consequently have finite contact
angles. With their two-beam interferometer they are also able to
measure the contact angle, which is as small as 0.6o, in reason-
able agreement with that found previously (11).

The long-ranged attractive interactions that suppress pre-
melting layers compete against short-ranged repulsive forces
that enhance them. Short-ranged repulsions can arise within
Lifshitz theory from the high-frequency contributions of the dielec-
tric functions, or from molecular correlations. Effective short-
ranged repulsions derived from molecular-scale interactions
change the temperature dependence of the premelting thickness
from a power law predicted for dispersion forces to a logarith-
mic divergence. The logarithmic dependence is well understood
within the context of the Landau theory of surface melting (14),
where the repulsive force takes the form Aexp[�`/`o ]. Here, the
length scale `o and coefficient A are determined by a competition
between bulk energetics favoring order and interfacial energetics
opposing it. An exponential form for the repulsive potential has
been found in molecular dynamics simulations of several models

of water (15). Using coarse-graining procedures, the constants
entering the repulsive potential can be extracted and mapped
to available experimental data, which yields `o ⇡ 5Å and A ⇡
0.1kBT/Å2 (16). At molecular length scales (` . 1 nm) the short-
ranged repulsion is more than an order of magnitude larger
than the long-ranged attraction. Shown in Fig. 1B is the resul-
tant temperature dependence of the premelting layer thickness.
Approaching the triple point from low temperatures, the thick-
ness of the layer first increases logarithmically before eventually
plateauing to an ultimate thickness less than 10 nm.

The evidence supporting incomplete melting on ice is an
important contribution by itself. However, by far the most intrigu-
ing proposal put forward by Murata et al. (2) is the idea that the
two different interactions, with their different scalings, strengths,
and signs, can result in a first-order transition between different
wetting states. These states are characterized by either a droplet
of liquid forming directly on the surface of ice, as would be favored
by the long-ranged forces, or a droplet of liquid forming on top
of a thin liquid film, as would be favored by the short-ranged
forces. Clear observations of both are provided in the study by
Murata et al. (2), and, importantly, hysteresis is found in transi-
tioning between these two states. This hysteresis is postulated to
occur due to the metastability afforded by a first-order phase tran-
sition. It is triggered experimentally by moving between condi-
tions of over- and undersaturation of water vapor pressure.

The proposed first-order transition is rationalized by Murata
et al. (2) from a premelting thickness-dependent surface free en-
ergy, F (`). Collecting both long- and short-ranged interactions
(16), it takes the form

F (`)= Dµ`+Ae�`/`o +W /`2 .

For ice, A > 0 and W < 0, so the function is nonmonotonic
in `. This is precisely the form of the free energy described by
Brochard-Wyart et al. (17) when such exotic surface transitions
were first proposed. The addition of a chemical potential differ-
ence between the liquid, ice, and vapor phases, Dµ`, is included
in the free energy away from the triple point. By modulating this
chemical potential, coexistence conditions between distinct sur-
face states can be found, with a free energy barrier between them,
as illustrated in Fig. 1C. Apart from observing hysteresis, Murata et
al. (2) map the limits of metastability in the temperature–pressure
plane and visualize the dewetting process that transitions one
state to the other. Within the limits of metastability, this process
occurs with what they characterize as facile nucleation, initiated

12348 | www.pnas.org/cgi/doi/10.1073/pnas.1615272113 Limmer

Michaelides PNAS (2017)



I C E  F R I C T I O N  A N D  S U R FA C E  W AT E R  F I L M

pressure melting

Joly (1886), Reynolds (1899), …  
(inspired by Thomson) Bowden (1939), Colbeck (70’s), …

frictional heating

P. Trouvé

heat liquefies the ice

Physics Today (2005)

Two competing views



«  W AT E R  S K I I N G   »  ?

how to investigate the properties of the  
interfacial liquid film ? 

some theory, very few experiments…



T H E  S N O W - I C E  P R O J E C T

propose a multi scale perspective to disentangle 
phenomena at stake
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from ski… to tribometer… to AFM…

with C. Clanet (LadHyX)



A  S K I  R E S O R T (LadHyX)



S K I / I C E  F R I C T I O N  AT  L A R G E  S C A L E :  
M A C R O  E X P E R I M E N T S

Many results…  
but not sufficient to disentangle various mechanisms



M O R E  I N T O  M I C R O S C O P I C

in a few words:  

macroscopic experiments on snow and ice are interesting 
but do not provide much information on the intimate 
mechanisms 

we miss information about the film, how to probe it ? 

dig further downscale,  
an experimental challenge at small scales …



A  N E W  AT O M I C  F O R C E  M I C R O S C O P E

« hearing forces » 

- frequency shift tells about the elasticity of the probed material 
- attenuation (quality factor) tells about the dissipation: friction & rheology



A  N E W  AT O M I C  F O R C E  M I C R O S C O P E

Scan of a calibration grating + mica 

• Nanometric resolution 
• Versatility 
• Easy application in liquids

(patented)

with exceptional performance…



A  N E W  AT O M I C  F O R C E  M I C R O S C O P E

Tuning fork excited 
at 

 its resonant 
frequencies

Glass bead, R~1.5mm 
V~10-2 - 10-1 m.s-1
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T W O  M A I N  F O C U S

(1) the friction force

solid like?
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D E TA I L E D  F R I C T I O N A L  B E H AV I O U R
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N O W,  I N V E S T I G AT E  T H E  F I L M

(2) thickness and properties of the interstitial liquid  

stroke 
(1-10 μm)

 probe 
(50nm)

a « stroke-probe » approach with the AFM

extract film thickness from measured dissipation ⇒

probe the interstitial film 
   it is liquid ! (but special) 

Reynolds formula

Z 00
N =

6⇡⌘R2!

h
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F I L M  T H I C K N E S S

so thin !!

Mean thickness increases as intuitively expected with temperature! 

Range in the hundreds of nanometers, below what was usually 
believed/predicted (rather microns and more)
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W AT E R  B U T  H I G H LY  C O M P L E X

probe the interfacial rheology (how it flows)

elasticitydissipation

⌘̃ = ⌘R � i⌘i
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« as viscous as an oil ! »⌘R � ⌘w supercooled
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a complex 
(yielding) fluid 



A LT O G E T H E R ,  A  N E W  P E R S P E C T I V E

- highly viscous & visco-elastic water 
                 = becomes a very good lubricant  
- rather suggests a mixture of water and ice debris 
      (partial melting) 

ice debris surrounded  
by water, not full melting

complex rheology of a suspension 



N E W  T O O L S ,  N E W  I N S I G H T S

a multi scale approach is efficient: 

• ice is an incredibly complex material as a lubricant 

• new materials to improve wax effects 

• consequences/advices for sports: revisit strategies, 
materials, how to promote/suppress melting, 
fluidisation of the water debris, etc.



B A C K  T O  O U R  C H A M P I O N

Pyeong Chang: he won ! (three times)aabboonnnneezz--vvoouuss  àà  LL''ÉÉqquuiippee : sans engagement, 1 mois offert j'en profite

Comment un
laboratoire

scientifique a aidé
Martin Fourcade pour

son fart
Publié le lundi 26 février 2018 à 18:05 | Mis à jour le 26/02/2018 à 20:24

Triple médaillé d'or aux JO de Pyeongchang, Martin
Fourcade n'a rien laissé au hasard pendant sa préparation.

Le biathlète a notamment contacté le laboratoire
d'hydrodynamique de l'Ecole polytechnique (LadHyX) et le

exclusivité abonnés

... résultats s'abonner! " #

Biathlon

Ski-Glace directs 3

Comment un laboratoire scientifique a aidé Martin Fourcade pour ... https://www.lequipe.fr/Biathlon/Article/Comment-un-laboratoire-s...

1 sur 2 27/02/2018 à 19:32



T H A N K S  T O  T H E  S K I  T E A M

at ENS: Luca Canale (PhD),  Jean Comtet (PhD) 
& Alessandro Siria, Antoine Niguès 

at LadHyX: C. Cohen & C. Clanet

also Martin Fourcade and Gregory Deschamp  (FFS Biathlon)

Canale et al., Phys. Rev. X (2019)


