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Abstract 

Many surfaces reversibly change their structure and interfacial energy upon being in contact 

with a liquid. Such surfaces adapt to the specific liquid. We propose a first order kinetic 

model to describe dynamic contact angles of such adaptive surfaces. The model is general 

and does not refer to a particular adaptation process. The aim of the proposed model is to 

provide a quantitative description of adaptive wetting and to link changes in contact angles 

to microscopic adaptation processes. By introducing exponentially relaxing interfacial 

energies and applying Young’s equation locally, we predict a change of advancing a and 

receding contact angles r depending on the velocity of the contact line. Even for perfectly 

homogeneous and smooth surfaces, a dynamic contact angle hysteresis is obtained. As 

possible adaptations, we discuss changes and reconstruction of polymer surfaces or 

monolayers, diffusion and swelling, adsorption of surfactants, replacement of contaminants, 

reorientation of liquid molecules, or formation of an electric double-layer.  
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Introduction 

The dynamics of a liquid wetting a solid surface is a complex process because different 

length and time scales are involved 1, 2. Even on an inert, rigid, smooth and homogeneous 

solid surface a quantitative description of wetting dynamics is still a challenge 3, 4, 5. So far, 

models which describe the wetting dynamics of moving contact lines focused on thermally 

activated hopping processes or on hydrodynamic effects 6, 7, 8, 9. The challenge becomes even 

bigger for adaptive or responsive surfaces, that is, surfaces which change their properties 

with external conditions such as temperature, humidity, electric and magnetic fields or the 

presence of the liquid itself 10, 11, 12, 13. The aim of this manuscript is to introduce a model to 

describe wetting dynamics, focusing on temporal and spatial changes of the interfacial 

energies.  

Here, we focus on a subclass of adaptive surfaces, in particular those that spontaneously 

change in the presence of the liquid or its vapor. We also consider that the liquid adapts to 

the presence of the interface with a solid or air. We do not consider surfaces which change 

with external conditions such as temperature, electric or magnetic fields etc. We do not take 

reactive, corrosive or soluble surfaces 14 into account, because chemical reactions or 

dissolution usually lead to multiple effects including topographic changes.  

For clarity we give a few examples of solid surfaces which “adapt” in the presence of the 

liquid:  

 Polymer reconstruction. Many polymer surfaces adapt to the surrounding medium 15, 16, 

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31. They reconstruct due to a reorientation of side 

groups or a selective exposure of specific segments (Fig. 1A).  

 Diffusion and swelling. Liquid can diffuse into the polymer 32, 33, 34 (Fig. 1B). For example, 

not only organic liquids 35 but also up to 30-40 mM of water are absorbed and diffuse 

into polydimethylsiloxane (PDMS) elastomers 36, 37, 38. If the amount of liquid diffusing 

into the polymer is significant and polymer and liquid are partially miscible, the polymer 

will swell 39, 40, 41, 42, 43, 44. Water, for example, swells polyethylene glycol (PEG) or 

polyelectrolyte brushes 45. 

 Mixed polymer brushes. The composition of polymer surfaces with mixed polymers or 

polymer brushes changes depending on the type of fluid they are exposed to (Fig. 1C) 46, 

47, 48, 49, 50, 51, 52, 53, 54, 55, 56. The non-miscible polymer collapses and is hidden underneath 

the compatible polymer, which swells. 

 Recovery of PDMS. PDMS, made hydrophilic e.g. by plasma treatment, electric discharge 

or contamination, is known to regain its hydrophobicity by exposure to air 57, 58, 59, 60, 61, 62. 

Recovery is dominated by the diffusion of low-molecular weight oligomers from the bulk 

to the surface (Fig. 1D). Yokoyama et al. used this effect and deliberately added PDMS-b-

PEG diblock copolymers to a PDMS matrix 63 (Fig. 1E). In air, the diblock copolymer was 
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distributed in bulk PDMS. In water, the block copolymer diffused to the surface and the 

PEG chains were exposed making the surface hydrophilic 64.  

 Reconstruction of organic monolayers. Some organic monolayers change their structure 

in water depending on temperature or pH or other liquids 65, 66, 67. Another example for 

adaptive monolayers are end-functionalized alkane chains on a silicon wafer in 

hexadecane 68, 69 (Fig. 1F).  

 Replacement of contamination/adsorption layer. As soon as a surface is exposed to air, 

water and airborne hydrocarbons adsorb. Such adsorbed layers have been studied for a 

number of surfaces, such as metals 70, 71, mica 72, graphite 73 and ceramic oxides 74. When 

the surface is wetted, the adsorbed layer remains at the interface and can change its 

structure or be replaced (Fig. 1G).  

In all these examples “air” can also be another gas or the vapor. It can also be a different 

liquid which is immiscible with the wetting liquid.  

Also, in the liquid, molecules adapt to the presence of the solid and change their structure 

close to the interface:  

 Ordering of liquid molecules. Hansen & Miotto 75 and later Elliott & Riddiford 76 realized 

that the liquid molecules form an ordered layer at the solid-liquid interface which is 

different from the molecular structure of the free liquid surface. Thus, the liquid 

“adapts” to the presence of the solid interface. Liquid molecules change their molecular 

order when wetting/dewetting a surface 75, 76, 77 (Fig. 1H).  

 Adsorption of surfactants. Surface active molecules dissolved in the liquid adsorb to 

newly wetted solid surface at the advancing side and freshly created liquid surface at the 

rear of a moving drop (Fig. 1I) 3, 78, 79, 80. Their structure and surface concentration 

depends on the specific interface.  

 Formation of electric double layer. Ions from aqueous solution adsorb to a surface or 

dissociate from ionizable groups leading to surface charging (Fig. 1J). Electric double 

layers also form at the water-air interface. As one example, in figure 1J the solid surface 

is positively charged, as for Al2O3 in water at neutral pH, and the water-air interface is 

slightly negatively charged. 
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Figure 1. Schematic examples of surface adaptations. Air is drawn as white area. The same 

arguments hold if a second, immiscible liquid is used instead of air. (A) Reconstruction of a 

polymer surface by reorientation and rearrangement. Lyophilic side groups (red circles) tend 

to orient towards the liquid (B) Diffusion of liquid molecules (blue circles) into polymer and 

swelling. (C) Mixed polymer brush with chains which are either compatible with the liquid 

(red) or more compatible with another fluid (grey). (D) Recovery of polymer as in PDMS. 

Hydrophilic groups (red) covered in air by low-molecular weight components are exposed in 

water and water molecules (blue) diffuse into the polymer. (E) Block copolymer with a 

hydrophilic (red) and hydrophobic part (black) in an elastic organogel. (F) Reconstruction of 

an organic monolayer depending on environment. (G) Replacement of adsorbed molecules 

and contaminants. In this example water and organic molecules (red) are adsorbed in air. 

Water molecules (black circles with two attached white circles) are replaced by the liquid. 

The organic material is only partially replaced and changes its conformation. (H) Molecular 

ordering of liquid molecules at the solid-liquid and the liquid-air interfaces. (I) Surfactants 
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binding to both interfaces. (J) In liquids with high dielectric permittivity, electric double 

layers form at interfaces.  

Adaptation has two important consequences: It leads to contact angle hysteresis and 

changing dynamic contact angles.  

Contact angle hysteresis: Wetting of a specific surface is in fact characterized by two contact 

angles: The advancing contact angle a measured just before a liquid front starts to advance, 

and the receding contact angle r, measured just before the liquid front recedes. The 

difference between the two, a r  , is called contact angle hysteresis. Without contact 

angle hysteresis drops would slide off any surface even at low tilt angles 81, 82, 83, 84, 85. Contact 

angle hysteresis provides friction to moving drops 86, 87. Contact angle hysteresis can be 

caused by several effects, e.g. surface roughness, heterogeneity, adsorption of contaminants 

at the contact line 1, 3. Here we show that adaptation of the wetting surface is another 

reason for contact angle hysteresis. 

Dynamic contact angles: Contact angles depend on the speed of the three-phase contact line 

v, here briefly called contact line. The dynamic advancing contact angle a(v) increases with 

wetting speed until it reaches 180° and air is entrapped. The dynamic receding contact angle 

r(v) decreases with dewetting speed until it becomes zero and a film is formed. Often, 

velocity dependent contact angles are described by the molecular kinetic theory (MKT) or 

hydrodynamic theory 3, 4, 5, 6, 7, 9. MKT is based on thermally activated adsorption/desorption 

processes at an advancing/receding liquid front. Hydrodynamic and MKT theory describe 

velocity dependent contact angles. For many practical cases, in particular for low velocities, 

hydrodynamics is not sufficient, and MKT leads to fitting parameters which do not reflect the 

underlying physical process. Here, we suggest that adaptation also changes the dynamic 

contact angles. For simplicity we ignore changes in the contact angle due to e.g. 

hydrodynamics or thermally activated processes. Combining several effects, e.g. 

hydrodynamics with adaptation, is beyond the scope of this paper.  

We propose a simple model based on Young’s equation which takes into account adaptation 

of surfaces and interfaces. Strictly, Young’s equation is only valid in equilibrium. Even 

interfacial tensions are only defined in equilibrium. In order to describe a moving contact 

line and thus an out-of-equilibrium situation, we apply Young’s equation locally and we 

define local interfacial energies. The goals of our adaptation model are  

 to derive a quantitative description of dynamic contact angles,  

 to link contact angle dynamics to relaxation processes at interfaces,  

 to suggest adaptation of the solid surface as one explanation for the observed 

changes in contact angle even at very low speeds of the contact line 88 and 

 to suggest adaptation as an explanation for contact angle hysteresis even on smooth, 

homogeneous surfaces.  
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Some adaptive surfaces change their topography or become soft when getting into contact 

with a liquid and thus change the wetting properties. One example is swelling polymer 

surfaces. These additional effects may even dominate. However, they are not within the 

scope of this manuscript.  

Theory 

Adaptation model for interfacial energies 

We consider a smooth, homogeneous, undeformable, and inert planar solid surface. In air or 

vapor its equilibrium surface energy is S


. When it gets into contact with a liquid for 

example when placing a drop on a surface (Fig. 2A) or when a drop advances (Fig. 2B), the 

composition and structure of the surface changes. The surface may reorganize, swell, ions 

may dissociate or bind, adsorbed molecules and contaminants get dissolved or adsorb to the 

surface. All these processes take time. As a result, the energy of the solid-liquid interface 

changes from an initial value just after contacting the liquid 
0

SL  to a new equilibrium value 

SL 
. SL 

 is reached when all these processes have relaxed to equilibrium. Due to the time 

dependence of the surface tension, we distinguish between the initial interfacial tensions 

(denoted by the superscript “0”) and the equilibrium interfacial tensions, reached after a 

long time (denoted by the superscript “”). Here, we assume that the initial interfacial 

tension is higher than the equilibrium interfacial tension because the relaxation is 

spontaneous. Therefore, 
0

SL SL SL     , where SL is positive.  

In general, the change of the interfacial tension ( )SL t  from 
0

SL  to SL 
 can be complex and 

will depend on the specific process considered. For simplicity we assume first order kinetics 

so that the interfacial tension relaxes exponentially:  

( ) SLt

SL SL SLt e
              (1) 

Here, SL characterizes the relaxation time corresponding to the adaption of the solid-liquid 

interface. 
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Figure 2. Schematic of a spreading and a moving drop. (A) Sessile drop spreading on a 

surface after being placed. At the bottom the decrease of the interfacial tension SL(t) after 

the drop has been placed on the surface is sketched. 
0

SL : interfacial tension just after 

placing the drop. SL
: equilibrium value. (B) For a drop moving in steady state over a surface 

the development of the interfacial tension leads to a position-dependent interfacial tension.  

There are exceptional cases, where SL is negative. Such cases of autophobic dewetting 

have been described for some liquid-solid combinations 89, 90, 91. One example is 

cetyltrimethylammonium bromide (CTAB) dissolved in water on silica; at low concentration 

CTAB adsorbs spontaneously, creating a hydrophobic surface. Still, the free energy of 

adsorption then needs to be so high that in total the process is spontaneous. For simplicity 

we assume that SL is positive; the formalism can easily be applied also to negative SL. 

The same formalism is applied to describe processes when the liquid recedes and the solid is 

exposed to air again. Right after the liquid is gone, the surface energy of the solid-air 

interface is 
0

S . Assuming reversibility, it relaxes back to S


. Assuming again first order 

kinetics, the relaxation process can be described by  

( ) St

S S St e
              (2) 

Here, S is positive since the process is spontaneous. In particular, 
0

S S S    . The 

relaxation time for the adaption of free solid surface, S, will in general be different from SL 

because the underlying processes occur in different environments.  

At the receding side, free liquid surface is created as well. With respect to molecular 

ordering this process is usually fast. If, however, we also take into account adsorption 

processes, the surface tension of the free liquid surface will change behind the receding 

contact line. Assuming that the freshly created free liquid surface has an initial surface 

tension 
0

L  which relaxes back to L


 with a first order kinetics we have an additional time 

constant L involved:  

( ) Lt

L L Lt e               (3) 

Contact angle 

The contact angles are given by a balance of forces at the three-phase contact line, which 

leads to the Young equation. In equilibrium, that is after adaptation, Young’s equation is 

cosL S SL                  (4) 
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Here,  is the contact angle in thermodynamic equilibrium. For SL S   , the contact angle 

 is below 90°, as observed for lyophilic surfaces. For SL S   , as for example for water on 

fluorinated hydrocarbons,  > 90°. For SL S    the equilibrium contact angle is 90°.  

For sessile drops the fact that the interfacial tension adapts has two consequences. First, 

when placing a liquid drop on an adaptive surface, its initial contact angle is higher than  

(Fig. 2A). Then the liquid will spread with a typical relaxation time SL. Second, for a moving 

drop the dynamic contact angles at the front and rear will depend on the velocity (Fig. 2B).  

Dynamic advancing contact angle 

Let us consider an advancing liquid front on a solid (Fig. 2B). Since the interfacial energy 

behind the liquid front changes, the question arises: Which interfacial energy has to be 

inserted in Young’s equation? Which length scale determines the contact angle? When the 

liquid front moves very slowly the interface behind the contact line has time to relax and the 

interfacial energy will be equal to SL 
. When the liquid front is fast the interface has no time 

to change and the relevant interfacial energy is 
0

SL . In between, the interfacial tension 

gradually changes. In Young’s equation we have to insert the interfacial tensions in the 

region of the contact line. In accordance with Hansen & Miotto 75 we call this region 

“peripheral thickness”. Here, the peripheral thickness lSL is the width of contact region, 

which influences the contact angle. 

Here, we can only speculate about the width of the peripheral thickness. First, surface forces 

influence the shape of the liquid surface close to the contact line 92. In this “core” 93 or 

“transition” 94 region the microscopic contact angle can be different from the macroscopic 

contact angle considered by Young’s equation. The peripheral thickness should at least be as 

large as the range of surfaces forces. Typically surface forces range up to several 10 nm. 

Second, the solid surface experiences a surface stress. For a sessile drop, surface stress in 

the solid compensates for the vertical force exerted by the liquid surface tension 95. 

Molecular dynamics simulations indicate that the solid region experiencing stress extends 

over 10 nm 96, 97, 98. Third, one can consider the extent of an interface as a measure for the 

peripheral thickness. The extent of an interface is the region over which the surface 

structure is different than the bulk. In the liquid the region ranges from few molecular layers 

up to many nanometers, considering e.g. the electric double layer. Thus, the peripheral 

thickness depends on the specific nature of the interface. In the following we use 10 nm as a 

guess for the peripheral thickness.  

Depending on the actual velocity of the contact line v the advancing contact angle is going to 

change: 
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( )
cos cos SL SLl vS SL SL SL

a

L L

t l v
e

  

 




 

  
         (5) 

Thus, a relaxation process at the advancing contact line would lead to a velocity dependent 

contact angle. For a fast-moving contact line, SL SLv l  , the advancing contact angle is 

cos cosa SL L      . As the wetting velocity decreases, the contact angle approaches 

the equilibrium value a

   for SL SLv l  . The relevant parameter is the ratio of the 

peripheral thickness, SLl , and the relaxation time SL. We define SL SL SLv l   as the 

“adaptation velocity”. The adaptation velocity is the independent new parameter in the 

theory; the peripheral thickness and the relaxation time always occur as SL SLl  .  

As one example, the increase of the advancing contact angle is shown in Figure 3A for water 

and with L
 0.072 N/m, S

 0.06 N/m, SL   0.04 N/m and SL  0.01 N/m. In the 

given example with lSL = 10 nm and SL = 0.1 – 100 µs, the adaptation velocity ranges from 

0.1 mm/s to 0.1 m/s. At low velocity ( SLv v ) the adaptation process occurring over the 

peripheral thickness at the front, lSL, still has time to proceed and the interfacial tension SL 

reaches its equilibrium value SL 
. As a result, the equilibrium contact angle of =73.9° is 

reached. Then the advancing contact angles increase monotonically with increasing speed. 

At high velocity ( SLv v ) the contact line moves so fast over a distance lSL that the 

interfacial energy has not time to adapt. The interfacial energy entering Young’s equation is 
0

SL  rather than SL 
. In the specific example of Figure 3A this leads to a contact angle of 

82.0°.  
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Figure 3: Dynamic advancing (A) and receding (B) contact angles for water (L
=0.072 N/m) 

versus velocity of the contact line for different relaxation times. Contact angles were 

calculated with eqs. (5) and (8) inserting S
 0.06 N/m, SL   0.04 N/m, S SL     0.01 

N/m, and SL Sl l  10 nm.    

To move the advancing contact line at velocity v requires a force per unit length 

 ( ) cos cos SLv v

a L a SLf v e               (6) 

The energy dissipated per unit length of contact line and per time is SLv v

a a SLp vf v e 
   . 

For a slowly moving contact line the molecules adapt to the new liquid environment even 

within the peripheral thickness; 0ap   for SLv v . The contact line therefore does not 

need to move up against a strong change in surface energy. Adaptation happening within 

the peripheral thickness contributes to a further spreading of the contact line. In contrast, 

for a fast moving contact line the molecules adapt far behind the contact line and the energy 

is dissipated as heat.  

Spreading of a drop 

When placing a drop of liquid onto an adaptive surface, the initial contact angle is given by 

 0cos a S SL L      . Afterwards, the contact angle decreases towards  according to 

Eq. (5) with a time constant SL. As a result, the contact radius a increases and the drop 

spreads (Fig. 4). From the spreading kinetics one can directly infer the relaxation time of the 
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underlying process. Therefore, if one can devise an experiment where contact angle 

hysteresis due to inhomogeneity or roughness etc. can be neglected, the spreading kinetics 

directly reflects the adaptation kinetics.  

 
Figure 4: Normalized contact radius of a water drop (L

=0.072 N/m) for different relaxation 

times SL. We neglected gravity and assumed that the drop assumes the shape of a spherical 

cap. As the normalized contact radius we plot    
1 3

21 3 sin 1 cos 2 cos 3a a aa V 


      
 

. 

Here, a is the contact radius and V is the drop volume. The advancing contact angles were 

calculated with Eq. (5) inserting S
 0.06 N/m, SL   0.04 N/m, and SL  0.01 N/m.    

Dynamic receding contact angle 

For a receding liquid, we have a similar effect as on the advancing side and we can treat the 

receding side in a similar way. We assume that the liquid had been in contact with the solid 

for a long time so that initially 
0( 0)S St   . Again, assuming a balance of interfacial 

energies to determine the contact angle we obtain:   

( )
cos

( )

S S

S L

l v

S S SL S S SL
r l v

L S L L

t l v e

t l v e





    

  

  



    
  

  
    (7) 

Since relaxation processes at the receding side are different from processes on the 

advancing side, we use a different peripheral thickness lS and relaxation time S. For 

simplicity we assume that the liquid surface tension reaches its equilibrium fast. Assuming 

the free liquid has reached equilibrium, S Ll v

Le
 

  can be neglected and Eq. (7) simplifies: 

cos cos S Sl vS
r

L

e









           (8) 
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Thus, on the receding side the contact angle is reduced. The characteristic adaptation 

velocity of the free solid surface is S S Sv l  .  

The receding contact angle decreases monotonically with increasing velocity (Fig. 3B). At low 

velocity the adaptation process occurring over the peripheral thickness still has time to 

complete and the surface tension S reaches its equilibrium value S


. At high velocity with 

no significant adaptation, the interfacial energy entering Young’s equation is 
0

SL  rather than 

SL 
. Applying the same example as for the advancing side (Fig. 3A) leads to a contact angle 

of 65.4° for high velocities. The transition is at the adaptation velocity, Sv v . The force 

required to move a receding contact line is ( ) Sv v

r Sf v e 
   leading to a dissipated energy 

per time and unit length of Sv v

r Sp v e 
  .  

As a result of the increasing advancing and decreasing receding contact angles, contact angle 

hysteresis, a r  , increases with increasing velocity.  

Moving drop 

When a drop is moving over a surface, for example on a tilted plane, we need to consider 

the advancing and receding process. For simplicity we only consider a two-dimensional drop 

shaped like a cylinder. For a drop of length L the solid will be in liquid environment for a 

time dt L v . At the front the contact angle is described by Eq. (5). For the receding side, 

we have to consider that the interfacial tension may still be higher than SL 
. To link the solid 

surface energy to the time it had been exposed to the liquid, we assume a two-state model. 

In the two-state model the surface molecules are either in a dry state or they are in a wet 

state. There is no “grey” state in between. The transition between the two states happens 

via first order kinetics. Thus after a time td the proportion of surface area still being in the 

“dry” state is SLL v
e


, while the proportion of the surface being in the “wet” state is 

1 SLL v
e


 . The surface energy of the solid state right after the drop has passed is thus 

 ( ) 1S SLv v L v

S d S St e e
        . Using Young’s equation again together with Eq. (8), we 

obtain a receding contact angle  

 cos cos 1S SL SLv v L v L vS SL
r

L L

e e e
  

 

  

 

 
          (9) 

Three regimes can be distinguished (Fig. 5). They differ in the surface tensions and interfacial 

energies effective in Young’s equation: 

 Low velocity ( Sv v , Fig. 5A): All surface and interfacial tension are at their equilibrium 

values. S S   , SL SL   , L L   . As a result 
r

  . 
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 Intermediate velocity (vS << v << L/SL, Fig. 5B): The solid-vapor surface has no time to 

relax so that 0

S S  . The interfacial tension has time to equilibrate and SL SL   . As a 

result 
0cosL r S SL      . 

 High velocity (L/SL << v, Fig. 5C): The solid-liquid interfacial energy has not time to 

equilibrate. As a result, 1SLL v
e


  and the second term in Eq. (9) vanishes. The rear 

contact line of the drop passes a surface which is still in the dry state. Then, S S    

and 
0cosL r S SL      . 

 

Figure 5: Interfacial energies for a two-dimensional drop moving at low (A), intermediate (B) 

and high (C) speed. The two red arrows indicate the energy dissipated per unit length. The 

white and black circles underneath the drop indicate a typical set of surface molecules to be 

either in the wet (open circles) or dry (filled circles) state, respectively. In this figure we 

assumed that S
 > SL

.  

To demonstrate the effect, we calculated the receding contact angle for a water drop of 2 

mm length moving at different velocities (Fig. 6). The parameters used in the example were 

the same as in Figure 3. For simplicity we assumed that the adaptation process at the solid-

liquid and solid-air interfaces are equally fast, SL S  . The curve plotted for S = 0.1 ms is 

similar to the curve in Figure 2B: The contact angle monotonically decreases from its 

equilibrium value =73.9° to 65.4°. For S = 1 ms both adaptation processes are effective. 

As a result of the increasing effective surface tension of the solid the contact angle decreases 

around v = 0.1 mm/s. At v > 1 m/s it starts to increase again, caused by the increasing 

energy of the solid-liquid interface. For S = 1 ms the decrease of the contact angle is almost 

complete even at a velocity as low as 10 µm/s. Therefore the increase around v=0.2 m/s is 

clearly visible. For S = 0.1 s even at very low velocities the adaptation at the rear of the drop 
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is not effective and the adaption of the solid-liquid interface already becomes effective at 

v=2 cm/s. 

 

Figure 6: Dynamic contact angle at the rear of a moving two-dimensional drop (cylindrical 

shape moving perpendicular to the axis of the cylinder) versus velocity. Contact angles were 

calculated with Eq. (9) and L=0.072 N/m, a length of L=2 mm, S
 0.06 N/m, SL   0.04 

N/m, S SL     0.01 N/m, and Sl  10 nm.    

Experimentally it will be challenging to observe both adaptation processes with a moving 

drop. Reason: The contact radius of the drop is much larger than the peripheral thicknesses, 

L >> lSL,lS. Therefore, the two adaptation times allowed for a relaxation SL Sl v l v  and 

L v  are well separated. Covering both time scales in one experiment is difficult. 

Energy dissipation 

For simplicity we consider again a two-dimensional drop. For a two-dimensional moving 

drop the force per unit length is  

 

 

   

cos cos

cos 1 cos

1

S SL SL SL

S SL SL SL

d L r a

v v L v L v v vS SL SL
L

L L L

v v L v v v L v

S SL

f

e e e e

e e e e

 

 



  


  

 



     

  

   

   

   
        

 

     

  (10) 

This equation leads to  

   1S SL SL SLv v L v v v L v

d S SLp v e e v e e
     

            (11) 

for the energy dissipated per unit time and unit length of contact line. It is again instructive 

to distinguish three velocity regimes:  
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 Low velocity (v << vS,vSL, Fig. 5A): 0dp   Equilibrium is reached within the advancing 

and receding peripheral thickness. As a result, not much energy is dissipated by 

adaptation.   

 Intermediate velocity (vS,vSL<<v<<L/SL, Fig. 5B):    1 1SL SLL v L v

d S SLp v e v e
   

       

  1 SLL v

S SLv e
  

     . If the drop is short, not much energy is dissipated. The drop 

has passed before the molecules could adapt. If the drop is long, maximal energy is 

dissipated. The adaptation happens underneath the drop but only negligibly in the 

peripheral zone. All the energy is dissipated as heat.  

 High velocity (L/SL<<v, Fig. 5C): Neither the solid-air nor the solid-liquid interfacial 

tension had time to equilibrate. 0dp  .  

Discussion 

One aim of the proposed model is to provide a framework for a discussion of adaptive 

wetting and focus the discussion to relevant questions. One of the questions is: What is the 

peripheral thickness and how does it depend on the materials and liquid? Another question 

is: Which processes are relevant? What are the structural changes? On which time scale and 

with which kinetics do they occur? A prerequisite for adaption to have an effect is that the 

relaxation times are slow enough compared to the time of the advancing/receding contact 

line to pass the peripheral thickness. 

Relaxation times 

Therefore, here we address the last question and give first estimates of time constants from 

the literature (Fig. 7). We consider processes at the advancing and the receding front both at 

the solid and the liquid side. We did not find quantitative experimental relaxation times with 

respect to the reconstruction of organic monolayers and the replacement of contaminants 

or adsorption layers. 

Polymer reconstruction. Time required for the reconstruction of polymer surfaces are 

usually reported to be in the range of few seconds up to days 19, 20, 22, 27, 28, 29, 47. Much faster 

relaxation processes may be involved but are difficult to detect and it is possible that nobody 

was searching for them.  

Diffusion and swelling. Diffusion of liquid molecules into the polymer or even swelling may 

occur when a polymer gets into contact with a liquid. The associated relaxation time is 

connected to the diffusion constant D by  

2

d

z

D



           (12) 
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Here, z is the depth determining the wetting properties of a surface. To estimate relaxation 

times for a typical example, namely water diffusing into PDMS (D=210-9 m2/s 36, 37), we 

assume that once the first 100 nm have been penetrated the interfacial tension is roughly at 

its equilibrium value. With z=100 nm the relaxation time will be of the order of 5 µs. Three 

more examples: Water diffusing into a plasma-polymerized polynorbornene film with 

D=1.410-13 m2/s 34 leads to SL d    70 ms. For polyamides D=4.610-13 m2/s was 

reported for the diffusion of water molecules leading to d  22 ms 99. From the increases in 

weight of toluene diffusing into a crosslinked polystyrene sphere, a diffusion coefficient of 
2D R   can be estimated; R is the radius of the sphere,  the time to reach equilibrium 

swelling. Taking the results of measurements of Zhang et al. 39 we estimate D  410-12 m2/s 

leading to d  3 ms. 

Swelling of a polymer gel is a complex process because diffusion, transport of liquid, and 

deformation of the gel are coupled and the diffusion constant depends on the degree of 

swelling 40, 100, 101, 102, 103. In swelling experiments, typically the gain in weight is measured 

after immersing an initially dry, macroscopic piece of gel in liquid. Such curves are recorded 

over many minutes. For hydrogels, effective diffusion constants for water have been 

obtained by extrapolating the weight-versus-time curves to the initial phase and fitting them 

with pseudo second order kinetics 43, 44, 45, 102, 104. Resulting diffusion coefficients range from 

410-12 m2/s up to the self-diffusion coefficient of water at 25°C of 2.310-9 m2/s. Assuming 

that a penetration of 100 nm is sufficient, we expect that typical relaxation time are faster 

than 3 ms.  

Mixed polymer brushes. The few systematic studies of adaptation of polymer brushes 

report typical relaxation times of the order of 1-100 min 105, 106.  

Recovery of PDMS. The recovery of the hydrophobicity of PDMS after exposing it to a 

plasma, when being contaminated, or otherwise treated is dominated by the diffusion of 

low-molecular weight oligomers from the bulk to the surface. Relaxation times between 5 

min up to several days have been reported. 59, 60, 61, 62, 107. The relaxation process can in 

principal be described by diffusion theory 62, 64, 108. However, the concentration and 

diffusivity of the low-molecular weight components are usually not known.  

Orientation and molecular arrangement of liquid molecules at interfaces. To estimate the 

time for the relaxation of molecular structure of a liquid, we take the time required for a 

molecule to diffuse its own diameter. With the self-diffusion coefficient D and the molecular 

radius R the relaxation time for liquid ordering would be  
2

2 6LO R D  . The diffusion 

coefficient can be estimated from the viscosity  by: 

6

Bk T
D

R
           (13) 
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Here, the diffusion coefficient is related to the hydrodynamic radius of the molecule R by 

Stokes equation. kB is Boltzmann’s constant and T is the absolute temperature. Estimating 

the radius of a molecule with molar mass MW from its density  and the Avogadro constant 

NA, gives us  
1 3

8W AR M N  . The time for molecular arrangement is then roughly 

2

W
LO

A B

M

N k T





          (14) 

Relaxation times estimated with Eq. (14) range from 10 ps for water 109, 110, 111, 112 to 

nanoseconds for octamethylcyclotetrasiloxane (OMCTS) or glycerol.  

At interfaces the relaxation process can be different from reordering in bulk. Often, the 

reorientation dynamics at a liquid-vapor interfaces is slightly faster than in the bulk while at 

liquid-solid interfaces it is slightly slower than in the bulk 113. For many liquids, the 

assumption of fast equilibration cannot be made. For example, methanol and in particular 

ethanol molecules show long residence times on a silica surface with lifetimes of hydrogen 

bonds of 1-20 ns 114. The relaxation dynamics of ionic liquids at metal electrodes revealed 

relaxation processes of very different characteristic time scales, ranging from a 2 ms scale 

interface-normal ion transport, a 100 ms scale molecular reorientation, and a 60 s scale 

lateral ordering within the first layer 115, 116.  

Adsorption of surfactants. Surfactant adsorption is often described by a two-step process: 

Diffusion towards the surface and the binding process 117, 118, 119, 120. Usually, the first step is 

rate limiting. Thus, the minimal time required to form an adsorption layer is limited by 

diffusion 121, 122, 123, 124. If the surface excess in equilibrium is denoted by  the relaxation 

time can be estimated with 117, 125 

2 2

24 4
ad

D Dc

  



           (15) 

Here,  is the depletion length, that is, the equivalent thickness of a layer in the liquid which 

contains the molecules required to reach a surface excess . The depletion length c    

decreases with the concentration c. The diffusion coefficient D can again be related to the 

hydrodynamic radius of the molecule R by Eq. (13). Typical diffusion coefficients for common 

surfactants in water are D=2-510-10 m2/s. For adsorption at the free water surface usually 

=3-6 µmol/m2 at the critical micellar concentration (CMC). As one example, we consider 

the non-ionic surfactant pentaethyleneglycol dodecyl ether (C12E5) 125 with a CMC of 0.065 

mM. At a concentration equal to the CMC, the equilibrium value of the surface excess is 

3.2510-6 mol/m2. With a diffusion coefficient of 410-10 m2/s, the relaxation time for 

surfactant adsorption is ad=4 s.  

Formation of an electric double-layer. The electric potential of a charged surface in contact 

with an electrolyte solution decays roughly exponentially with distance. The characteristic 
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decay length is the so-called Debye length. The Debye length for a monovalent salt solution 

is   

0

22

B
D

k T

ce


           (16) 

Here,  is the relative dielectric permittivity of the liquid, 0 = 8.8510-12 AsV-1m-1 is the 

vacuum permittivity, and e is the elementary charge. In most cases, the formation of such a 

double layer is limited by the diffusion of ions towards and away from the interface. The 

relaxation time associated with it can be estimated by the Debye time 126, 127, 128  

2

D
D

saltD


             (17) 

Here, Dsalt is the diffusion coefficient for the salt, which can be calculated from 

 2saltD D D D D     , where D+ and D- are the diffusion coefficients of the cat- and 

anions. For a monovalent salt in water, typical diffusion coefficients are Dsalt2.010− 9 m2s− 1 

leading to D  20 ns for 1 mM and 0.2 ns for 100 mM NaCl solution. The longest Debye 

lengths occur in distilled water at neutral pH. At pH 7 D  1 µm so that with a mean 

diffusion coefficient of hydroxyl and hydronium ions of D  710-9 m2/s we obtain D = 130 

µs. Practically, the pH is often around 6 due to absorbed carbon dioxide so that D = 300 nm 

leading to a relaxation time around D = 13 µs. 

 

Figure 7. Time scales involved in adaptation processes of the solid and liquid side of the 

solid-liquid interface and of the free liquid surface. The corresponding adaptation velocities 

were estimated by dividing the peripheral thickness of 10 nm by the respective relaxation 

time.  

Comparison with experiments 

To compare the adaptation model with experimental results measurements of contact 

angles-versus-velocity on adaptive surfaces with known relaxation times are necessary. As a 

first step we fit known experimental results of a or r-vs-v to demonstrate that the model 

is quantitatively able to describe measured contact angles. Therefore, we fitted results of 

different experiments reported in the literature:  
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 Vega et al. report advancing contact angles measured on a Nylon fiber which is 

immersed in water ( = 1.0 mPa s, L
 = 72.8 mN/m), PDMS ( = 9.6 mPa s, L

 = 19.6 

mN/m), 60% aqueous glycerol solution ( = 35.0 mPa s, L
 = 65.8 mN/m) and 66% 

thiodiglycerol in water ( = 10.8 mPa s, L
 = 52.2 mN/m) 129. Measured advancing 

contact angles could be fitted with SL in the range of 12-41 mN/m and adaptation 

velocities SLv  of 1-10 mm/s (Fig. 8A). Assuming a peripheral thickness of 10 nm an 

adaptation velocity of 1 to 10 mm/s leads to a relaxation time of 1-10 µs.  

 A cylinder was coated with polystyrene, immersed horizontally with the axis into a water 

bath and rotated 130. Results for receding contact angles for two different experiments 

are shown in Figure 8B. Receding contact angles could be fitted with SL = 18 mN/m and 

Sv  = 1.0 mm/s.  

 Ranabothu, Karnezis & Dai 131 measured dynamic contact angles on a glass plate covered 

with the fluoropolymer Teflon AF 1600 which was dipped into the liquid. They report 

advancing and receding contact angles for speeds up to 5 mm/s. Results could again be 

fitted with Eqs. (5) and (8). As examples, for water the fit leads to 
SLv =0.1 mm/s and for 

formamide to 
SLv =0.2 mm/s.  

 Blake & Shikhmurzaev 77 use the plunging tape (PET) technique to measure the receding 

contact angle versus speed for water-glycerol mixtures. For velocities below a regime 

dominated by hydrodynamic forces, their contact angles could be fitted with SL = 9 

mN/m and Sv  = 0.03 mm/s for 16% glycerol ( = 1.5 mPa s, L
 = 69.7 mN/m), SL= 14 

mN/m and Sv  = 0.13 mm/s for 43% glycerol ( = 4.2 mPa s, L
 = 64.9 mN/m) and SL = 

26 mN/m and Sv  = 0.1 mm/s for 95% glycerol ( = 672 mPa s, L
 = 64.5 mN/m).  

Thus, experimental results can be described by the adaptation model.  
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Figure 8. (A) Advancing contact angle on a Nylon fibre of 0.7 mm diameter measured with 

different liquids 129. The experimental results were fitted with Eq. (5), obtaining the following 

parameters. Water:  = 49°, SL = 33 mN/m, SLv  = 6.7 mm/s; PDMS:  = 10°, SL = 12 

mN/m, SLv  = 10 mm/s; glycerol solution:  = 63°, SL = 27 mN/m, SLv = 1 mm/s. (B) 

Receding contact angle measured with a rotating cylinder of 12 cm diameter coated with 

polystyrene (MW=300 kg/mol) and half immersed in water 130. Results of two different 

experiments are shown. The fitted curves (continuous lines) were fitted with Eq. (8) and  

= 74°, SL = 17.2 mN/m, vS = 1.0 mm/s (top) and  = 71°, SL = 19 mN/m, Sv  = 1.2 mm/s 

(bottom). The dashed curve was calculated with Eq. (8) with  = 74°, SL = 18 mN/m and 

Sv  = 0.1 mm/s. 

The fact that experimental results can be fitted with the adaptation model is a necessary but 

not sufficient condition that the model is correct. The same results could also be fitted with 

e.g. MKT theory 9, 132. The main question is if the underlying physics is correct, that is, if an 

adaptation process takes place. Furthermore, the relation between the adaptation model 

and MKT theory or hydrodynamic modeling of dynamic contact angles needs investigation. 

Most likely, these questions will be difficult to answer with dynamic contact angle 

measurements alone. Predictions with MKT and the adaptation model are close to each 

other. To verify the adaptation approach for every single liquid-solid combination, the 

relaxation process needs to be identified and verified spectroscopically or microscopically.  
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Adaptation combined with other effects leading to dynamic contact angles or contact 

angle hysteresis 

Adaptation can take place simultaneously with other processes such as adsorption/ 

desorption or hydrodynamic dissipation. To consider multiple effects we combine 

predictions of MKT and hydrodynamic theory with the adaption theory. In MKT, the 

dependence of the dynamic contact angles on the velocity is described by 9 

2

02 sinh cos cos ( )
2

L

B

v K v
k T

 



 

       
 

      (18) 

Here, K0 as a quasi-equilibrium rate constant for adsorption/desorption of molecules and  

as the distance between adsorption sites. In Eq. (18) a positive velocity is in the forward 

direction. For the receding site a negative velocity needs to be inserted. To combine MKT 

with adaptation theory, we suggest replacing cos   by cos a  from Eq. (5) for the dynamic 

advancing contact angle and with cos r  from Eq. (7) or (8) for the dynamic receding 

contact angle. The combined dynamic contact angles can then be obtained from calculating 

cos ( )v . 

Hydrodynamic theory predicts  

3 3 9
( ) ln o

a

L i

Lv
v

L








     and 3 3 9

( ) ln o
r

L i

Lv
v

L








        (19) 

for the advancing and receding dynamic contact angles 5, 6, 133. Here, Lo is an outer, 

macroscopic length scale, for example the capillary length or the size of the drop. Li 

represents an inner, microscopic, cutoff length scale, introduced to remove a singularity in 

the mathematical description 7. To combine adaptation with hydrodynamic dissipation we 

follow Petrov & Petrov 134 and suggest to replace  in Eq. (19) by a from Eq. (5) or r from 

Eq. (7) to predict the dynamic advancing and receding contact angle, respectively.   

Contact angle hysteresis is in practice often caused by multiple effects, such as 

heterogeneity or roughness. To calculate the adaptive advancing and receding contact 

angles it is tempting to replace  in Eq. (5) and (7) or (8) with the respective non-adapted 

advancing and receding contact angles. However, what may work for rough, homogeneous 

surfaces, will in general not work for heterogeneous surface. For heterogeneous surfaces the 

different components may adapt differently, leading to a specific and more complex change 

of contact angle hysteresis.  

Conclusions 

With the described model we quantitatively link adaptation processes to contact angle 

hysteresis and dynamic contact angle phenomena. Adaption can be on the solid or on the 
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liquid side of the interface. The solid structure changes due to the presence of the liquid or 

its vapor. Also, the interfacial structure of the liquid can change depending if it is in contact 

with a solid or air. Adaptation results inherently in contact angle hysteresis. Moreover, 

adaptation directly causes a change in dynamic contact angles. To link dynamic advancing 

and receding contact angles to relaxation processes at interfaces, the peripheral thickness is 

introduced. The peripheral thickness is the width of the region on the surface which 

influences the contact angle. Dynamic contact angles vary around the adaptation velocity, 

which is the ratio of the peripheral thickness by the typical relaxation time of the adaptation 

process. Relevant questions to describe adaptive wetting are: What is the peripheral 

thickness? Which relaxation processes take place in a specific solid-liquid combination? 

What are their kinetics?  
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