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Abstract: The friction peak that occurs in tire–road sliding when the contact changes from wet to dry was 

previously attributed to capillary cohesion, van der Waals attraction, and surface roughness, but the detailed 

mechanisms have yet to be revealed. In this study, friction and static contact experiments were conducted 

using a custom-built in situ optical microtribometer, which allowed us to investigate the evolution of the 

friction, normal load, and contact area between a polydimethylsiloxane (PDMS) film and a silicon nitride ball 

during water volatilization. The friction coefficient increased by 100%, and the normal force dropped by 30% 

relative to those in the dry condition during the wet-to-dry transition. In static contact experiments, the probe 

indentation depth increased, and the normal load decreased by ~60% as the water evaporated. Combining the 

friction and static contact results, we propose that the large friction peak that appeared in this study can be 

attributed to the combined effects of increased adhesive capillary force and increased plowing during the 

wet-to-dry transition. 
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1  Introduction 

Humidity profoundly affects many tribological systems. 

One everyday example is automotive windshield 

wipers, which slide smoothly if the glass surface is 

either wet or dry, but often develop squeaking and 

stick–slip behavior in partially wet conditions [1]. 

Traditionally, the presence of a liquid lubricates the 

surface to reduce friction, but many studies have 

found that the friction coefficient is higher in wet 

conditions than that in dry conditions when the film 

thickness reaches the nanoscale. During the wet-to-dry 

transition, a short period of increased friction has 

been repeatedly observed and is often referred to as 

the tacky transition in the literature [2, 3]. During the 

wet-to-dry transition, Deleau et al. [2] observed that 

rubber friction was approximately 37% higher than 

that under dry conditions. When a 300 nm oil film was 

added to the metal surface, the rubber–steel friction 

coefficient increased by 3× [3]. Roberts and Tabor [4] 

studied the peak frictional force as a function of film 

thickness between a rubber sphere and a glass plate 

and found that the friction increased rapidly for films 

less than 6 nm thick. Therefore, the liquid film in the 

contact area plays an important role in increasing the 

friction coefficient. 

In 2008, Le Rouzic et al. [5] suggested that in   

the tacky regime, the attraction from water capillary 

bridges between rubber and a glass substrate pulls 

the surfaces into closer contact; consequently, the real 

contact area in the tacky regime is larger than that for 

perfectly dry contact. Bocquet et al. [6] pointed out 

that liquid bridges induce significant cohesion, which 

can increase friction. Flies inject liquid into the space 

between the plate and the substrate, which generates 

capillary bridges, enabling them to walk on a vertical 

glass window. Drechsler and Federle [7] noted that a 

thinner fluid film between a pretarsal pad and a glass  
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surface results in a more strongly curved meniscus 

and a more negative Laplace pressure. In many cases, 

the contribution of capillary bridges to the wall–wall 

attraction may be significantly larger than the con-

tribution from the direct wall–wall interaction [3]. 

Johnson et al. [8], Kendall [9], Tabor [10], Derjaguin 

et al. [11], and Maugis [12] pioneered the modeling 

and evaluation of adhesion between elastic solids. 

Recently, Reedy [13], Hill et al. [14], and Dickrell et al. 

[15] developed models and tools for elastic contact 

adhesion involving thin elastic layers. In aqueous 

environments, Loskofsky et al. [16] explored the 

underwater work of adhesion between elastic silicone 

lenses using the JKR (Johnson–Kendall–Roberts) 

technique technique. However, few studies have 

analyzed the evolution of the contact as the conditions 

change from wet to dry and the accompanying friction 

peak. 

In this study, the friction behavior of rubber was 

analyzed to gain more insight into the friction force 

peak phenomenon in blade/windshield and tire/road 

contact. A ball-on-flat configuration was used to 

observe the friction force peak, and the water film 

thickness around the contact, contact radius, normal 

force, and friction force with and without sliding 

were monitored during the wet-to-dry transition. The 

combined results of the friction and static contact 

tests were used to further elucidate the effect of water 

on rubber sliding during the wet-to-dry transition. 

2 Material and methods 

2.1 Specimens and preparation 

A silicon nitride ball and polydimethylsiloxane (PDMS) 

film were selected as the contact pair in this study to 

facilitate observation of the contact interface. A 2.89 mm 

diameter silicon nitride ball with a contact angle of 

83° against water and an average roughness (Ra) of 

89 nm (as illustrated in Fig. 1) was used as the probe. 

Sheets (thickness: approximately 400 μm) of PDMS 

were prepared using a Sylgard 184 Silicone Elastomer 

kit purchased from Dow Corning. The curing agent 

and base were first mixed at a prescribed ratio of 1:5 

and degassed for 20 min. The mixture was transferred 

to clean glass slides (pre-sonicated using propanol 

and deionized water) mounted inside a spin-coater,  

 

Fig. 1 Surface topography of silicon nitride ball was measured 
based on unwrapped height maps of a 200 μm × 200 μm area. The 
average roughness of Si3N4 sphere was 89 nm. 

which was rotated at 500 rpm for 20 s. The glass slides 

were then baked at 120 °C for 30 min and cooled to 

room temperature (25 °C) [17]. The water wetting 

angle of the PDMS was 113°, and the modulus was 

4.76 MPa, which was measured through an indentation 

test based on the JKR theory (diameter of Si3N4 ball:  

6 mm; average roughness: 73 nm; thickness of PDMS 

plate: 5 mm; speed: 1 μm/s; peak force: 85 mN; 

maximum contact radius: 0.29 mm) [8, 18‒20]. 

2.2 Friction testing  

Tribology experiments were performed using an   

in situ optical microtribometer, as shown in Fig. 2(a). 

The tribometer was nominally identical to that used 

by Krick et al. [21]. A Si3N4 sphere was attached to a 

soft cantilever flexure end with a vertical stiffness 

of 835 N/m and a lateral stiffness of 2355 N/m. The 

lateral and vertical displacements of the flexure were 

measured using two capacitive sensors (±1 nm). The 

flexure was driven vertically by a piezo stage with a 

250 μm travel distance. Friction experiments were 

performed on a PDMS film/glass slide connected to a 

linear table. A 20× microscope objective was used to 

monitor the contact from underneath the glass slide. 

The tribometer was able to measure the friction and 

normal force up to 1 N with an uncertainty of ±14 μN. 

Friction experiments were conducted in a standard 

laboratory environment and included wet, tacky, and 

dry conditions as the interfacial water evaporated. 

They were performed using a Si3N4 ball/PDMS film 

with a reciprocating length (one direction) of 200 μm, 
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sliding speed of 20 μm/s, and normal load of 3 mN. 

The experiment was first run for a few cycles under 

dry conditions. Then, deionized water (approximately 

0.1 mL) was injected onto the PDMS film to wet the 

contact interface. Finally, the test was run for a long 

time (approximately 1 h) until the contact area changed 

from wet to dry. 

2.3 Static contact testing 

To study the influence of water volatilization on 

adhesion, the variation in the normal load during the 

water volatilization process under static contact was 

studied. Static contact tests were conducted using a 

microtribometer under dry and wet conditions. For 

the dry condition, the Si3N4 ball was brought into 

contact with the PDMS film using the piezoelectric 

stage; a maximum normal load of 1 mN was applied. 

For the wet condition, 0.3 μL deionized water was 

injected onto the PDMS film prior to contact. Then, as 

the water evaporated, the normal force was recorded, 

and images were acquired at half-second intervals. 

2.4 Contact profile characterization 

The contact profile characterization method was 

based on the efforts of Krick et al. [21] and Rowe et al. 

[22]. The microscope objective was equipped with 

a monochromatic light source (central wavelength: 

589.3 ± 10 nm). A schematic of the optical pathway is 

shown in Fig. 2(b). The water and air film thicknesses 

near the contact edge were calculated based on the 

interference fringe patterns, as illustrated in Fig. 3. 

The condition for generating destructive dark inter-

ference fringes is 

         
 

2
2 1 2

2
m nd




        (1) 

where   is the optical path difference, m is the order 

of the destructive interference fringe, λ is the central 

wavelength, n is the refractive index of the intermediate 

medium (n = 1 for air, n = 1.33 for water), and d is the 

liquid or air film thickness [23]. First, the position of 

each dark fringe was calibrated relative to the center 

 

Fig. 2 (a) In situ optical microtribometer used in this study. The schematic shows only the primary structure. A glass slide was fixed
on the base driven by a linear table. Capacitive displacement sensors improved the measuring accuracy of load and tangent forces. Main 
components include ① rock and tilt head; ②③ capacitive displacement sensors; ④ cantilever beam; ⑤ metal corner piece; ⑥ nylon
bolt; ⑦ Si3N4 ball; ⑧ slides cured with PDMS film; ⑨ microscope objective. Custom software written in LabviewTM was used to 
collect and analyze data. (b) Schematic of the optical pathway. A monochromatic light source with a central wavelength of 589 nm was
used. Light passes through the microscope objective and the transparent counter sample. One beam of light was reflected on the upper
surface of PDMS, and another beam of light was transmitted through the liquid and reflected on the surface of the Si3N4. (c) An optical
contact image with a thin water film in the contact area. 
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of the Hertzian contact by extracting the grayscale 

values on a straight line passing through the center of 

the contact. By comparing the image to the gray value 

curve, the interference fringes formed by the water 

and air films could be distinguished. Using Eq. (1), the 

thickness of the thin film (water or air) at the center 

of each dark fringe was calculated as follows: 


2

m
d

n
                 (2) 

Finally, the outline of the Si3N4 sphere was used    

to derive the profile of the PDMS film, as shown in 

Fig. 3(c). The PDMS profile far from the contact edge 

(> 40 μm) was unchanged before and after contact 

and was set as the zero height. This approach is similar 

to that adopted by Dickrell et al. [15]. To obtain 

statistics on the PDMS surface profile, this fringe 

counting algorithm was repeated along three lines 

passing through the contact center with different 

angles, and the uncertainties are reported as error 

bars in Fig. 3(c). 

3 Results 

3.1 Friction coefficient  

The friction test results of a Si3N4 ball sliding against 

a PDMS film under dry and wet conditions are 

shown in Fig. 4. Noticeable hysteresis was observed 

in the friction loop, and a calculation window of ± 

0.04 mm was used to calculate the average friction 

coefficient within each cycle. The dry sliding friction 

coefficient was approximately 0.73. Twenty seconds 

after water were added, the friction loop showed less 

hysteresis, but the average friction coefficient did not 

change (~0.72). 

The evolution of the friction coefficient, normal load, 

and contact morphology from dry to wet and back to 

dry conditions is shown in Fig. 5. Sets of twenty raw 

measurements were averaged to reduce the number 

of plotted data points. The uncertainty in the average 

friction coefficient is based on the twenty data points 

that were averaged. The friction coefficient decreased 

to a minimum of 0.53 immediately after the water drop 

was injected. Further sliding increased the friction 

coefficient to a value comparable to that under the dry 

condition (~0.73, image 1, Fig. 5(c)). As the interfacial 

 

Fig. 4 Friction coefficient versus prope position in dry and wet 
conditions (normal load: 3 mN; velocity: 20 μm/s; reciprocating 
length: 200 μm). 

Fig. 3 (a) Interference fringes formed by water and air films near the contact edge. (b) The gray value curve of the red line in (a) was 
used to find the solid‒solid contact edge and the destructive interference fringes formed by water and air films. (c) Outlines of the Si3N4

sphere and PDMS film based on the calculated thickness of thin films near the contact edge. PDMS profile far from the contact center
was set as zero height. 
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water volume decreased with increasing number of 

sliding cycles, the friction coefficient further decreased 

to a minimum of 0.28 (image 2, Fig. 5(c)), increased to 

a maximum of 1.39 (image 3, Fig. 5(c)), and decreased 

again to ~0.73 (image 4, Fig. 5(c)). The normal load 

had an inverse trend to that of the friction coefficient, 

and a marked reduction in normal load (~0.5 mN) was 

observed with the frictional peak during the tacky 

transition. This result supports previous reports on 

the frictional peak observed during the wet-to-dry  

transition in rubber–glass/metal tribopairs [2, 3]. The 

results shown in Fig. 5 were reproducible in our 

preliminary experiments. 

3.2 Normal load variation during water volatilization 

The evolution of the normal force as the pre-existing 

interfacial water evaporated during the static contact 

experiment is plotted in Fig. 6(a) (duration of 4 h). An  

initial normal load of 1 mN was applied. As the 

water evaporated, the normal force slowly decreased 

 

Fig. 5 The friction test result of a Si3N4 ball sliding against a PDMS film (normal load: 3 mN; velocity: 20 μm/s; reciprocating length:
200 μm). (a) Friction coefficient evolution versus time with contact area changing from wet to dry. The four images were all chosen from
the calculation window. (b) Normal load evolution versus time during the transition from wet to dry in the friction testing. (c) Images of 
the contact zone at time of t=153 s; t=1,085 s; t=1,434 s; t=2,749 s. 

 

Fig. 6 The evolution of normal force versus time in static experiments. (a) Static contact normal force versus time as pre-existing 
interfacial water evaporated in standard lab environment for a duration of 4 h. Contact profiles at five selected intervals were marked
with numbered data labels and analyzed using the methods described in Fig. 3. (b) Normal force signal versus time for control 
experiments in which the cantilever flexure was unloaded (white) and loaded (gray) without interfacial water for a duration of 4 h. The 
normal force signal had an uptrend drift of ~3 μN/h for all cases. 



Friction 10(8): 1208–1216 (2022) 1213 

www.Springer.com/journal/40544 | Friction 
 

to a minimum of 390 μN and recovered to 1 mN after 

~3.6 h. Control experiments in which the cantilever 

flexure was unloaded and loaded (1 mN) without 

interfacial water were run for a duration of 4 h in the 

same standard lab environment, and the results are 

shown in Fig. 6(b). The control experiment results 

had a maximum normal force variation of 13 μΝ 

over 4 h (transducer drift of ~3 μN/h). This suggests a 

strong interfacial adhesive force independent of the 

creep of the PDMS during the wet-to-dry transition, 

as shown in Fig. 6(a). The height profiles of the Si3N4 

sphere and PDMS film at selected intervals were 

analyzed using the described methods and are 

shown in Fig. 7. During the first 2 h of the wet-to-dry 

transition, the solid–solid contact radius and normal 

force decreased, and the probe indentation depth 

increased (Fig. 7(a)); thereafter, the contact radius 

and normal load increased, and the indentation depth 

decreased. A noticeable tensile zone similar to that 

reported by Hill et al. [14] and Dickrell et al. [15] was 

discernable near the contact edge after ~2 h. 

4 Discussion 

As shown in Fig. 5(a), the friction coefficient increased 

to its maximum value, which is denoted as the friction 

peak, during the wet-to-dry transition. The maximum 

friction coefficient in the tacky condition increased by 

up to 100%, and the normal force decreased by ~30% 

compared to those in the dry condition. In 2008, 

Deleau et al. [2] showed that rubber sliding against a  

glass plate had a friction force peak that was only 

35% higher than that under dry conditions. They 

attributed this tacky regime to small entrapped water 

droplets, which might induce capillary adhesion.   

In the static contact experiment in this study, the 

normal load decreased to a minimum of 392 μN and 

then increased during water volatilization. Factors 

causing the load reduction might include water 

film thinning, PDMS creep, and adhesion caused by 

interfacial water. The control experiments (Fig. 6) and 

published studies [4] generally exclude PDMS creep 

and water film thinning as major factors affecting the 

normal force. Interfacial adhesive forces caused by 

nano/micro/macroscale liquid bridges within and near 

the contact were likely responsible for the large normal 

force variation in the static contact experiment. 

The attractive capillary force between contacting 

asperities is affected by the relationship between the 

height of the asperities and the thickness of the liquid 

film [24]. In 2009, Megias-Alguacil and Gauckler [25] 

stated that attractive capillary forces can be found in the 

hydrophobic domain at short interparticle distances. 

Within a range of 20 to 200 nm, the hydrophobic 

microspheres in water exhibit a strong attraction [26]. 

Even the coefficient of static friction depends on the 

capillary condensation of water vapor between the 

asperities, leading to the formation of water bridges 

[5]. Combining the friction and static contact test 

results, we believe that the friction peak in the tacky 

regime is a result of the increased probe indentation 

depth and decreased normal load. At the beginning 

of the friction experiment, capillary adhesion did  

not occur because the contact was fully flooded  

(condition 1, Fig. 8(b)). As the water evaporated, the 

adhesive capillary force and probe indentation depth 

 

Fig. 7 Height profiles of the Si3N4 sphere and PDMS film at selected intervals marked in Fig. 6(a). (a) The solid–solid contact radius and
the normal load decreased, and the indentation depth increased in the first 2 h of the wet-to-dry transition. (b) The solid–solid contact radius
and the normal load increased, and the indentation depth decreased 2 h after the wet-to-dry transition started. 
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increased with the formation and evolution of a 

macro liquid bridge around the contact edge and 

nano/microscale liquid bridges between the contact 

asperities (condition 2, Fig. 8(b)). The friction coefficient 

peaked when the normal load was minimized and 

the capillary adhesion and indentation depth were 

maximized (condition 3, Fig. 8(b)). As the water 

evaporated further, the adhesive capillary force 

diminished, and the contact gradually returned to its 

initial state (condition 4, Fig. 8(b)). During the tacky 

regime, the maximum increase in the friction coefficient 

relative to that of dry sliding was 100% in this study 

compared with the 35% observed by Deleau et al. [2] 

when sliding a rubber sphere against a flat glass plate. 

The larger increase in friction in this study may be 

due to the different experimental setup (rigid sphere 

on a soft thin film rather than a rubber sphere on a 

rigid plane). Other factors that might contribute to the 

friction peak and require more systematic investigations 

include increased viscous traction, stick–slip behavior, 

and adhesion hysteresis [3, 19, 27‒29]. 

Another interesting observation in the results is the 

increasing indentation depth with decreasing contact 

radius observed during the wet-to-dry transition, as 

shown in Fig. 7. According to the JKR theory [8], the 

contact radius increases with the depth of indentation. 

We attribute this phenomenon to the presence of a 

water film at the interface, which significantly reduced 

the surface energy of the contact. 

5 Conclusions 

This study investigated the mechanisms of the friction 

peak that often appears in blade–windshield and 

tire–road contact during the wet-to-dry transition. 

The friction coefficient of a Si3N4 ball against a PDMS 

film increased by up to 100%, and the normal force 

decreased by ~30% during the wet-to-dry transition. 

In the static contact test, the normal load decreased 

from 1 mN to a minimum value of 392 μN and then 

recovered as the water evaporated. The static contact 

experiment confirmed that during the wet-to-dry 

transition, the normal load decreased with increasing 

indentation depth and capillary adhesion. The friction 

peak in the sliding experiment was attributed to the 

combined effect of the increased adhesive capillary 

force from nano/micro/macroscale liquid bridges and 

increased plowing during the wet-to-dry transition. 
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Fig. 8 (a) Schematic of friction coefficient evolution. (b) Illustration of the indentation depth of Si3N4 sphere and the distribution of 
water droplets in contact area during water volatilization. 
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