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Abstract

Light emission due to discharge in air is detected during and after the detachment of micro-structured
PDMS samples from glass surfaces, showing contact charging of the surfaces. The light emission pro-
vides information about the detachment process, like the velocity of the peeling front, which is difficult to
obtain otherwise. While the work of separation exhibits the dependence on pulling velocity typically
found for viscoelastic materials, the emission intensity exhibits almost no velocity dependence. We pre-
sent a model for the rate-dependent contribution of a mosaic of contact charges to the work of separation.
Also, the work of separation increases as expected with increasing aspect ratio of the microstructure,
while the emission intensity shows a maximum for intermediate structures. Based on their different
dependencies and on an upper-bound estimate of the energy emitted as light, we conclude that for the

given system the contribution of electrostatic attraction to the work of separation is minor.
Keywords: PDMS, adhesion, electrostatic forces, triboluminescence, contact electrification

Introduction

Rubber and glass has been a model pair of
materials for adhesion studies for a long time.
The optical transparency of glass and the elastic
properties of rubber have allowed for well-de-
fined experiments with direct observation of the
contact area that can be analyzed by relatively
simple models. Recently, the prospects of micro-
structured fibrillar elastomer surfaces in adhe-
sion applications have stimulated new
experimental and modeling efforts.

However, the interaction mechanisms contribut-
ing to the adhesion between glass and rubber are
not trivial. For example, careful experiments
between clean poly(dimethylsiloxane), PDMS,
and silanized glass, show that in such idealized
situations the interactions can be represented
well by fully reversible van der Waals interac-
tions [1, 2]. However, the far more common
observation during adhesion measurements
between elastomers and between elastomers and
other surfaces is adhesion hysteresis. That is, the
measured work of separating the interface is of-
ten considerably larger than the energy released
during interface closure. It is well-established
that hysteresis can be caused by a number of

phenomena: bulk [3-6] and near-surface [7] vis-
coelasticity (although in standard preparations of
PDMS bulk viscoelasticity is relatively weak
and usually negligible [8]), interfacial bond
breakage kinetics [2, 9], surface re-construction
and inter-chain entanglement [10] .

The situation where electrostatic forces arise
from contact-charging of the two insulating
materials is significantly more complicated and
poorly understood. Residual charges and contact
electrification are notoriously difficult to predict
and control; their effect on adhesion and adhe-
sion hysteresis has received less attention, with
some notable exceptions such as the studies by
Derjaguin and co-workers [11-13], Roberts [14],
Cole et al. [15, 16], Horn and co-workers [17,
18], and Lawn and co-workers [19]. Whether
and when electrostatics plays a significant role
in adhesion, however, remains unclear. The role
of electrostatics in adhesive interactions in aque-
ous environments, on the other hand, is quite
well-established and can often be modeled by
Gouy-Chapman, DLVO, or related theories [20,
21]. It is clear that, at least for particle adhesion
to surfaces in air, electrostatics can play a domi-
nant role. After all, several long-practiced tech-
nologies such as photocopying, electrostatic
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separation, and laser printing rely on it. Cleav-
age of mica [19] in dry air or vacuum Yyields
fracture energies of about 2 J/m? which the
presence of humidity can reduce to 600 mJ/mZ.
The large adhesion in dry air is clearly because
the separation of mica layers leaves behind a
mosaic pattern of opposing charges on the two
surfaces; moisture allows charge to be screened
and dissipated. Contact electrification experi-
ments in the surface force apparatus showed that
very large charge densities of > 5 x 10 C/m?
develop on smooth mica and glass, and that dis-
charge to lower charge densities is delayed until
the gap between the surfaces is in the order of a
micron. These correspond to a work of 6-9 J/m?
for surface separation, comparable to the frac-
ture energy of a covalently bonded interface.

The role of electrostatics in rubber adhesion to
hard surfaces has not been resolved with previ-
ous studies leading to contradictory conclusions.
For example, Derjaguin et al. [13] determined
the adhesion force between a rubber sphere and
a glass surface for different maximal preloads.
Contrary to the prediction of standard adhesive
contact mechanics [22] that pull-off force is
independent of previous loading history, they
found that the adhesion force grows proportion-
ally to the maximum contact area established
during loading, and explained the additional
force by increased adhesion due to contact
charging. The result of their study was that
electrostatic forces contribute some 20% to the
adhesion in the unloaded case, but can be many
times higher than the van der Waals forces if a
load is applied to the sphere. However, the au-
thors used rough surfaces and neglected poten-
tial causes for the increase in adhesion with con-
tact area, such as viscoelasticity and other
phenomena cited earlier in this introduction. On
the other hand, Roberts studied the adhesion of
rubber against a number of stiff surfaces, includ-
ing glass. While noting that charge density of
about 3 x 10®° C/m® was generated on the de-ad-
hering surface, he concluded that in his experi-
ments with rubber “it becomes clear that the
work of adhesion in the contact region is magni-
fied by a viscoelastic factor characteristic of the
particular rubber under test and that variation in
this factor swamps any increase in adhesion or
rolling friction brought about by electrostatic
forces.” The charge density just quoted appears
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very often in the literature of contact electrifica-
tion and is often interpreted to be a value limited
by discharge due to dielectric breakdown of air.
Nevertheless, Roberts noted that attraction be-
tween pre-charged surfaces was noticeable and
could contribute about 20 mJ/m? to the adhesion
energy. It could have been a fortuitous combina-
tion of material combinations that caused
electrostatic interactions to be masked by viscoe-
lastic effects.

Because the question of electrostatic influence
on adhesion is intimately tied to that of contact
charging, it is useful to review studies of the lat-
ter phenomenon. Contact electrification can oc-
cur due to a number of mechanisms: (a) elec-
tron-transfer when a metal or semi-conductor is
involved as one side of the contact pair [23, 24],
(b) ion-transfer when the materials carry mobile
ions [25], (c) heterolytic bond breakage [26], or
(d) asymmetric partitioning of hydroxide ions
[24] or protons [15, 16]; any of the last three can
be relevant when both sides are insulating
materials. Hetero-contact surfaces (e.g., PDMS
on glass) have long been known to charge on
contact; one of the important recent discoveries
is that nominally identical surfaces (e.g., PDMS
on PDMS) also can achieve equal and opposite
charge densities [27], albeit usually smaller than
for hetero-surfaces. Charge transfer is generally
independent of time of contact, pressure, elastic
modulus, and rate of opening. However, it in-
creases with multiple contacts, and very surpris-
ingly, for homo-contacts the total charge in-
creases only as the square-root of contact area,
not proportional to it [27]. Net charge density is
typically in the range of a few 10° C/m* [14, 24,
26, 27], and it decays exponentially in time [27]
with a rate constant that depends strongly on
moisture but is typically between 0.001 and 0.01
s™. This charge density corresponds approxi-
mately to the electric field for dielectric break-
down of air at one atmosphere at large separa-
tions and this fact has led to the general supposi-
tion that the average charge density is limited by
discharge through dielectric breakdown of air.
However, the measured charge density is often
significantly larger than this value [15, 16],
sometimes spectacularly so as in the experiments
of Horn and co-workers [17, 18] who observed
fields in the range limited by field emission. The
well-known Paschen curve [28, 29] shows that
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the electric field required for dielectric break-
down increases strongly for separations less than
about 10 pum in ambient atmosphere. Because
dielectric breakdown involves an avalanche phe-
nomenon, it can occur only if the mean free path
of an electron exceeds the gap [30]. Mean free
path of molecules in air is about 70 nm [31] and
the mean free path of electrons is greater; Horn
et al. noted discharges only for gaps in excess of
500 nm [17, 18]. The conditions for electric dis-
charge between a compliant structured polymer
and another surface at small gaps are essentially
unknown.

The effect on adhesion of contact charging has
hitherto represented the charge as being uni-
formly distributed on the two surfaces, i.e., the
force and energy required to separate two plates
of a capacitor with given charge density. For an
ideal capacitor under these conditions the force
per unit area, f, is well defined and is given by

the constant value of f =o'’ /cs,, where o,
is the charge density, ¢ is the dielectric constant
and &, is the permittivity of vacuum. Because

the force is a constant, the energy per unit area
to separate the surfaces is ill-defined, formally
infinite, and in practice determined by stray
external capacitance that reduces the force from
its near-contact value to zero over several mi-
crons [15-18]. From the point of view of meas-
ures of adhesion, at least in two instances, it has
been shown theoretically that the effect of this
sort of long-range electrostatic attraction is to
add to the pull-off force [13, 32].

A significant change in the picture of electro-
static contact charging discussed so far, and its
effect on adhesion, has occurred due to two re-
cent reports. Apodaca et al. [27] reported two
surprising findings: that like-surfaces also are
charged after contact, and that the charge in-
creases in homo-contacts as the square-root of
contact area. To explain their observations, they
developed a model of a random mosaic of
charge accepting and donating groups on either
surface that after contact results in a mosaic of
charged regions. Baytekin et al. [26] reported the
observation of a mosaic of charges on separated
insulating surfaces. These are universal in the
sense that for several material combinations the
mosaic has two characteristic lateral length
scales, ~450 nm and ~44 nm. Also, the charge
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density in the mosaics is higher than the average
charge density by three orders of magnitude, ~
10 C/m?, similar to that observed by Horn et al.
[17, 18] and closer to the limit imposed by elec-
tron tunneling. The finding of a mosaic of
complementary charges has significant implica-
tions for adhesion. Even though charge densities
on either side average out to be much lower than
local values, the complementary mosaics can
cause significant adhesive forces over separation
lengths of about the same magnitude as the mo-
saic size, as has been analyzed in related con-
texts [19, 33]. Later in this manuscript we quan-
tify this idea.
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Fig. 1 (a) Detail of micro-structured sample,
fibril array in hexagonal packing, in top view.
(b) Sketch of the setup to measure force and de-
tect luminescence during detachment of an elas-
tomer sample from a glass surface, as seen from
the side; indicated is also the retraction velocity,
i.e. the constant velocity at which the sample is
pulled away from the glass surface. (c) Sketch of
the interface between micro-structured sample
and glass, visualizing the peeling front velocity,
i.e. the average lateral velocity at which the de-
tachment traverses the contact. (d) Sketch of the
detachment of a single fibril, indicating the
opening velocity normal to the glass surface,
and the crack velocity in lateral direction.

Here we report on a study of light emission dur-
ing the detachment of micro-structured PDMS
samples from glass surfaces. The light is emitted
as nitrogen luminescence following discharge in
air. The energy required to produce the light
originates in the separation of charged surfaces
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and is therefore a lower bound for an estimation
of electrostatic contributions to the work of
separation. We also present a model for the
electrostatic contribution to adhesion when
charges are arranged in complementary mosaics.

Experimental

Samples were fabricated from
polydimethylsiloxane (PDMS), using a 10:1
mixture of prepolymer and crosslinker of Syl-
gard 184 (Arrow Central Europe, Dreieich, Ger-
many). Flat and micro-structured samples were
used, where structuring was done by means of
soft-molding using micro-lithographic masters;
the process is further described by Paretkar et al.
[34]. All samples had a size of 8 mm by 8 mm
and a thickness of 2.2-2.7 mm. As structure for
the patterned samples, fibril arrays arranged in a

hexagonal packing were chosen, as shown in Fig.

1 (a). All fibrils had a height of 20 um. The
diameter of the fibrils was varied for different
samples between 10 and 50 pm, where the
smallest distance between fibrils equals the
fibrils diameter. Thus, all micro-structured sam-
ples have the same contact area, i.e. 22.7% of
the area of the flat sample.

The backside of the PDMS sample was bonded
to a glass surface via oxygen plasma activation
to provide it with a rigid support. The top sur-
face of the sample that was used for adhesion
testing was not subjected to plasma oxidation.
The sample was mounted to a force sensor
(precision load cell 8431-10 or load bending
beam 8511-10, burster prézisionsmesstechnik,
Gernsbach, Germany), which was fixed to a
translation stage (PLS-85, micos, Eschbach,
Germany). As counter surface quartz glass was
chosen to allow for more UV-light to be
transmitted as compared to normal glass. Di-
rectly behind the glass, a photo multiplier tube
(PMT, H5784-04, Hamamatsu, Bridgewater, NJ,
USA) was positioned to record light emission. A
sketch of the setup is shown in Fig. 1 (b). The
sample was brought into full contact with the
quartz glass, where glass and sample surface
were aligned to an accuracy of better than 3 de-
grees. The contact was held for up to 30 s, dur-
ing which a defined compressive load was ap-
plied to the sample, then the sample was re-
tracted with a constant retraction velocity be-
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tween 0.01 and 1.3 mm/s. During the experiment,
normal force and luminescence signal were re-
corded simultaneously with a sampling rate of
30-50 kHz.

In additional experiments, other materials were
used as counter surface. For opaque materials,
where recording of the light emission through
the counter surface was not possible, the light
emission was observed from the side of the sam-
ple - counter surface interface. Therefore the
PMT was placed 90° to its original position on
the side of the sample - counter surface contact.

Results

A typical result for the detachment of a micro-
structured PDMS sample from glass is shown in
Fig. 2. The normal force signal shows the adhe-
sion characteristic for peeling a flexible PDMS
sample from a flat surface. In the process of
peeling, light is emitted in the form of a series of
1850 flashes. The emission of light flashes starts
when the normal force is still compressive, indi-
cating that some areas of the sample already de-
tach while there is still a net load on the contact.
This observation could be explained by a minute
tilt between sample and surface. However, even
without sample tilt but in the presence of statisti-
cal height variation, fibrils will start to detach
while the overall force is still compressive [35].
This beginning of local detachment coincides
with a departure from linearity of the force-dis-
tance curve, which is indeed observed at the on-
set of light emission in Fig. 2. The duration of
each flash is shorter than the time resolution of
our PMT, which is 20 ps.

The number of light flashes emitted is only one
quarter of the number of fibrils detached (7000
fibrils), but twenty times the number of rows of
fibrils (80 rows). Each light flash has a signal
strength which indicates the emission of hun-
dreds of photons into about 1.5% of the full
solid angle. The average intensity of light flashes
and the frequency of their occurrence increases
over the course of each peeling process.
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Fig. 2 Normal force and luminescence signal
recorded while detaching a micro-structured
PDMS sample from quartz glass (fibril diameter
50 um, retraction velocity 0.1 mm/s). Positive
normal force indicates compression, negative
normal force tension of the fibril sample.

Interestingly, we observe single light flashes
after the PDMS sample is fully detached from
the glass and moved away as far as 450 um.
These single flashes are stronger than those ob-
served during peeling. In their pioneering studies
of emission caused by fracture, Dickinson et al.
already observed a delayed emission of charged
particles and attributed it to long-lasting charge
patches [36]. We have performed experiments
with Scotch tape in the same setup and observed
the expected light flashes during peeling, but
never after detachment. Neither during approach
of the sample, nor during holding of the contact
between sample and counter surface, was light
emission observed. Only when the sample was
retracted, light flashes were detected.

From the length of the sample of 8 mm and the
duration of light emission of 1.7 seconds in Fig.
2 we can determine the average velocity of the
peeling front to be 4.7 mm/s in that experiment,
if we assume that the detachment of these un-
curved surfaces does not occur as shrinkage of a
contact circle but through the transversal of a
straight detachment front. In Fig. 3, the linear
dependence of the average velocity of the peel-
ing front on the retraction velocity is shown. In a
perfectly aligned geometry, we would expect the
crack front to grow unstably to a steady velocity
determined either by viscoelastic losses or by
inertia. Instead, the peeling front velocity is evi-
dently coupled to the retraction velocity. The
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relation between average velocity of the peeling
front and retraction velocity probably originates
in a minor misalignment of one axis of about 1°,
which is difficult to correct for in the current
setup.
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Fig. 3 Peeling front velocity, i.e. the average
lateral velocity at which the detachment trav-
erses the contact, as a function of retraction
velocity for micro-structured PDMS sample
detaching from quartz glass (fibril diameter
50um).

The characteristic results of Fig. 2, with a series
of light flashes during peeling and single light
flashes after detachment, were also found for the
detachment of micro-structured PDMS samples
from paper and epoxy surfaces. For a metallic
counter surface covered with an oxide, light
flashes were observed during peeling but not
after detachment. For the peeling of micro-struc-
tured PDMS from a flat PDMS sample, low
adhesion was measured but no light emission
was observed.
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Fig. 4 (a) Integral of the luminescence signal
over time as a function of retraction velocity. (b)
Work of separation per surface area in contact
as a function of retraction velocity. The increase
can be well described by a power law with expo-
nent 0.54.
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Fig. 4 (a) shows the integrated luminescence
intensity as a function of the retraction velocity
at which the PDMS sample is pulled away from
the surface. The integrated luminescence is
essentially independent of the retraction velocity
at large velocities. It decreases somewhat for
retraction velocities below 0.4 mm/s. If it is as-
sumed that the integrated luminescence rises in
proportion to the total charge remaining after
separation, this finding suggests that at very
slow retraction velocities some charge is lost
before the discharge measured by light emission
occurs. In comparison, Fig. 4 (b) shows the work
of separation per surface area in contact, which
is the surface area of the fibril ends, as a func-
tion of the retraction velocity. A power-law de-
pendence with an exponent of 0.54 is observed.
We note that the measured work of separation
represents the work expended in opening a
fibrillar interface and as such includes elastic
energy in the fibrils [37]. For this reason, the
typical work of separation for finite velocities is
significantly higher than the expected work of
adhesion of about 200 mJ/m? [1].
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Fig. 5 Integral of luminescence signal (a) and
work of separation per surface area in contact
(b) for the detachment of PDMS samples with
various micro-structures from quartz glass.
Different colors indicate different normal loads
(retraction velocity 20 pum/s).

Fig. 5 gives an overview of the influence of the
micro-structure on the integrated luminescence
signal and on the work of separation. The work
of separation increases as expected with increas-
ing aspect ratio of the fibrils [38]. The light
emission shows a markedly different depend-
ence on the structure. The total light emission is
rather weak for unstructured flat samples and
samples with 10 pm wide fibrils, while it is
strong for samples with fibrils of 20 um and
50 pm diameter. For all structures and for the
flat PDMS sample, the light emission occurs in
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series of flashes similar to Fig. 2. Also in all
cases we have observed light emission events
after final detachment from the glass surface
similar to the ones shown in Fig. 2.

The work of adhesion changes significantly as
function of the alignment of the sample with
respect to the glass surface. A small intentional
misalignment led to a drop of the work of adhe-
sion of a 50 pm sample to 50%. This observa-
tion has been previously attributed to the
progressive nature of the detachment of a tilted
sample [39]. The integrated luminescence signal,
however, did not change as a function of
misalignment within typical error.

The observation of a velocity-dependent dis-
charge upon detachment reveals interesting con-
tact charging phenomena. Therefore, we develop
a model for the effects of contact charging on
adhesion including the role of the velocity at
which the gap between PDMS and glass opens.

Model for the effect of contact
charging on adhesion

Let us consider two surfaces electrified after
contact into a mosaic of positive and negative
charges (Fig. 6). These surfaces are complemen-
tary in the sense that if one surface has a posi-
tively charged patch, the corresponding region
on the other surface has a negative charge on it.
Experiments show a universal charge pattern
with two characteristic length scales, one at
about 44 nm and another one at about 450 nm
[26]. Experiments do not tell us whether the
charge patches on one side are correlated with
opposite charge patches on the other side at all
length scales. An alternate model is one in which
the two surfaces have random and uncorrelated
patches of electron donating and electron accept-
ing groups [27]. When an electron donating
patch randomly contacts an electron accepting
patch, we get electron transfer and contact
charging. In terms of the number of charged
regions, the second model gives approximately
half the number of charged regions that the first
model does. While clear experimental evidence
distinguishing these two possibilities is not
available, the experiments of Baytekin et al. [26]
suggest that each charged patch on one surface is
matched to one on the other surface with oppo-
site charge. On this basis, we adopt the view
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that charge mosaics on the two surfaces are
correlated.

I
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Fig. 6 Checkerboard mosaic charge pattern,
o, (r): the left-hand side shows the pattern on

surface 1. Each square has sides of dimension I,
and a uniform charge density of magnitude

o, (t) with alternating sign. On the right-hand

side the y-z plane is displayed, showing that sur-
face 2 has the same pattern of charges with
opposite sign. The separation between surfaces
land2isd.

Suppose that the charge on the two surfaces can
be written as
o0, =0, + O (I")

SN €Y

O, =-0;
where o, is the charge on surface 1, o, is the
charge on surface 2, o is the net charge density

on surface 1, and o, (r) is a spatially varying

function, representing the mosaic, that averages
to zero. The net charge density is presumably
limited by electrostatic discharge in air at atmos-
pheric pressure to be about 3 x 10° C/m? How-
ever, the local charge density represented by

On (r) need not suffer this limitation and recent

measurements suggest that it is as much as three
orders of magnitude higher than the mean charge
density [26]. Two questions arise: how is such a
large charge density possible without discharge
and what determines the lateral length scale, I, of
the mosaic? Note that the conventional number
for surface charge density and its corresponding
field is based on measurements on large gaps
between parallel plates. According to the
Paschen curve, fields required for dielectric dis-
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charge across small gaps (< 10 microns) are
much larger and diverge as the gap approaches
the mean free path of electrons, which is in the
hundreds of nm. It is possible, therefore, that out
of all the Fourier components of a random sur-
face charge pattern, those with length scales
somewhat smaller than the mean free path will
survive as the gap is opened during peeling
whereas larger Fourier components cannot be
sustained against discharge. Experiments under
varying pressure would test this hypothesis.

To calculate the adhesive force and energy for
interaction between two such mosaics of charge
requires us to solve for the electric field in the
gap. Once we know the electric field we can use
the Maxwell stress to calculate the interaction
force. A simple preliminary consideration shows
that there are two distinct sorts of interactions.
By superposition, the electric field can be writ-
ten as the sum of two terms:

E=E,+E,(r) ()

where E is the field corresponding to the con-

stant mean charge density and E | (r) is the spa-

tially varying field that corresponds to the zero-
average, spatially-varying surface charge

distribution. We note that the magnitude of E
is expected to be much smaller than that of
Em(r) for small gaps. Because the Maxwell
stress is quadratic in the electric field for small
gaps we can neglect E_ . However, for large

gaps, Em(r) vanishes exponentially with dis-
tance, and so only E_ remains. In other words,

we have a small-opening component of the force
that depends only on the spatially varying
component of the field and will integrate versus
distance into a finite energy. This component,
analyzed below, should properly be added to the
interface-specific work of adhesion. We also
have a long-range component of the electrostatic
interaction which is quite difficult to quantify.
For ideal parallel plates, the force, although
small, is constant, so that the energy of separat-
ing equal and oppositely charged plates is infi-
nite. In practice, the force decays either because
of geometry, e.g., the locally flat region is actu-
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ally part of a finite object such as a particle [13,
32] or because of stray capacitance [15-18].
From the point of view of adhesion, the
contribution of the net charge is therefore better
represented as an extrinsic effect, the way exter-
nal forces are handled, rather than as contribut-
ing to an intrinsic property of the interface, its
work of adhesion.

With this preamble, we focus on the contribution
to the work of adhesion from the mosaic of
charge. We assume that the surface charge dissi-
pates in a first order process, i.e., an exponential
decay in time with rate constant k. In dry atmos-
phere (ca. 10% RH), this is about k = 107 s™ [14,
26]. At time t=0, let us start to separate the sur-
faces and assume that the charge patterns appear

immediately with charge density of o, (t); one

side carries positive charge while the other car-
ries negative charge. One side is held and the
other side pulled away at a velocity v to a dis-
tance d=vt.

The mosaic charge distribution is conveniently
represented by a 2D Fourier cosine series. Wan
et al. [19] calculated the electric field due to the
presence of this charge distribution and used the
electric field to calculate the attractive force of
interaction between the two surfaces. The attrac-
tive force, f, per unit area between the two sur-
faces is given as:

‘¢ 2o, exp[— \/EﬂdJ 3)

4
" ge, I

However, eq. (3) has two problems. Firstly, it is
based on electrostatic interaction between two
mosaics of charge in vacuum whereas we are
concerned with mosaics of charge on half-spaces
with a significantly different dielectric constant
compared to vacuum, separated by an air gap.
For this reason, eg. (3) does not satisfy the cor-
rect boundary condition on field and force for

small separations (d <<I), f =O'2/880. Sec-

ondly, the result shown in eq. (3) is based on the
first term in a series in which the remaining
terms do matter. For this reason, it does not have
the correct decay length scale as some faster de-
caying exponential terms are neglected. Pending
a full new solution for the electrostatics problem,
we replace eq. (3) by
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g&,

2

f=m exp[— \/ElﬂdJ (4)

This expression satisfies the small-gap boundary
condition and retains the functional form of the
leading term. By so constraining the correction,
we believe that the inaccuracy in eq. (4) is mini-
mized. The charge density itself decays in time, t,
at a characteristic rate, k:

o, =0,,exp(-kt) (5)

where o, is the initial charge density. The

force per unit area we need to apply to the mov-
ing surface is therefore

g&,

f=m exp(- 2kt)exp(—@} (6)

If the surfaces are being pulled apart at a fixed
velocity v, then

f :Gﬂexp(—{ﬁﬂv +2k}t] (7

e, |

The work done per unit area to separate two sur-
faces at a constant velocity v is

0 0 anZ,IO \/Eﬂ'v
Wz.[O fdyzj0 fvdtzj0 exp[—{|+2k t jvdt

&ég,
(8)
This gives the result
W= Vo, I
gg, 2rv+ 2Kl
(9)

In the limit of fast removal the surface charge
has no chance to decay and eq. (9) becomes

2
ool

Wmax ==
NEY s,

10)
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This is the maximum, rate-independent,
contribution to the work of adhesion due to the
electrostatic mosaic of charge. Let us take initial

mosaic charge density to be o, =0.01C/m?
and | =450 nm [26]. This gives us

W, ~114 J/m*> | (11)

which is more than experimentally observed.
Suppose we use a charge density of about
10* C/m?, which corresponds to a value three
times larger than the mean charge density [15,
16], then

W, ~011mJ/m? | (12)

which would be negligible compared to the van
der Waals contribution.

Let us normalize eq. (9) by eq. (10) so that the
work of adhesion is

1

W =W,
™ 142kl (7 v)

(13)

At fast velocities v>>kl, we obtain a large
electrostatic contribution to the work of adhesion
as discussed above. For slow velocities v <<kl ,
the work of adhesion increases linearly with
velocity:

W =W (14)

TV
max \/E Kl
A major factor of uncertainty is the rate constant
for decay of surface charge, which depends
strongly on environmental conditions such as
relative humidity or ions.

Note that v in egs. (13) and (14) is not the rate at
which a crack tip propagates. It is rather the gap
opening velocity. Because the crack front is
slender, v can be much smaller than the crack tip
velocity. In particular, if a crack-tip propagates
at fixed velocity, the velocity of separation of
the interface behind the crack tip is not the same
and is also not constant. As noted previously, the
separation of a fibrillar interface is intermittent,
fibril-by-fibril, and the gap opening velocity
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therefore higher than for a flat sample. The re-
sults shown in Fig. 4 (a) for luminescence vs.
velocity match the characteristic of eq. (13), i.e.
increase at low velocity and saturation at higher
velocities. This correlation will be discussed be-
low.

Discussion

The experimental results clearly demonstrate
that charges are separated in the course of
detachment of PDMS from glass and many other
materials, consistent with recent reports [15, 16,
26, 27]. The charge separation produces signifi-
cant light emission (Fig. 2) due to discharge in
air when (micro-structured) PDMS surfaces are
separated from the counter face. Aside from re-
vealing charging, the light emission can be used
to independently determine the duration of the
detachment process and, therewith, the velocity
of the peeling front (Fig. 3).

Contribution of electrostatics to the total
work of separation

All energy detected in form of light upon separa-
tion must have contributed to the work of
separation. However, we conclude that for the
materials, the geometry, and the environment
studied here, electrostatic contributions to the
work of separation are insignificant.

The first argument towards this conclusion is an
upper-bound estimate of the energy in the light
emission. Each peak in Fig. 2 corresponds to the
emission of about 100 photons as we know from
comparison with typical single photon signals.
The solid angle covered by the sensitive area of
the photomultiplier contains one in 70 photons
emitted from the contact. The photon detection
efficiency of the photomultiplier can be esti-
mated to be 0.5. In Fig. 2 we have 1850 peaks
with 100x70x2=14000 photons of 3.2 eV each,
the energy of the nitrogen emission. The energy
emitted as light amounts to 1.3x10™ J. The ex-
pected minimal van der Waals work of separa-
tion is 200 mJ/m? times 22.7% of (0.008 m)?, i.e.
2.9x10° J, the measured work of separation is
14 times higher. Even if only a small fraction of
the separated charge contributes to discharge, we
would still have a negligibly small electrostatic
contribution to the work of separation.
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The second argument against a dominant role of
electrostatic forces arises from the lack of
correlation between the observed dependencies
of discharge intensity and of work of separation
on retraction velocity and surface structure.
While the work of separation vs. velocity fol-
lows the well-established power law for
viscoelastic materials, the discharge is almost
constant and decreases only slightly for low
retraction velocities (Fig. 4). The work of
separation increases with decreasing diameter of
fibrils, as expected by the contact splitting effect
[38], while the discharge intensity exhibits a
clear maximum for intermediate diameter fibrils,
around 20 - 50 um (Fig. 5).

The fact that charges create visible discharges
and that these discharges continue for very large
separation distances puts a lower limit on the
charge density created by contact of at least
3x10®° C/m? [29], i.e. the charge density corre-
sponding to the breakdown field in air. Very
likely it is significantly higher before discharge.
Independent time-resolved charge measurements
will be required to further quantify this number.
Most studies so far have measured only the final
charge density, the few [15-18] that measure it
during the separation process are perforce lim-
ited to extracting average charge density, not the
local and probably much higher mosaic charge
density.

Velocity dependence of discharge intensity

In the discussion of the velocity dependence, we
have to distinguish four different velocities,
which are illustrated in Fig. 1. The movement of
the support holding the PDMS sample is de-
scribed by the constant retraction velocity. The
velocity normal to the glass surface at which the
PDMS surface is separated is the opening veloc-
ity. It will initially be zero, become higher than
the retraction velocity during crack opening, and
then be equal to the retraction velocity. The
velocity of the peeling front is the average lateral
velocity at which the detachment traverses the
contact. Finally, the crack velocity describes the
lateral velocity of a crack opening when one
individual fibril end detaches. It is much higher
than the peeling front velocity and will depend
strongly on the stress in the individual fibril as
well as inertial and viscoelastic effects.
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The linear relation between peeling front and
retraction velocity indicates a stable detachment
experiment, where the stiffness of the measure-
ment apparatus is sufficiently high compared to
the stiffness of the detaching materials. Further-
more, this linear relation suggests the absence of
significant viscoelastic losses in the bulk of the
sample. Viscoelastic losses would result in a
sub-linear increase of peeling velocity with in-
creasing retraction velocities.

The power-law dependence of the work of
separation on the retraction velocity with expo-
nents between 0.2 and 0.7 is often observed in
peeling experiments of polymer samples and is
usually attributed to viscoelastic energy losses [6,
40]. However, it should be noted that the power
law is phenomenological in nature and that other
functional forms have been derived on a
mechanistic basis [1, 2, 41] that are not easily
distinguished from a power law on a log-log plot.
Since we exclude bulk viscoelastic losses, we
suggest that the increase in work of separation
originates in extra elastic energy in the fibrils
whose detachment is delayed at higher retraction
rates due to rate-dependent interfacial strength,
as explained by the molecular model in Ref. [2].
The discharge activity does not depend on the
retraction velocity, except for a decrease for low
velocities. If discharge activity is a proxy for
charging, this observation is consistent with oth-
ers in the literature that charging is independent
of velocity of separation [27, 42] except at very
slow velocities or high humidity. The charging
as indicated by the discharge activity seems to
be saturated at higher retraction velocities.

One explanation for the reduction of discharge at
low retraction velocities is offered by the model
presented above. Since the qualitative
characteristics of Fig. 4 match the modeling
result for the electrostatic work of separation as
expressed in eg. 13, we can interpret the
observation as the result of charge decay during
and after detachment. The characteristic velocity
for saturation of the work of separation is given
by the product kl of the time constant k for
charge decay and the length scale | for charge
patches. If we use the length scale of 1=450 nm
and the decay constant of k=0.001 s of Ref.
[26], we end up with a characteristic velocity of
0.45 nm/s, far below the hundred pum/s derived
from Fig. 4 (a). That is, separation is far too
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quick for charge patches at the mosaic length
scale to decay. If we assume that the charge
length scale is given by the periodicity of the
microstructure of I=100 um, we arrive at a faster
charge decay of about k=1 s which may be
appropriate for the period immediately after
detachment.

An alternative explanation for the reduced dis-
charge activity at low retraction velocities is the
characteristic of the Paschen curve, according to
which higher fields or charge densities are re-
quired for discharge at very small distances be-
tween the surfaces. We know from independent
experiments that at very low retraction velocities
the individual 10 um fibrils jump of the order of
1-3 um upon detachment [43], to a separation in
the range where discharge requires quite large
fields. Since the increase in the work of separa-
tion with retraction velocity was attributed to
extra elastic stress in the fibrils, we expect that
the fibril ends exhibit larger jumps from the sur-
face at higher retraction velocities. Therefore,
discharge may be hampered by small initial
jumps at low retraction velocities.

Discharge intensity and surface micro-struc-
ture

The micro-structure of the PDMS surface has a
significant influence on the discharge activity as
demonstrated by the particularly strong light
emission for samples with fibrils of 20 um and
50 um diameter in Fig. 5 (a). The discharge
intensity does not follow the dependency of the
work of separation, which increases with
decreasing structure size. The strongest work of
adhesion for the 10 um fibrils indicates the high-
est stress upon detachment. Therefore, we ex-
pected that the 10 um fibrils jump the largest
distance and show the strongest discharge, an
argument based again on the negative slope of
the Paschen curve in the few micrometer range.
However, the trend for the discharge intensity
rather suggests that it increases with increasing
structure size, and that the flat sample has to be
considered as the one with the smallest structure
size. This consideration follows the idea that the
detachment occurs fibril by fibril, and that the
flat surface with its continuous detachment proc-
ess exhibits the smallest length scale in detach-
ment. The direct comparison of flat surfaces
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with structured surfaces regarding discharge is
justified by the similarity of the light emission in
form of a series of flashes. At this time, we have
not identified the mechanism responsible for the
dependency of discharge on structure size, and
can not rule out that the observations presented
in Fig. 5 (a) are a result of competing mecha-
nisms depending on stress distribution and struc-
ture size.

A particularly interesting observation is the
emission of single light flashes long after
detachment of the last fibril. Only after separa-
tion up to 500 um is the field strong enough to
release the discharge. The corresponding surface
charge density must be present on a lateral scale
which is of the order of millimeters; otherwise
the charges would cause a stray field which
weakens with increasing distance. Discharge
between differently charged fibrils can be ex-
cluded since charge homogeneity can be ex-
pected on the length scale of the fibrils [16, 26]
and since the delayed light emission is also ob-
served for flat unstructured samples. In this con-
text it is interesting to note that the only material
not showing the delayed light emission is the
oxidized metal, while all electrical insulators did
show it. This finding indicated that charge decay
after detachment on the metal is fast on the one-
second time scale of the experiment, while it is
slower on insulators in agreement with earlier
studies [16, 26, 36].
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