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Surface structure only change the peeling force if the fluid film thickness is sufficiently small.  
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Abstract 

Tree frogs are able take advantage of an interconnected network of epithelial cells in their toe pads to 

modulate their adhesion to surfaces under dry, wet, and flooded environments. It has been hypothesized 

that these interconnected drainage channels reduce the hydrodynamic repulsion to facilitate contact under 

a completely submerged environment (flooded conditions). Using a custom-built apparatus we investigate 

the interplay between surface structure and loading conditions on the peeling force. By combining a 

normal approach and detachment by peeling we can isolate the effects of surface structure from the 

loading conditions. We investigate three surfaces: two rigid structured surfaces that consist of arrays of 

cylindrical posts and a flat surface as a control. We observe three regimes in the work required to separate 

the structured surface that depend on the fluid film thickness prior to pull out. These three regimes are 

based on hydrodynamics and our experimental results agree with a simple scaling argument that relates 

the surface features to the different regimes observed. Overall we find that the work of separation of a 

structured surface is always less than or equal to the one for a smooth surface when considering purely 

viscous contributions.   
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1. Introduction 

 Throughout nature, animals have taken advantage of structured surfaces to mediate their adhesion 

in dry, wet, and flooded environments. Tree frogs are an interesting case because they display good 

adhesion in all these conditions. In a completely flooded environment tree frogs have been shown to 

exhibit strong control over their locomotion, for example being able to move without slipping without 

interlocking supports.
1-5

 They have also been shown to adhere upside-down under flowing (5 mL/min to 

4L/min) water.
2
 A key feature that enables this control is suspected to be the structured hexagonal array of 

epithelial cells on their toe pads. The epithelial cells have a soft (5-15 MPa), keratinized outer layer
6
 and 

form pillars on the toe pads that are approximately 10 µm in diameter, 10 µm deep and are separated by 1 

µm, and mucus is secreted through these channels to enhance adhesion.
7, 8

 The role of the channels in 

completely flooded environment, however, is not well-understood. The spacing between the epithelial 

cells creates an interconnected network of channels that has been hypothesized to aid in the removal of 

fluid from the toe pad, reducing the hydrodynamic repulsion and as a consequence reduce the time 

necessary to make contact.
1, 4

  The interplay between surface structure and hydrodynamic interactions has 

implications in several fields
9
 beyond the understanding of tree frog adhesion. For example, in the design 

of structured surfaces for drag reduction in underwater propulsion
10

, for the flow and solute transport 

through cracks in hydrofracturing
11

, in the design of tire treads to prevent hydroplaning
12, 13

, or to 

minimize viscous losses in micro- and nanoscale resonators that operate in fluid environments
14, 15

.  

Micro- and nanoscale roughness or structure also dictate slip at the solid-liquid interface.
16, 17

 

 To understand how topography can modulate the force to separate surfaces in flooded 

environments, it is important to consider a peeling motion during detachment since many animals, 

including tree frogs, detach in a peeling mode.
18

 During peeling, the detachment occurs by gradually 

increasing the peeling angle as a crack propagates across the toe pad. Structured surfaces offer multiple 

advantages when trying to modulate peeling forces, they can blunt the crack front
19

 or force the arrest of 

crack propagation at feature boundaries
20

. Detachment via peeling is also desirable because the adhesion 

force can be modulated by varying the peel angle.
21-24

 Geckos
25

 and tree frogs
3
 have both been shown to 

splay their limbs to control their adhesion to surfaces where the peel angle is kept low to maintain contact 

and increased to pull out.  In biomimetic systems, the effect of structured surfaces on peeling has been 

well-studied in dry
26-28

 and wet
28, 29

 environments, but less so in completely flooded conditions.  

 The coupling between approach and pull out is another important characteristic that needs to be 

considered to understand detachment between surfaces under flooded conditions. In contrast to the 

adhesion force measured in air where there is negligible work necessary to make contact, viscous forces 

are present when submerged in fluid and affect both approach and pull out, especially if it is necessary to 

make contact rapidly. For example, significant viscous drag can prevent surfaces from reaching contact 
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quickly or would require a significant applied load.
30

 The viscous force required to move two flat surfaces 

in a fluid is described  by the Stefan equation (Eqn 1)
31

, which can be derived from Reynolds’ theory
32

 

and has been solved for several plate geometries
30

, including in the presence of misalignment such as 

tilt
33

.  In the context of work required to separate surfaces in flooded environments, the initial loading sets 

the fluid film thickness prior to pull out, and as a consequence influences whether or not conservative 

contact forces are present and the magnitude of the viscous forces during pull out. Therefore, when 

investigating the role of surface structure on the work required to separate surfaces, it is important to 

control for the loading conditions to decouple its effect from that of the surface structure. 

Under flooded conditions, the presence of surface structure can have profound effects on the 

work and time required to make contact. For instance, the spacing between surface features can facilitate 

drainage and reduce the repulsive hydrodynamic forces present when two surfaces are brought together in 

a viscous fluid.
34,35

 A scaling argument, initially  proposed by Persson
34

, relates the decrease in time to 

contact to the feature sizes via a single length scale (ℎ�), a parameter that captures the key dimensions of 

the surface features. A similar argument can be reached from an effective permittivity and Darcy’s law 

using a porous media analysis.
36-38

 According to this limiting scaling argument (see Section 2), if the fluid 

film thickness is larger than ℎ� the fluid drainage is radial, there is no flow through the surface features, 

and the viscous forces are the same as the ones for flat surfaces. For fluid film thickness smaller than ℎ�, 

the fluid drainage goes through the surface features and the viscous forces are lower than the ones for 

smooth surfaces. We previously verified experimentally this scaling argument for the cross-cylinder 

geometry via the direct measurement of the hydrodynamic force between a flat and a structured surfaces 

in the surface forces apparatus (SFA).
35

  

There are multiple reports on the role of surface structure on the detachment forces in viscous 

fluids. An enhancement in the detachment force was observed when peeling a surface patterned with an 

array of PDMS posts in a viscoelastic fluid.
29

 It was suggested that the origin of the enhancement in 

adhesion energy was due either to viscous dissipation, crack blunting, or anchoring of the fluid to the 

structure. Measurement by Drotlef et al. 
39

 of the adhesion and friction forces of elastic microstructured 

surfaces in fluids showed that the presence of surface features increased the friction forces, possibly due 

to boundary contact being facilitated by drainage through the surface structure. They also observed that an 

increase in fluid viscosity had no effect on the force and concluded that there were no viscous 

contributions to the peak in the adhesion force. In the case of oil capillary bridges on top of micropillars, 

it has been predicted that for pillars larger than 10 µm the major contribution to the adhesive force should 

be both viscous and the contribution from the Laplace pressure in the liquid bridge.
40

 There have been 

many instances when investigating structured surfaces where viscous contributions have been 

considered
29, 39-41

 but there is a need to isolate the viscous contributions from other effects such as 
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capillary or van der Waals interactions, and elasticity of the surfaces
42

. Moreover, one common features 

of the previous reports is that the detachment force is tested after the sample has been brought into contact 

with a substrate without control for the loading conditions or the time necessary to make contact. The 

loading conditions (viscosity, applied load, and loading time) dictate the fluid film thickness prior to pull 

out and, in turn, the work required to separate the surfaces.  

 Here we detail our investigation of how the interplay between surface structure and loading 

conditions affect the viscous contribution in a peeling mode. We use rigid structured surfaces in 

Newtonian fluids and control the fluid film thickness prior to pull out by varying the viscosity, applied 

load, and loading time during approach. By following this protocol we can compare the work of 

separation for identical loading conditions to isolate the effect of surface structure. We observe that the 

presence of surface features facilitate contact and decrease the work of separation. We discuss our results 

in the context of the scaling of the lubrication approximation for structured surfaces. 

2. Effect of surface structure on the fluid film thickness during approach. 

Consider the approach between a surface with a periodic array of pillars and a smooth wall in the 

lubrication limit, where the fluid film thickness can be described by the Reynolds equation. We assume 

that the surfaces are rigid, that inertial effects are negligible (Re < 1), and that the plate area is much 

larger than the fluid film thickness. We follow the analysis of Persson
34

 and hypothesize the presence of 

three different limiting regimes for fluid flow, illustrated in Figure 1. First, at large separations (short 

times) there is a far-field regime where the fluid flows radially and not through the structure. Second, as 

the separation decreases further the pressure in the gap increases and becomes sufficiently large to favor 

fluid flow through the structure instead of radially. As a consequence, preferential drainage of fluid 

through the structure yields smaller fluid film thickness for a given loading time than predictions based on 

smooth surfaces. Finally at small separations the hydrodynamic interactions with individual pillars 

dominate, and we recover the Reynolds equation but for an array of individual pillars (effective lower 

surface area). We denote this final stage the near-field regime. Therefore, as a fluid film thickness 

decreases during approach there should be a transition between radial flow and flow through the surface 

features. In the limit where the pillar height is much greater than the channel width (D>>W in Figure 3) 

the thickness of the fluid film thickness necessary for this transition can be estimated as ho=W � D
W+d�� 
⁄

, 

see Table 1. We previously characterized this transition
35, 43

 and its relationship with ho for the 

hydrodynamic force present in the approach between a surface with a hexagonal array of cylindrical posts 

and a smooth surface. The experiments were performed in the Surface Forces Apparatus with curved 

surfaces in the cross-cylinder geometry.  
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Figure 1. Schematic of the change in separation with loading time for a smooth and structured surface.  The dashed 

line represents an interpolation between two regimes. 

 

The scaling arguments derived in Ref 34 relates the characteristic times for the different flow 

regimes illustrated in Figure 1 to the surface features and loading conditions.  First in the far-field regime 

the fluid flow conditions are the same as for a smooth surface with the fluid film thickness determined 

from the top of the posts. The change in the fluid film thickness is then obtained from the Stefan equation 

(Eqn 1). The Stefan equation describes the instantaneous velocity (dh/dt) when two flat plates of area A 

separated by a fluid film of thickness h are brought closer under an applied load (��� in a fluid of 

viscosity µ.
31, 34

 We hypothesize that the change in separation can be described by Eqn 1 until the film 

thickness reaches ho at the end of the far-field regime (at t = tff). We obtain tff by solving Eqn 1 for the 

case of a constant �� and plates that are initially very far apart to obtain a relationship between the 

loading time, t, and the instantaneous surface separation, fluid film thickness h, and then set the separation 

to ho to find the limit of the far-field regime (tff), see Eqn 2. 

 

dh
dt =- FN

2μA h3 (1) 

tff ≅μ  A�

F�
1
ho2

 (2) 

We can predict the onset of the near-field regime (tnf), with the assumption that once ho is reached 

the fluid flow is only through the structure and independent on the fluid film thickness. By using Eqn 1 

with a constant h = ho at all times on the right hand side and with the boundary condition that at t=tff, h=ho 

we can find the time necessary to reach boundary contact (in the limit where t=tnf at h=0), given by Eqn 3. 

However, more realistically in the near-field regime the hydrodynamic interactions between individual 

posts and the surface would dominate at small separation and lead to dh/dt to decrease asymptotically as 

the fluid film thickness decreases, preventing boundary contact. 

Page 6 of 21Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

 

� !  ≅ "  #�

��
1

ℎ��
+ �!! = 2�!! (3) 

Therefore based on Eqns 2-3 we would predict that 1) the limit of the far-field regime is inversely 

proportional to ℎ��, and 2) the time to reach boundary contact (tnf) should be twice the time spent in the 

far-field regime for any surface structure. 

3. Experimental Details. 

Sample Preparation. All the samples investigated consist of 20 µm of SU-8 2007 (MicroChem) 

supported by a glass coverslip (Schott D263M, 22x22 mm, 0.13-0.16 mm thickness). The structured 

surfaces have features only on the top 10 µm that consist of cylindrical pillars in a hexagonal array (see 

Figure 3 and Table 1). For all the samples the final SU-8 thickness is achieved in two sequential 10 µm 

coatings on coverslips. Traditional microfabrication techniques are used to pattern the surface features. 

First, square glass coverslips are cleaned using an isopropyl alcohol/ethanol rinse followed by a 

dehydration bake at 200° C for 10 minutes. Then a layer of SU-8 2007 is spin coated at 1700 rpm for one 

minute to produce a 10 µm thick layer. The square substrate requires manual edge bead removal with a 

razor blade, which is followed by a pre-exposure bake on a hot plate at 95° C for 3 minutes and then 

exposure to a UV light at 140 mJ/cm
2
. The base layer requires no mask or developing and the sample is 

hard-baked at 200° C for 10 minutes immediately after exposure. After cooling, a second layer of SU-8 is 

deposited using the same steps as the initial layer, but a chrome mask is used during the exposure step to 

create the surface patterns and a simple transparency mask is used for the smooth surface. For all the 

samples, the feature area is 14 mm x 14 mm and thus does not cover the entire coverslip substrate surface. 

Effort was made to manually center the mask with the coverslip, but there is sample-to-sample variation 

of order 1 mm from the edge of the patterned region to the edge of the coverslip. UV exposure is followed 

by a post-exposure bake at 95° C for 5 minutes and then immersion in SU-8 developer for 3 minutes with 

gentle manual agitation. Samples are then rinsed in isopropyl alcohol and hard baked at 200° C for 10 

minutes. Pattern formation and layer thicknesses are verified using confocal imaging and profilometry. 

The bottom surface in the peeling experiments consists of a glass coverslip onto which a thin 

fluoropolymer layer of 1.55% CyTop (Bellex International Corporation) is spin coated at 5000 rpm for 

one minute and then annealed in an oven for 15 minutes at 180°C.  

Materials. The fluids in the bath are Newtonian silicone oils (PMX-200, Xiameter). Two viscosities are 

investigated, 200 cSt (0.965 g/mL) and 1000 cSt (0.968 g/mL). The silicone oils were used as received. 

The combination of rigid SU-8 as the surfaces and silicone oils as the fluid, along with working under 

completely flooded conditions allow us to neglect other type of interactions such as van der Waals, 
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electrostatic, capillary. The Hamaker constant a SU-8 – Silicone Oil – CyTop system is negligible, see 

ESI for estimates of the Hamaker constant and interfacial energy. 

 

4. Peeling Apparatus.  

A custom-built peeling apparatus, illustrated in Figure 2, was designed to measure the force required 

to peel the samples in a completely flooded environment for different loading conditions. The apparatus is 

based on the designs of Ghatak et al.
27

. The experiments are performed in two distinct, but continuous, 

phases inside a bath filled with fluid.  An overview of the key features of the apparatus, and experimental 

protocol is described here, with additional details about the setup and the load cell available in the ESI.  

 

 

Figure 2. Schematic of the peeling apparatus. (a) Loading phase where a normal load is applied to decrease the fluid 

film thickness between the sample and bottom substrate. (b) Peeling phase where one side of the sample is moved 

upward by a rigid contactor driven by a motorized stage and mounted onto a load cell. (c) Illustration of the change 

in the fluid film thickness (separation) due to the applied load as a function of time during the loading phase. (d) 

Illustration of the change in separation (fluid film thickness) and measured force during the peeling process. The 

difference in the contactor velocity and the motor velocity gives rise to a force measured by the load cell. The fluid 

film thickness (separation) in (d) varies spatially and is largest on the side near the contactor. 

 

Loading phase. First, in the loading phase the surfaces are initially far apart (approx. ~500 µm) and a 

fixed mass (0.05kg or 0.208kg) is applied on the top surface as a weight for a set amount of time (Fig. 

1a,c). The constant load brings the top surface closer to the bottom surface and sets the fluid film 

thickness prior to the peeling phase. Therefore we control the sample-to-substrate separation prior to pull-
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out by changing the viscosity, the applied load, and the loading time. In the current experiments the 

separation between the sample and the bottom surface cannot be measured directly. There is also always a 

small tilt present between the two surfaces, even after careful effort to align the surfaces. A small tilt can 

significantly decrease the fluid film thickness from that predicted for a smooth falling plate in the 

lubrication limit.
30, 33

 Therefore we report the loading conditions (viscosity, loading time, and applied 

load) as an indication for the fluid film thickness prior to measurement of pull out forces rather than 

absolute values of film thickness. The weight is lifted within three seconds after the end of the loading 

phase and the peeling measurements are performed (Figure 2b,d).  

 

Peeling phase. Once the weight is pulled away from the back of the coverslip, the peeling phase starts. In 

the peeling phase, the flexible coverslip (flexural rigidity = 0.03 Nm) is peeled off the substrate by a rigid 

contactor moving at a constant drive velocity of 300 µm/s and connected to a load cell. As viscous forces 

scale with the velocity, we selected 300 µm/s as the drive velocity to exploit the full range of the load cell 

while remaining in the lubrication regime. While the drive velocity is constant, the actual velocity at 

which the sample and substrate separates is less than the drive velocity because of the hydrodynamic 

drag, and varies both with time and position. As an upper bound, we estimate the Reynolds number to be 

Re <1 based on a film thickness of order microns, a length of 14 mm, and a peeling velocity less than 

1mm/s. Throughout the peeling process the bending of the coverslip remains in the small angle limit 

(<5°). In this limit we do not have to consider the potential energy from the movement of an inextensible 

film with an applied force.
45

 Additional possible contributions to the forces measured are the elasticity of 

the coverslip during bending, the viscous forces from the fluid film, the compliance of the polymer film, 

and the conservative surface forces (such as van der Waals interactions)
29, 45-47

. In our system there is 

negligible contribution from conservative surface forces (e.g. electrostatic or van der Waals interactions), 

and the SU-8 polymer film employed here is non-compliant (E=5.6 GPa)
48

. If we consider the two 

remaining contributions: the elasticity of the coverslip and the viscous contributions, we find that by 

using a rigid backing
49

 the elastic work term is much smaller than the viscous work
45

. An estimate of the 

bending contribution is ≪1% of the entire work (since the elastic stress term is usually much smaller than 

the Young’s modulus) and is thus negligible.
27, 29

   

5. Results and Discussion 

To isolate the role played by the surface features on the peeling forces we aim to eliminate any 

non-viscous contributions to the forces measured, including deformation of the pillars. In the context of 

tree frogs adhesion, however, deformation of the epithelial cells could also play an important role in 

modulating adhesion.
34

 We conducted the peeling measurements in fluids of two viscosities, two masses 
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acting as weights for a range of loading time that vary between 5-800 s. We therefore explore a range of 

loading conditions of viscosity/(mass * loading time) that spans over three orders of magnitude (from 

2x10
-2

 to 6x10
-6

 cSt/kg*s). This quantity is proportional to the square of the predicted film thickness for a 

flat surface. Since we expect the onset of different regime behaviors to depend on separation set by the 

substrate, we pick a maximum range of loads that can reliably be supported by our apparatus. The 

magnitude of the hydrodynamic forces will depend on the velocity, but based on our prior work
35

 we 

would not expect the velocity to change the alter the contribution of the surface structure to the drag force 

in a low Reynolds number regime. 

Three sets of samples were fabricated, the first two have surface features consisting of a 

hexagonal array of cylindrical pillars and the third is a flat surface that acts as a reference and control (see 

Fig. 3). The two structures investigated are identical in all dimensions except for their channel width 

(3µm and 10µm), the dimensions of the surface features are listed in Table 1. Also listed in Table 1 is ho, 

which represents predictions for the fluid film thickness at the transition between radial fluid and drainage 

through the structure (see Section 2). This parameter is derived from a scaling argument in the lubrication 

limit (inherently 2D), and as such assumes a limiting geometry in the remaining dimension
34

. Our 

structures are not in such limiting geometries so we give a range of ho in Table 1 – one determined by the 

width of the channels and one by the diameter of the posts.  

 

 

Figure 3. (a) Schematic and (b,c) optical microscopy images of the structured surfaces investigated. The scale bar 

corresponds to 10 µm. In (b) d=D=10 µm, and W=3 µm, in (c) W=D=d=10 µm. 

 

Table 1. Feature sizes and estimates of ho for the samples investigated. 

Sample 
Thickness 

(µm) 

Diameter, 

d (µm) 

Depth, 

D (µm) 

Width, 

W (µm) 

hhhhoooo=W=W=W=W % DDDD
W+dW+dW+dW+d&

' (⁄
 

(µm) 

hhhhoooo=D=D=D=D % WWWW
W+dW+dW+dW+d&

' (⁄
 

(µm) 
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Flat 20 N/A N/A N/A N/A N/A 

W=3 µm 20 10 10 3.0 2.8 6.1 

W=10 µm 20 10 10 10 8.0 7.9 

 

Force Curves.  Representative force curves for the range of loading conditions investigated here are 

shown in Figure 4. We see that for all loading conditions and samples, the measured forces display the 

same qualitative features: the forces rise rapidly, reach a peak, and drop abruptly. These general features 

are qualitatively similar to the ones observed for other peeling
29, 50

 and normal force measurements
44, 51

 in 

viscous fluids with smooth surfaces. In the force curves, the position and magnitude of the peak forces are 

instrument specific and characteristic of the load cell employed. The effect of a compliant load cell on the 

measurements of a viscous force has been studied in multiple systems before, including probe tack 

measurements
51

 and the surface force apparatus
44

.  

Introducing structured surfaces tends to decrease the magnitude of the force measured. This 

observation is in sharp contrast to previous work reported in the literature for the peeling force in the 

presence of a structured surface in fluid environments. It has been suggested that surface features could 

enhance the peeling force through increased viscous dissipation or by “anchoring” liquid bridges 

(pinning).
29

 Our experiments with rigid structured surfaces rule out the viscous flow hypothesis and 

suggest that either anchoring of the fluid or elasticity of the structured surface is necessary for the 

enhancement of peeling force. For the portion of the force curves past the force peak, we observe an 

abrupt decrease in the measured force. This portion of the force curve is attributed to crack propagation 

(see ESI). For soft patterned surfaces it has been observed that the force decreases and then reaches a 

plateau, which has been attributed to cavitation
52

 or fingering instability (Saffman-Taylor
29

 or elastic
53

).
54

 

Here we do not clearly see such features because no interface with a different viscosity is present in a 

completely flooded environment (no Saffman-Taylor type instability) and the high modulus of the SU-8 

also hinders the formation of elastic instabilities. We also do not observe features that are consistent with 

cavitation because either the stress on the fluid film is not sufficient to induce cavitation or we are unable 

to resolve cavitation in our force curves. Finally, we do not observe a characteristic sequence of peaks 

that is typical for a series of crack arrest and propagation events caused by the surface features that have 

been observed in the absence of fluid.
27, 55-57

 In most cases investigated here the two surfaces are not in 

contact; second we are working in a non-adhesive system (SU-8/silicone oil/fluoropolymer) and the stress 

decay length in fluids would be essentially zero and these peaks are visible when the spacing of patterns is 

of order the stress decay length
57

. Our observations are in agreement with the work of Patil et al.
29

, where 

no sequence of crack arrest peaks are observed in a similar fluid experimental system.  
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Figure 4. Representative force curves for the different loading conditions investigated. The structures investigated 

are the same for each columns. Time represents the loading time (in seconds) from the loading phase. The 

displacement refers to the motor displacement during the peeling phase. 

 

Several features in the force curves, such as the effect of the load, loading time and viscosity, are 

self-consistent and in agreement from predictions in the lubrication limit. In all samples, the magnitude of 

the force increases with increasing applied load and loading time, except for the W=10µm surface in 200 

cSt - 0.208 kg (Fig. 4f), where increasing the loading time has a very small effect on the force curves. The 

intial increase in the force before the peak is reached has been shown  to depend both on the rigidity of 

the system and the moment arm from the rigid contactor to the structures.
26, 58

 The rigidity of all our 

samples is the same, but the structures have slight (~ 1 mm ≅ <5%) variation in positioning from the edge 

of the coverslip. This misalignment, combined with slight variations in apparatus placement of the rigid 

contactor, alters the moment arm and leads to sample-to-sample variations in the force curves. For 

example, in Figure 4g-i, the force curves are all from a single sample within an individual panel, 

illustrating the similarity in the force profile when the alignment is the same. In contrast, the force curves 

in Fig. 4j-l, come from two different samples, illustrating the effect of different moment arms and sample-

to-sample variations. 

 

Work of Separation.  For all the force curves we integrate the force versus motor displacement to obtain 

a work of separation for the two interacting surfaces (Figure 5). Studying the work of separation is 

convenient because 1) in contrast to the force curves it is not instrument dependent, the work is unaffected 

by the compliance of the load cell
44

, 2) it captures the viscous forces for the whole separation process and 
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not only the initiation or propagation of a crack, and finally 3) it is unaffected by small differences in the 

moment arm. We want to distinguish this work of separation from the work of adhesion, the latter being a 

thermodynamic quantity based on conservative forces, whereas the viscous forces investigated here are 

dissipative.  

 

Figure 5. Work of separation as a function of loading times. Each panel corresponds to a different combination of 

viscosity and applied load.  Each data point represents at least three different samples tested in triplicate. Note that 

the scale of the y-axis is different for the two viscosities investigated. 

 

In Figure 5 the work of separation is plotted as a function of the loading time. For an individual 

panel an increase in loading time should lead to a decrease in the fluid film thickness prior to pull out. We 

observe that increasing the viscosity, for the same applied load and loading time, leads to an increase in 

the work of separation. Two factors have to be taken into consideration to explain this observation: 1) the 

effect of viscosity in setting the fluid film thickness prior to peeling, and 2) the differences between 

normal and peeling motion. First, if we only consider normal motion for both approach and retraction, 

there should be no effect of viscosity on the work of separation for the same loading conditions. This is 

because the viscosity dependence of both the drag force that sets the fluid film thickness prior to pull out 

and for the drag force during retraction cancels out for normal motion. The same is expected if we take 

into account the compliance of the load cell and model our system as a spring (the load cell) in series with 

a dashpot (the hydrodynamic force of the interacting surfaces).
44

 In the case of peeling, previous 

theoretical work
49,59,60

 predicted that the drag force depends on "�/* compared to being proportional to " 

for normal motion. This weaker dependence of the drag force on viscosity when going from a normal to a 

peeling motion can therefore explain the increase in the work of separation with viscosity for the same 

applied load and loading time. The approach-detachment cycle is no longer reversible due to the 

100

150

200

250

 
0 200 400 600

100

200

300

400

0.208 kg load - 1000 cst

 
200 400 600 800

 

0.05 kg load - 1000 cst

 

0.5 N load - 200 cst

 Flat

 W = 3 µm

 W = 10 µm

W
o
rk
 o
f 
s
e
p
a
ra
ti
o
n
 (
µ
J
)

Loading time (s)

0.208 kg – 1000 cst 0.05 kg – 1000 cst

0.208 kg – 200 cst 0.05 kg – 200 cst

a b

c d

Page 13 of 21 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

difference in the mode of motion leading to the lower work of separation required to separate surfaces via 

peeling.  

For a given fluid viscosity and applied load, the work of separation initially increases rapidly with 

loading time and then slows down or even reaches a plateau at long times. In the case of the flat surface a 

plateau in the work of separation is not typically observed (see Fig. 5d). In contrast, for the two structured 

samples, the work of separation reaches a plateau. For W=10 µm, the plateau is first observed at shorter 

loading times than for the W=3 µm surface. We also see that for each panel, the work of separation at 

long times decreases when going from a flat surface to the W=3 µm surface, and then to the W=10 µm 

surface. Another clear feature is that for a given viscosity and applied load the work of separation at short 

loading times is the same for the three surfaces investigated.  

 We describe the dependence of the work of separation on loading time for the structured surfaces 

based on the two characteristic times introduced in section 2 (tff and tnf) and illustrated in Figure 1. First, 

for a given viscosity and applied load we find the longest loading time for which a structured surface has 

the same work of separation as the flat surface, which we denote tff, the limit of the far-field regime. 

Second, for a given structured surface we find the loading time at which the plateau in the work of 

separation is first observed and denote it tnf, the onset of the near-field regime. The values for tff and tnf are 

listed in Table 2 and were determined for each panel in Figure 5. For a quantitative determination of the 

two characteristic times, we employed the Wilcoxon rank sum method
61

 (threshold of P=0.05 in all cases 

except P=.06 for tff of W= 10 µm 1000 cst 0.05 kg). To determine tff the method was employed to find 

significant differences between the work of separation between a flat and a structured surface. To 

determine the onset of the plateau region, i.e. tnf, the method was employed to find the loading time at 

which an increase in loading time no longer leads to an increase in the work of separation.  

 

Table 2. Values for tff and tnf for the two structures. 

Loading conditions W=10 µm W=3 µm 

viscosity mass tff (s) tnf (s) tff (s) tnf (s) 

1000 cSt 
0.05 kg 120 300 180 300 

0.208 kg 60 120 60 120 

200 cSt 
0.05 kg 60 90 90 120 

0.208 kg 10 40 40 90 
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The presence of a plateau for structured surfaces at long loading times in Figures 5-6 suggests 

that boundary contact is reached in the near-field regime. In contrast to the structured surfaces, we did not 

observe a plateau in the work of separation as the loading time is increased for flat surfaces. For smooth 

surfaces and considering only hydrodynamics during approach, dh/dt asymptotically decreases as h 

decreases. Therefore, boundary contact should not be reached and the work of separation should keep 

increasing with loading time, which is what we observe for flat surfaces. It is found, however, that surface 

roughness
62

, or certain geometries
63

 are often sufficient for the fluid between two surfaces to squeeze-out 

and the surfaces to reach contact
62, 64,65, 66

 in a finite amount of time. In the absence of surface 

deformation, if surfaces reach boundary contact, any longer loading should not change the work of 

separation. Therefore based on the fact that we observe a plateau in the work of separation we suspect that 

boundary contact is achieved at (or near) tnf for the structured surfaces. 

We aim to relate the characteristic loading times to the feature dimensions reported in Table 1 and 

to the flow regimes outlined in Section 2. We assign the characteristic times in Table 2 to the loading time 

spent in the far-field regime (tff) and to the onset of the near-field regime (tnf), see Figure 6. The difference 

between the two loading times would represent drainage through the structure. By looking at the tff values 

in Table 2 we see that, for a given structure, increasing the load or decreasing the viscosity lead to shorter 

times in the far-field regime, consistent with reaching a fluid film thickness of ho more quickly with larger 

applied load or lower viscosity. We also find that increasing the load and decreasing the viscosity leads to 

shorter time to contact, consistent with contact facilitated by drainage through the structures. If the 

structured surfaces reach contact while the flat ones do not could also explain why the work of separation 

is less for the structured surfaces. Finally, we also observe instances where the work of separation for a 

structured surface has not yet reached a plateau, is still increasing with loading time, but is less than that 

of a smooth sample (see the drainage region of Figure 6). We suggest that the presence of this region 

could imply that the drag reduction due to surface structure is more significant in the peeling mode than 

that in the normal mode, consistent with flow perpendicular or parallel to cylinders.
67, 68
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Figure 6. Identification of the three regimes from the work of separation as a function of loading time. A schematic 

of the fluid flow characteristics in each regime is shown on the right. Note that the tnf and tff are not an interpolated 

value but determined based on statistical significance. 

Based on the scaling argument introduced in Section 2, we predicted that for a given structured 

surface: 1) �!! ∝ ,
-.

, and 2) tff should be inversely proportional to ho
2
. The proportionality between tff and 

the ratio " ��⁄  for the two structured surfaces is shown in Figure 7a by using the data for all the loading 

conditions investigated. For the second prediction we first observe that, as expected, the slope for the data 

of the W=10µm surface in Figure 7a is less than the one obtained for data coming from the W=3µm 

surface, consistent with the larger ho of the W=10µm surface (see Table 1). Finally, we can take the ratio 

of slopes for the tff vs "/�� data for the two structured surfaces investigated. Based on Eqn 2, this ratio 

should be equal to the inverse ratio of ho
2
, which is close to what we observe (see Table 3). The range in 

the calculated values for ho comes from the fact that it cannot readily be determined for the W=10µm 

surface because there is not a dominant length scale on the surface features that simplifies the analysis in 

Refs 34, 35, the same is true for the W=3 µm since the feature sizes are not firmly in the D>>W limit. 

The relatively good agreement between predictions from Eqn 2 and our measurements indicate that tff 

might be a signature for the onset of the drainage through the structures. Finally, based on Eqn 3 we 

predict that the time to reach boundary contact (tnf) should be twice the time spent in the far-field regime, 

independent of the surface structure. This prediction is confirmed in Figure 7b where tnf is plotted as a 

function of tff for the two surfaces investigated and for all the loading conditions. As seen in Figure 7b all 

the data collapse into a single line of a slope of 1.7. Note here that ho is calculated based on normal 

loading (and unloading) and not peeling. 
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Figure 7. (a) Dependence of the far-field limit on the ratio of the ratio of ν/FN, based on Eqn 1 we expect the slope 

to be linear and to be proportional to a length scale unique to each structure geometry. (b) Relationship between the 

far-field and near-field times, based on Eqn 3 we expect a linear relationship with a slope of 2. Linear least squares 

fits giving (a) W=3 µm: slope = 0.0071 and r
2
 = 0.97 and, W=10 µm: slope=0.0049 and r

2
 = 0.87, and for (b) slope = 

1.7 and r
2
 = 0.85.  

 

Table 3. Values extracted from Figure 7.
a
 Calculated by using the slopes in Fig. 7a as input in Eqn 2. 

b
 Values from 

Table 1. 
c 
Slope of Fig. 7b. 

d
 Calculated from Eqn 3.  

 Measured Predictions 

W=10 µm ho = 12.0 µm
 a
 ho=7.9 µm

 b
 

W=3µm ho = 8.1 µm
 a
 ho= 2.8-6.1 µm

 b
 

ho(W=3µm)/ho(W=10µm) 0.69 0.34-0.77 
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We see that estimates for an effective ho based on our experiments overestimates the predictions 

of Ref. 34 (see Table 3). The discrepancy could come from the fact that we are using an analysis based on 

normal motion to describe detachment via small angle peeling measurements. However, in our previous 

experiments we characterized the normal hydrodynamic forces during approach using the Surface Forces 

Apparatus. We observed that the onset of reduction of the hydrodynamic force during approach occurred 

at a separation (hc) that was larger than ho, but we found that hc was proportional to ho when comparing 

different surface structures.
35

 Our results here follow the same trend, see the agreement here in the 

measured and predicted values for ho(W=3µm)/ho(W=10µm) and tff/tnf in Table 3. Therefore it is more 

likely that the transition between the different regimes is gradual or occur at separations larger than ho, 

making ho an effective measure of the effect of surface structure on viscous forces. Also that these 

predictions are based on scaling arguments in limiting geometries with many assumptions and as such 

inherently bring uncertainties. 

Implication of our results for the role of viscous contribution on detachment via peeling are the 

following. 1) The presence of drainage channels reduces the drag upon approach and allows surfaces to 

make boundary contact faster. 2) The reduction in drag that facilitates approach also allows the surfaces 

to come apart more easily, as indicated by a decrease in the work of separation with structured surfaces 

when the loading conditions are kept constant. 3) If the fluid film thickness is too large prior to pull out 

the surface structures have no influence on the work of separation and behave the same way as smooth 

surfaces. It is interesting to compare our results to those of Patil et al.
29

 where the role of surface structure 

on the viscous forces measured during peeling was investigated. In their work they observed an increase 

in the work of separation with structured surfaces. We suspect that we reach different conclusions here 

because our surface structures are rigid (E=5.6 GPa) while they had a very compliant system therefore 

surface compliance appears to play a very significant role in modulating the peeling force in viscous 

environments. Recently Drotlef et al.
39

 investigated the effect of surface structure on the adhesion force 

via normal retraction and on the friction force. In their experiments they did not observe that the fluid 

viscosity had an effect on the adhesion force (measured by peak force during retraction), and observed 

that the viscous contribution did not play an important role in their measurements. For the hydrodynamic 

component, in a system with a normal retraction with a compliant load cell, increasing the viscosity 

would not change the magnitude of the peak force in pull out measurements if the loading conditions are 

kept constant. While our experimental system is quite different from the toe pads of tree frogs, our results 

isolate the contribution of drainage channels to the adhesion force in flooded conditions in a loading 

scheme that mirrors the mode of tree frog attachment and detachment. In a more realistic system drainage 

channel could facilitate contact, while in contact conservative forces such as van der Waals interactions 

would become relevant and surface deformation would play an important role.  
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6. Conclusions  

Smooth and structured surfaces were loaded normally towards a flat substrate and peeled off in a 

viscous Newtonian fluid. The experiments were designed to highlight the interplay between the surface 

structure and the loading conditions. The effect of structures on the peeling forces was investigated and 

evidence for three regimes for the work of separation were observed. 1) The far-field regime corresponds 

to large fluid film thickness prior to pull-out and in this regime there is no effect of surface structure on 

the work of separation. 2) The drainage through structures regime is very short and corresponds to fluid 

film thickness that are sufficiently small such that the fluid flows through the structure and, as a result, a 

decrease in the work of separation compared to flat surfaces is observed. 3) The near-field regime 

corresponds to interactions between individual pillars and the surface where boundary contact is likely to 

occur, this regime was characterized by a plateau in the work of separation with loading time. Using 

simple scaling arguments we found that the boundaries for the different regimes could be related to the 

surface features via a parameter ho. We also found that the relationship between the loading times for the 

near-field and far-field was near 2, independent of structure and in agreement with predictions.  
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