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Impact of nanometer-thin stiff layer on adhesion to rough surfaces
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Adhesives require molecular contact, which is governed by roughness, modulus, and load. Here, we measured
adhesion for stiff glassy polymer layers of varying thickness on top of a soft elastomer with rough substrates.
We found that a 90-nm-thick PMMA layer on a softer elastic block was sufficient to drop macroscopic adhesion
to almost zero during the loading cycle. This drop in adhesion for bilayers follows the modified Persson-Tosatti
model, where the elastic energy for conformal contact depends on the thickness and modulus of the bilayer. In
contrast, we observed no dependence on thickness of the PMMA layer on the work of adhesion calculated using
the pull-off forces. Understanding how mechanical gradients (like bilayers) affect adhesion is critical for areas
such as adhesion, friction, and colloidal and granular physics.
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I. INTRODUCTION

Adhesion between two surfaces requires molecular con-
tact, and even a small roughness disrupts this molecular
contact; this phenomenon is commonly known as the adhe-
sion paradox [1-3]. Surfaces with low modulus can deform
under pressure to create molecular contact [4,5]. However,
achieving conformability requires additional energy for elas-
tic deformation, which reduces the work of adhesion during
approach [6]. When this additional elastic energy exceeds the
intermolecular work of adhesion, a complete loss of macro-
scopic adhesion is observed, and the actual (or nominal)
contact area is then dominated by Hertzian mechanics [7]. The
mathematical formulation for calculating the effective work of
adhesion was proposed by Persson and Tosatti in 2001 using
height power spectral density (PSD), and this model has been
validated for soft elastomeric siloxane polymers in contact
with hard diamond surfaces by Dalvi et al. [8,9].

Many natural and manmade surfaces have gradient me-
chanical properties [10-12]. These mechanical gradients may
result from differences in the composition or topological dif-
ferences that result in an effective modulus that is a function of
thickness [10—14]. For example, geckos have setae that branch
into finer spatula and produce mechanical gradients controlled
by both chemical composition and differences in physical
parameters such as the diameter and length of the spatula
as compared to setae [13,15]. These chemical or mechanical
gradients can range from nanometer to micrometer scale and,
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in some cases, they help or deter mechanical contact. Such
gradients offer an exquisite approach for controlling molecu-
lar contact and, thus, adhesion and friction [16].

Here we address the fundamental question of how a me-
chanical gradient can affect adhesion in contact with rough
surfaces. To simplify the system, we considered a bilayer
system with a high-modulus, glassy polymer poly (methyl
methacrylate) (PMMA) on top of a soft elastomer poly
dimethyl siloxane (PDMS), where the thickness of PMMA
ranged between 10 and 90 nms. We measured the adhe-
sion using the Johnson-Kendall-Roberts (JKR) technique by
bringing the bilayer into contact with a sapphire hemispher-
ical lens during approach and retraction. We compared the
experimental results with predictions of the Persson-Tosatti
model modified for bilayers [17]. An understanding of how
adhesion is affected by mechanical gradients will shed light
on the design principles of biological structures and inform
the design of effective adhesives that can improve adhesion by
controlling the effective modulus of the topmost layer in many
applications including robotics and the biomedical sciences
[12,16,18].

II. RESULTS AND DISCUSSION

Figure 1 summarizes the adhesion results for bilayers with
PMMA thickness in the range of 10-84 nanometers. Fig. 1(a)
illustrates the JKR geometry used to measure the bilayer ad-
hesion. A sapphire lens with a radius of curvature of 1.25
mm is brought into contact with the bilayer at a speed of
60 nm/s and the contact area as a function of load is measured
in a semi-static way; the results are shown in Fig. 1(b) for
10-, 40- and 84-nm-thick PMMA layers. The JKR theory,
which was originally derived for two smooth homogenous
surfaces, is also applicable for a bilayer geometry as shown
by Johnson et al. [19] For this layered system in contact with
rough surfaces, we have to consider the elastic deformation
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FIG. 1. (a) The geometry showing a sapphire lens brought in contact with a bilayer sample consisting of a top layer of rigid/glassy PMMA
on a soft PDMS elastomer. The lens in contact with a flat sheet is used for JKR experiments in which the contact area is measured as a function
of applied load. (b) Contact radius cubed vs applied force data for bilayer samples having PMMA layers with different thicknesses. The solid
line is fit using the JKR contact mechanics model. (c) Plot of adhesion values obtained from JKR fits during approach (W,,; shown as red
symbols). Pull-off (Wpuyott) values were determined by retracting the sapphire lens with a speed of 60 nm/s and using the JKR analysis (shown

by blue symbols).

of the polymer sheet (U, (polymer)) and the elastic energy to
conform to the surface roughness of the lens (U (roughness)).
This Ug(polymer) term has elastic contributions from both the
top thin PMMA film and the thicker elastic PDMS sheet. The
conservation of energy can be used to relate the total work
(Ur) to form a contact as follows:

Ur = Uel (POlymer) + Uel (roughness) - ‘/VtrueAtrue- (1)

In Eq. (1), W is the true thermodynamic work of adhe-
sion and Ay, is the actual area of contact. In the JKR analysis,
the U (roughness) term is not included, and we can combine
the true work of adhesion and elastic energy to conform to
the rough surface and refer to this as the apparent work of
adhesion (Wp,):

Ur = Ue(polymer) — WyppAapp. )

This gives the relationship between the apparent and true
work of adhesion:

WappAapp = WiueAurue — Uei(roughness). 3

The U,j(roughness) can be calculated using the modified
Persson-Tosatti equation (as discussed later). In Egs. 2
and 3, A is the projected area. In the JKR equation,
the effective modulus will include the contributions from
elastic deformation of both the thin PMMA sheet and the
much thicker, soft PDMS elastomer. Since PMMA films are
much thinner than the PDMS elastomer sheets, the effective
modulus will be closer to that of PDMS. In the Supplemental
Material, we discuss the energy required to deform the PDMS
sheet and the bending and stretching of the PMMA films (see
Supplemental Material [20]). Thus, the current data can be
modeled using the JKR model to determine the apparent work
of adhesion [19,27].

The solid lines in Fig. 1(b) are the fit using the JKR
equation to determine the apparent work of adhesion (Wypp),

and the effective moduli determined from the fits are
summarized in Table S1 (See Supplemental Material [20]).
During retraction, we measured the pull-off force and, using
the JKR equation, we related the pull-off forces to the work
of adhesion during pull-off (Wyuiofr). Both of these values are
plotted as a function of film thickness in Fig. 1(c). The values
of Wypp drop rapidly as we increase the thickness (Pearson
correlation coefficient of —0.84). In comparison, the values
of Wpuiofe are not affected by PMMA thickness (Pearson
correlation coefficient of 0.27).

To determine Wy, for the bilayers, the original Persson—
Tosatti formalism was modified to account for changes in
surface/interfacial energies of the PMMA (y;) and PMMA—
PDMS (1) interfaces. In addition, we needed to account
for the effective elastic energy to conform to the roughness
of the solid surface [8]. Figure 2 shows the steps involved
in the development of the model to calculate W,,,. Here, Ayp,
is the projected area, y, is the surface energy of the rough
solid surface, and U, is the elastic energy to deform the
bilayer to conform to the rough solid surface [same as Uy
(roughness) in Egs. (1-3)]. Also, Wiy = y1 + v2 — Y12- Wapp
can be calculated based on the energy difference to separate
the two surfaces:

Wapp = VVintAtme/Aapp - (Vl + VO])(Atme/Aapp - 1)
- Uel /Aapp- (4)

To determine the change in surface energy in Eq. (4) due
to the 0—1 interface, we have assumed that the 0—1 interface
has the same PSD as the 1-2 interface after conformal con-
tact, independent of film thickness. This is strictly true only
for long wavelength roughness with the wavelength A > d
(where d is the film thickness). For the bilayers studied here,
o1 i1s small and the accuracy of this assumption does not
influence the adhesion values. The first two terms in Eq. (4)
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FIG. 2. Schematic showing different stages of a bilayer sample as it conforms to the roughness of the solid sapphire substrate. The center
panel shows the intermediate stage to illustrate that the bilayer must deform to match the contours of the rough surface. The final panel shows a
conformal contact with the rough surface. The equations provide the total energy of the system in each stage and the apparent work of adhesion

is the difference between the final and the initial stage.

are also WyueAe /Aapp in Egs. (1) and (3). The elastic energy
can be determined using the PSD of the rough surface, C(q)
(the definition of C is based on Ref. [28]):

U, a C
el :Esz/ dqqzﬂ. 5)
Aapp 2 Jgo S(q)

In Eq. (5), Ef = E;/(1—v}) is the modulus of layer 1
(top layer) and S(gq) is the dimensionless surface responsive
function, which depends on gd. The ¢ in Eq. (5) is the
wavevector (which is equal to 2w /A, where A is the wave-
length of roughness), and d is the thickness of the top layer.
S(g) also depends on the Poisson ratio of two layers (v, and
v1) and the ratio of Young’s moduli of the top and bottom layer
(E1/Eo) [17]

1 4+ 4mgde29 — mne=42¢

S(g) = (%
(6]) 1 — (m L4 4mq2d2)e_2qd +mne—4qd ( )

The parameters m and n are expressed as follows:

-1
wi/ o + 3 —4u
and
4(1 —

=1 (I —wvy) ®

T+ (/o) B — dup)

where the shear moduli are related to Young’s modulus: pg =
Eo/(2(1 +vp)) and w1 = Ei/(2(1 + v1)).

The value of S(g) as a function of ¢ for PMMA/PDMS
in contact with the sapphire substrate is provided in Fig. S1
(See Supplemental Material [20]). As d tends to zero, Eq. (4)
will converge to the value expected for a PDMS (layer 0) in
contact with a rough substrate. As d tends to infinity, Eq. (4)
will converge to the expected value for PMMA (layer 1).

To predict W,y for the system, we need to measure C(q)
for the sapphire lens and the PMMA—-PDMS bilayer. Figure
3(a) shows the PSD for these two surfaces and the effective
PSD depends mainly on the roughness of sapphire lens, since
the bilayers are much smoother in comparison. The other
parameters used to calculate W,p, using Egs. (4)—(8) are pro-
vided in Table S2 (See Supplemental Material [20]). The only
unknown W, is the intrinsic work of adhesion between the

PMMA layer and the sapphire lens. The value for Wi, of 49
mJ/m? was determined by minimizing the least squared error.
Recent studies suggest that the modulus of PMMA could be
a function of thickness [29,30] Accounting for this results
in slightly higher values of adhesion for lower thickness and
those results are summarized in Fig. S2 (See Supplemental
Material [20]).

The theoretical predictions of Wy, are shown in Fig. 3(b)
as a function of film thickness (circles). The contribution of
the surface area terms and the elastic energy in Eq. (4) are
plotted in Fig. S3 (See Supplemental Material [20]). The sec-
ond term is much smaller in magnitude because the area ratio
term (Ayue/Aqpp) is close to 1 for these almost smooth sap-
phire lenses. When the elastic contribution exceeds Wiy, the
adhesion drops to zero. The initial drop in W,,, measured ex-
perimentally matches well with the theoretical predictions for
smaller thicknesses. However, the W,,, from the experiment
dropped off more slowly than predicted by theory. One reason
for these discrepancies may be due to the extreme sensitivity
of Wy to roughness. For example, if we take the standard
deviation based on different measurements of PSD of the
sapphire lens and calculate W,p,, we observe the predictions
are spread out in the shaded region predicted by the bilayer
model. This finding is intriguing because the results suggest
that the sensitivity to roughness is a function of the thickness
of the PMMA layer. Another reason for a slower drop in
adhesion could be due to plastic deformation of PMMA film.

In Fig. 3(c) we plot the ratio of Uei(qcur)/Uel (total) as @
function of g For this calculation, we had to extrapolate the
PSD to higher g values beyond the limit we measured exper-
imentally. We found that for thinner film, this ratio converges
to 1.0 at higher g values than that for a thicker film. Therefore,
the variation in the roughness of the sapphire lens at lower g
values (or larger wavelengths) affects the thicker film more
than the thinner film, producing higher standard deviations.
However, identifying specific reasons for deviation for thicker
PMMA films will require a much more uniform rough surface
with very little variation in roughness at lower g values.

The application of Eq. (4) to explain the adhesion results
assumes that for all these samples, the contacts are conformal.
The Persson-Tosatti model is only exact and applicable for
conformal contact. We used surface-sensitive infrared-visible
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FIG. 3. Comparison of adhesion values measured experimentally and those predicted using the modified Persson-Tosatti [Eq. (4)]. (a)
Results for the PSD (C) of the sapphire lens and a 40-nm-bilayer system. The shaded region represents variation in PSD of the sapphire lens
within the interquartile range where the green dotted line represents the third quartile and the black dotted line represents the first quartile. The
dotted red line represents the extrapolated average (C) of the sapphire lens. These profiles were measured using an atomic force microscope,
and PSD was calculated using a previously published procedure [31,32]. (b) The experimental adhesion values for the bilayers in contact with
sapphire are plotted as a function of thickness and are compared with the theoretical values predicted using Eqgs. (1)—(5). The blue circles
used the average values of C, and the shaded regions are calculated using the interquartile range of C (first and third quartile). (c) The ratio
of elastic energy spent by several bilayer systems as a function of qc,. These values are normalized by Uk, after integrating Eq. (5) with

qi = 10" (m™").

sum frequency generation (SFG) spectroscopy to address this
question. Using SFG we measured the shift of the vibrational
peak of the OH groups on the sapphire surface after contact
with the PMMA surface using a bilayer geometry. This shift
is due to hydrogen bonding between surface OH groups and
carbonyl groups in PMMA, which is sensitive to variation
in separation of less than 0.3-0.4 nm [33,34]. We observed
no differences in the shift of the SFG peak for surface OH
between the 10- or 200-nm-thick PMMA bilayers and no
differences as a function of the applied load. The SFG results
are summarized elsewhere [35]. This confirms that in these
thickness ranges, the contact is conformal,and that Eq. (4) is
applicable for modeling the adhesion data.

Finally, we explain the insensitivity of Wy.ofr to the
thickness of the PMMA layer and why the trends are dif-
ferent from those observed for W,,,. For smooth (ideal)
surfaces, the JKR model should show similar values in ap-
proach and retraction (like Young’s equation for contact
angles). This has been observed for two bodies interacting
with van der Waals interactions and smooth surfaces (mostly
hydrophobic-hydrophobic contact interfaces). In most cases,
one observes adhesion hysteresis, where the adhesion en-
ergy calculated during approach is lower than those obtained
during retraction [36]. In these experiments, we have used
a nonhysteretic PDMS sheet covered with a layer of glassy
PMMA film in contact with a sapphire lens. The differences
in adhesion values measured during approach and retrac-
tion are different, and we believe that viscoelasticity has a

negligible impact on hysteresis. Also, previous studies have
pointed out that high-molecular-weight PMMA (above the
entanglement molecular weight) should resist damage and
interdiffusion and, thus, should not contribute to adhesion
hysteresis [37].

The other cause of hysteresis is roughness. We have pre-
viously reported deviation from the JKR model during the
retraction cycle for homogeneous surfaces (not bilayers) in
contact with rough diamond surfaces having low surface en-
ergy [9] We showed that the approach data matched with the
Persson-Tosatti model, while the retraction data did not match
this model. We observed contact pinning during retraction,
and the energy dissipated during the adhesion cycle is instead
proportional to the contact area. The slope of excess energy
plotted as a function of the true contact area is similar to the
thermodynamic work of adhesion. We referred to this process
as a Griffith-like process for PDMS in contact with rough
diamond surfaces.

Similarly, we can also explain the data here because of
contact line pinning, where the adhesion energy is the product
of the real contact area and the W,,,. The W;,; value for all of
these thicknesses is dictated by PMMA-—sapphire interaction,
and they are similar for all measurements. The long-range van
der Waals interaction is almost independent of the thickness of
the PMMA layer. (Fig. S4, See Supplemental Material [20])
[38,39]. Based on our SFG results, we concluded that these
samples are conformal and, since both W, and the real contact
area are not a function of the thickness of the PMMA layer,
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we expect Wpyioff to be a constant, in agreement with our
experimental results.

A more extensive model was published recently to explain
the contact of a soft homogeneous elastomer in contact with
rough diamond surfaces and the impact of pinning of contact
lines during retraction [40]. The pinning of the contact line
leads to a higher adhesion when breaking a soft contact than
was needed to form it, even in the absence of material-specific
dissipation. Roughness peaks increase local adhesion, which
pins the contact lines and increases the pull-off forces, and
they may also explain why we observed Wpuii.ofr values that are
independent of thickness and are higher than those measured
during approach.

Lastly, we compare the experimental results with a semi-
empirical model proposed by Ciavarella [41]. This model
was developed based on Guduru’s model for single wave-
length asperities [42,43]. This model was adapted for multiple
roughness described using a PSD to explain the adhesion
data during approach and retraction for a single-layer PDMS
substrate in contact with rough diamond surfaces [9,44]. In
this model, a modified Johnson parameter [41,45] is used
with U, term based on Persson-Tosatti model for conformal
contact. To compare the experimental results for bilayers with
this model, we have used the U, term shown in Eq. (5). The
equations used to predict adhesion energy and the results com-
paring the adhesion during approach and retraction (Fig. S5)
are provided in the Supplemental Material [20]. The approach
data fits well with this model using Wi, = 62.5 mJ/m?. How-
ever, it was not possible to obtain a good fit for retraction using
the model proposed by Ciavarella by varying Wiy,.

In summary, we show that adhesion is extremely sensitive
to the bilayer thickness in contact with solids of modestly
low roughness. In the range in thickness between 10 and
90 nm, the adhesion during approach is lost due to roughness,
as the elastic energy to conform to roughness is compa-
rable to the intrinsic thermodynamic work of macroscopic
adhesion. The predictions using a conformal bilayer contact
model compare well with the experimental results and point
towards extreme sensitivity of adhesion to small differences
in roughness. These results provide insights on the control
of adhesion by controlling the near-surface chemistry and
modulus. For example, the model presented here can also
predict how adhesion can be improved in contact with rough
surfaces by layering a thin film of low-modulus polymers on
a rigid polymer underlayer. This finding has a direct impact
in many fields including soft robotics as well as adhesives for
engineering and biomedical applications.

III. MATERIALS AND METHODS

Poly(methyl methacrylate) (PMMA) with a molecular
weight of 100 000 g/mol and a polydispersity of 1.09 was
purchased from Scientific Polymer Products. Different con-
centrations of PMMA samples were dissolved in toluene and
spun coated to prepare PMMA films of thickness ranging
from 10 to 84 nms. These films were dried at room temper-
ature for 48 h before preparing the bilayer samples. Sheets

of polydimethylsiloxane (PDMS) were prepared based on the
procedure described by Dalvi et al. [9] PDMS sheets were
Soxhlet-extracted using toluene at 124 °C for 72 h to remove
any unreacted PDMS. After 24 h of drying in air, the PDMS
sheets were dried under vacuum at 120 °C overnight to remove
any remaining toluene. The PMMA films were transferred
on top of the PDMS sheets using a previously reported film
transfer procedure [33]. The PMMA films adhere to PDMS
by van der Waals interactions. Hemispherical sapphire lenses
(2.5 mm in diameter) were purchased from Edmund Optics.
All chemicals were used as received.

IV. ADHESION MEASUREMENT

The adhesion experiment was done using the custom-built
Johnson-Kendall-Roberts (JKR) test setup, in which a sap-
phire lens of diameter 2.5 mm was brought in contact with
the bilayer system as shown in Fig. 1(a). The load and con-
tact area were measured simultaneously until the maximum
load of 1 mN. The apparent work of adhesion (W,p,) was
calculated by fitting contact area versus force data to the JKR
equation [fitting results shown in Fig. 1(b)]. Once the maxi-
mum load was applied, the sapphire lens was retracted at the
same speed, and the pull-off force was recorded. The pull-off
force was then used to calculate the pull-off work of adhesion
(Wputi—ofr) [21].

V. ROUGHNESS MEASUREMENT

Roughness for the spherical lens and the 40-nm bilayer
film were measured by atomic force microscopy (AFM) us-
ing a Bruker Dimension Icon microscope. For the spherical
lens, a total of 28 scans with scan sizes of 100 nm, 250 nm,
500 nm, 750 nm, 1 wm, 5 yum 10 wm, 25 um and 50 wm were
collected using Tap DLC 150 tips, which have a radius of
less than 15 nm, a force constant of 5 N/m, and a resonance
frequency of 150 kHz. A different tip, a RTESPA 300 tip
with a nominal tip radius of 8 nm was used for measuring
the roughness of the bilayer films. The AFM images were
uploaded to a website known as Contact Engineering [46] to
calculate the one-dimensional power spectra density (PSD),
which was later converted to a two-dimensional PSD and
then to a Persson’s PSD (C) using the equations provided in
Refs. [9,31,32]. The C data were used to calculate the elastic
energy using Eq. (5).
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