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1.  Introduction

The adhesion of two surfaces under wet conditions is of 
crucial interest for many practical applications in our daily 
life and the biological world. When driving on a rainy day, a 
strong adherence to wet roads is desirable if one wants to keep 
the car under control. In the rainforest, certain amphibians—
such as tree frogs, newts etc—utilize the reliable adhesive 
abilities of such surfaces to help them cling to the wet leaves 
or stones of their habitat [1–3]. In comparison to dry adhe-
sion systems, intercalation of a liquid film between contacts 
greatly complicates understanding of the adhesion behavior 
due to the drastic liquid–solid interaction [4–8].

Recently, various studies carried out on polydimethyl-
siloxane (PDMS) surfaces to simulate the remarkable wet 
adhesion of amphibians have demonstrated that solid–liquid 
interactions make a great contribution to surface adhesive per-
formance [6, 7, 9, 10]. For example, adhesion measured on 
PDMS with water presented a significant force, comprising 

direct contact and capillary contributions [6, 11]. By contrast, 
for a plasma treated PDMS, the wet adhesion force was domi-
nated by only capillary interactions, with a weakened overall 
value [6]. According to previous studies by Martin et  al  
[12–14], the direct contact force for wet adhesion is a result of 
dewetting behavior due to the unstable film wedged between 
probe and PDMS. The behavior dependends on the sign of 
the spreading parameter S (S = γSR − (γSL + γLR), where γij  
are the solid/rubber, solid/liquid, and liquid/rubber interfacial 
tensions) which compares interfacial energies between ‘dry’ 
contacts γSR and lubricated contacts γSL + γRl [14–16]. If S is 
positive, the wedged film is stable and performs as an inter-
layer. However, if S is negative, the wedged film is unstable, 
and easily collapses for direct contacts under thinning by a 
preload. Moreover, compared with films exposed to air, a 
wedged one is less fragile at the same metastable thickness 
[14, 17]. The dewetting only occurs for very thin films, often 
reaching the unstable thickness (1 µm) at which it dewets 
spontaneously [17–21].
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Various studies have focused on the withdrawal behavior 
of liquid films sandwiched between solids and rubbers during 
the dewetting process [14, 17, 19, 21–24]. However, from an 
adhesive point of view, designing interfacial properties and 
achieving a tunable adhesive strength seems more interesting 
for scientists. A well-known—and the best studied—example 
is that of controlling dry adhesion with topographic patterns 
[25, 26]. For solid–liquid–solid systems, the above proposed 
mechanisms of collapse of the wedged film also suggest the 
possibility of tuning adhesion via the controllable direct con-
tact force. Unfortunately, little research has so far been con-
ducted to comprehend the effect on direct contact force for 
wet adhesion of varying inclinations to collapse, i.e. instabili-
ties, of wedged films.

In this paper, SDS molecules have been employed to 
achieve varying stabilities of wedged films in glass(probe)–
water–rubber (PDMS) systems. Wet adhesion experiments 
were then performed to study the direct contact effect in these 
various wedged films. Meanwhile, energetics models were set 
up to theoretically analyze and discuss the mechanism of col-
lapse of water films and the effect of SDS on film dewetting 
in adhesion.

2.  Experimental details

2.1.  Sample fabrication

PDMS (Sylgard 184, Dow Corning) was mixed with a pre-
polymer-to-cross-linker ratio of 10:1, poured into a prepared 
glass mold, and degassed in a desiccator. The filled mold 
was then placed in an oven and cured at 75 °C for 4 h. After 
cooling to room temperature, the PDMS sample was carefully 
peeled from the mold.

2.2.  Wet adhesion measurements

Wet adhesion measurements were performed using a custom-
made setup, shown in figure 1(a), which is also described in 
detail in [11]. The probe used here is a plano-convex lens with 
a curve radius of 18.5 mm (Purshee, China), Young’s modulus 
of 7.2  ×  1011 Pa and Poisson’s ratio of 0.2. Solutions with a 
range of SDS content (m/m%) were selected to achieve varied 
wedged film stabilities on PDMS for adhesion. The surface 
tension of SDS solutions and their contact angles on PDMS 
are shown in figure 2(a). An aliquot of 3 µl was first placed 
on the PDMS surface using a micropipette and located at 
the center of the probe under the microscope. Measurements 
were then performed with the probe approaching, indenting, 
static and retracting, and the specific progress was graphi-
cally shown in figure 1(b). Represent force–distance curves 
measured with water and SDS solution (0.05%) are shown in 
figures 2(b) and (c). The preload was 2 mN and the standing 
time 5 s. For retractions, the piezo first moved at a speed of 
1 µm s−1 to conduct the short-range detachment; beyond 
the piezo range (100 µm), a step motor was activated at the 
speed of 10 µm s−1 to break the long-range capillary interac-
tion. The whole measurement process was recorded via force 

sensor and monitored using an optical camera. Each sample 
was tested at least five times.

3.  Results and discussion

3.1. The content of SDS controlled direct contact for wet 
adhesion

Figure 3(a) shows the wet adhesion forces measured on flat 
PDMS in the presence of solutions with various concentra-
tions of SDS. It can be seen that in the water case (0.00% con-
tent of SDS), the wet adhesion force shows its highest value 
of about 22.52 mN, but the addition of SDS strongly weakens 
it. The lowest wet adhesion force was found at the maximum 
content of SDS (0.05%)—about 5.82 mN. Moreover, from 
the raw force–distance curves in figures 2(b) and (c), one can 
easily find that the detachment in the water case has two dis-
tinct contributions: the short-range direct contact force and 
long-range capillary force (see [27] for detailed discussion), 
but for 0.05% SDS solution, only the capillary force contrib-
utes. This suggests that the wedged water between the probe 
and PDMS is unstable under preloading, and finally dewets 
for direct contacts, achieving a remarkable adhesion force. 
However, for the solution with highest SDS concentration, 
the wedged film is always stable, separating the probe and 
PDMS and causing a weak capillary adhesion. The in situ 
microscopic detachments of the probe from the PDMS shown 
in figure 4 further confirm this. The direct contact was clear 
and easily observed in water (0.00% content), but could not be 
found in 0.05% SDS solution.

Figure 4 also indicates a visual transformation from dewet-
ting (unstable) to wetting (stable) for films wedged between 
the probe and PDMS with increased content of SDS. To reveal 
the nature of this transformation quantitatively, the data of 
figure  3(a) were divided into two parts—direct contact and 
capillary contribution—as shown in figure 3(b), based on their 
separate behaviors in force–distance curves. It can be found 
that the capillary force changes slightly with varying content 
of SDS, but for direct contact force, it decreases strongly with 
the increase in SDS content. This suggests that the weak-
ened wet adhesion of SDS solution (figure 3(a)) is a result of 
decreased direct contact force, and the SDS can reduce the 
unstability of wedged film, weakening the dewetting for a 
direct contact.

3.2.  Why can SDS reduce the direct contact contribution  
for wet adhesion?

3.2.1. The collapse of water.  Early studies by Roberts et al 
have reported the spontaneous collapse of distilled water 
between rubber and glass; the critical thickness is about 
400 Å [18]. Later, Martin et al pointed out that the collapse 
of direct contact in wedged films is a dewetting behav-
ior of unstable liquids, controlled by the spreading coef-
ficient S = γSR − (γSL + γRL) = SLW + SP, where γij  are 
the solid (probe)/rubber (PDMS), solid (probe)/liquid and  
rubber/liquid components, respectively, of the spreading 
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coefficient and SLW and SP are its Lifshitz–van der Waals and 
polar components [28, 29]. If S  <  0, it is capable of dewetting 
for direct contacts with two regimes, metastable and unstable, 
depending on film thickness.

To reveal the mechanism behind the transformation for 
SDS solution from unstable to stable, the free energy func-
tion F of the wedged film versus its thickness e should be 
determined. Referring to previous studies [30–32], the F for 
wedged water from macro to micro scale can be expressed as

F(e) = γSL + γRL + P(e)LW
+ P(e)P

+
1
2
ρge2,� (1)

where P(e)LW is the long-range contribution of Lifshitz–van 
der Waals, P(e)P is short-range polar contribution, ρ is liquid 
density, g is acceleration due to gravity. The P(e)LW and P(e)P 
can be described as follows [15, 23, 33]:

{
P(e)LW

= − A
12πe2

P(e)P
= SP exp[(a − e)/l]

, a � e� (2)

{
P(e → 0)P

= P(e = a)P
= SP

P(e → 0)LW
= SLW ,� (3)

where A is the effective Hamaker constant (which can be 
expressed by A = AL + ASR − ARL − ASL), a is the size of a 
liquid molecule, and l is the correlation length for the polar 
fluid. For water, l appears to be in the range of 0.2 and 1 nm, 
and an estimate of the best value is about 0.6 nm [15], SP is 
−2γP

L  [34]. Thus, equation (1) can be written as

F(e) = γSL + γRL − A
12πe2 − 2γP

L exp[(a − e)/l] +
1
2
ρge2.

� (4)
When e → 0, the F(e) is γSR: the water molecules are squeezed 
out and glass directly contacts with the PDMS substrate.

Similarly to films exposed to air [31, 33], the free energy of 
wedged water F(e) can be qualitatively studied based on proper-
ties of formula components, as shown in figure 5. It can be seen 
that if the spreading S is negative, the free energy F(e) decreases 
with the decreased film thickness e, and there is a critical thick-
ness ec (�1 µm) at which the second derivative F′′(e) = 0. 
For mesoscopic films (e  >  ec), the curvature of F(e) is posi-
tive (F′′(e) > 0), the wedged film is metastable, and dewetting 
requires nucleation at a single contact point. However, for a 
wedged film, this kind of dewetting for direct contact is not 
easy [17]. For nanoscopic films (e  <  ec), the curvature of 
F(e) is negative (F′′(e) < 0), the wedged film is unstable and 
dewets spontaneously. When water was wedged between glass 
and PDMS, the film thinned heavily under a preload, easily 
reaching ec. Therefore, a spontaneous-collapse-induced direct 
contact usually occurs in water adhesion.

3.2.2. The SDS effect on water collapse.  On the addition 
of SDS to the water, the tendency of the wedged film to col-
lapse weakened and vanished. The direct contact force was 
also eliminated in the constrained thin film. To reveal these 
characteristics, a free energy model was also set up. Early 
papers have proved that there was an electrical double-layer 
repulsive force caused by SDS ions in the sandwiched system  

Figure 1.  (a) Schematic illustration of the measurement setup, (b) specific progress of wet adhesion measurement.
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[18, 35–37]. Hence, our model considers the potential energy 
of electrical repulsion; it was expressed as

F(e) = γSL + γRL − A
12πe2 − 2γP

L exp[(a − e)/l] +
1
2
ρge2

+
k

2π
Zexp(−ke).

�

(5)

Here, k−1 is the Debye length; Z is an interaction constant, 
which is analogous to the Hamaker constant A. Noted that 
the interaction constant Z is defined in terms of the surface 
potential of the isolated surfaces (at e  =  ∞), but it can also be 
expressed in terms of the surface charge density by applying 
the Grahame equation  [38]. Therefore, here it is a param
eter that is related to the content of SDS. In addition to the 

repulsive force, the addition of SDS also reduces the probe–
liquid and PDMS–liquid interfacial tension. For convenience, 
equation (5) was analyzed using a control variate method.

3.2.2.1.The influence of solid–liquid interfacial energy.  Figure 
6 shows the decrease of solid–liquid interfacial tension caused 
by SDS in the free energy curve F(e). The glass–PDMS inter-
facial energy is fixed as a constant. The decreased contribution 
of the interfacial energy γSL + γRL lowers the free energy 
curve of F(e) and the absolute value of spreading coefficient 
S decreases significantly. However, because the contact angles 
between the SDS solution and PDMS range from 110° to 74°, 
they are configured in a partial wetting case, as shown in fig-
ure 2(a). Therefore, the spreading coefficient is still negative 
and its direction is still downward, or the γSL + γRL cannot fall 
below the interfacial energy of glass-PDMS (γSR). It is still 
capable of dewetting for direct contact. Moreover, because of 
the nearly parallel translation of function curve, the second 
derivative of F(e) is still negative (F′′(e) < 0) when e  <  ec. 
Thus, if the wedged film thins down under a preload, dewet-
ting will still occur for direct contact. The decreased glass–
liquid and PDMS–liquid interfacial energy caused by SDS 
molecules is not the key factor of the decreased contact force 
in wet adhesion (figure 3(b)). It should be noted that the SDS 
may also decrease the coefficient of polar interaction −2γP

L  
(equation (5)), but this change does not affect the spreading 
coefficient S or change the negative sign of the second deriva-
tive of F(e).

3.2.2.2.The influence of electrical double-layer repulsion.  
Figure 7 shows the influence of electrical double-layer repul-
sion caused by SDS on the free energy curve of F(e). The dark 
line represents the F(e) of wedged water; the colorized ones 
represent those of wedged SDS solutions. The combined effect 
of van der Waals (VDW) forces and electrical double-layer 
imposes an interaction energy similar to Derjguin-Landau-
Verwey-Overbeek (DLVO) theory [39]. During thinning due to 
preloading, the electrical double-layer repulsion for SDS solu-
tion prevents contact between the upper and lower solid–liquid 
interfaces. Unlike the VDW interaction, this repulsion effect 
produces a potential energy in the wedged film. The sign of Z 
in equation (5) depends on the surface charge density, which 
is related to SDS molecule concentration. The higher the 
SDS concentration is the stronger the electrical repulsion and 
potential energy become. Sufficient electrical repulsion gives 
the curve of free energy versus film thickness a concave shape 
(dashed line in figure  7) at the microscale—most obviously 
for the red line. This leads to a smaller critical thickness ec for 
the unstable film in comparison to the dark line, whose free 
energy was dominated only by polar and VDW interaction. 
Note that at the critical thickness ec(F′′(e) =0), this means 
that the repulsive resultant force, i.e. the first derivative F′(e), 
for the whole system reaches amaximum. In an SDS solution 
for wet adhesion, if the preload can be balanced by that repul-
sive force (the preload  ⩽  the maximum of F′(e)), the thinning 
thickness of the wedged film cannot reach the unstable value 

Figure 2.  (a) Surface tensions of SDS solutions and their contact 
angles on PDMS surface, (b) force–distance curves measured 
on PDMS surface in the presence of water and (c) SDS solution 
(0.05%).
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ec(F′′(e) = 0). Therefore, the dewetting necessary for direct 
contact force will not happen at high concentrations of SDS 
solution—for example, the content of 0.05% in figure 3(b).

For low concentrations of SDS, the dewetting of the 
wedged film still happens because of the insufficiently repul-
sive effect. The decrease of direct contact force with the con-
tent from 0.00% to 0.04% in figure 3(b) may be due to the 

decreased contact area. As the spherical probe surface indents 
the PDMS, it leaves a crack whose thickness varies from the 
center of contact to the exterior. When the wedged film col-
lapses, the direct contact radius is from the contact center to a 
place in the crack at which the film has the critical thickness 
ec. Hence, the high concentration of SDS leads to a small con-
tact area and a low direct contact force for wet adhesion.

Figure 3.  (a) Wet adhesion force measured on PDMS in the presence of varying SDS solutions, (b) the direct contact and capillary force 
contribution in wet adhesion with varying SDS solution.

Figure 4.  Optical microscope pictures of detached behavior between probe and PDMS during adhesion measurements.

Figure 5.  Free energy F of wedged water versus film thickness e. Figure 6.  The influence of interfacial tension on free energy F(e).
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4.  Conclusion

In this paper, we have employed SDS molecules to tune the 
instability of a glass-water-rubber wedged film system, to 
achieve controllable direct contact for wet adhesion. The 
experimental tests demonstrate that the SDS molecules 
weaken the tendency of the wedged film to collapse, and the 
direct contact force in wet adhesion decreases strongly with 
increased SDS concentration. Energetic models were set up 
for theoretical analyses. The results suggest that it is not the 
decrease of liquid surface energy but the supplement of elec-
trical double-layer repulsion caused by the SDS which pre-
vents the collapse of wedged films and decreases the direct 
contact force in wet adhesion. These findings have important 
implications for the development of new reversible adhesives 
for wet conditions.
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