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Abstract

Triboelectric charging has been linked to
numerous industry hazards including dust
explosions, damage to electrical devices
and granular demixing, for example during
pharmaceutical processing. In this work we
demonstrate that triboelectric charging of
peeling tape generates characteristic pat-
terns that can be used to identify stick-slip
events. We show that peeling tape from
different materials (e.g. polymethylmeth-
acrylate and polytetrafluoroethylene)
generates distinct electrostatic as well as
stick-slip patterns, which we identify us-
ing electrically charged copier toners. This
method is useful for laboratory character-
ization of surface properties and may be
translatable to industrial problems where
control of stick-slip is desirable.

Introduction and background

Both friction and triboelectrification have
been researched for centuries, yet tri-
boelectrification remains nonreproducible’
and poorly understood. Despite the fact that
most aspects of friction and wear are well
characterized, the mechanisms underlying
tribocharging remain controversial; nu-
merous contradictory theories have been
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presented, and it is not even agreed what
charge carriers are responsible for the
effects seen.? Nowhere are these limitations
more acute than in the peeling of tape: a
phenomenon long known to produce static
discharges of sufficient intensity to gener-
ate x-rays®* but also where very little of the
underlying material science is known. For
example, even peeling of two pieces of tape
with adhesive inward produces electrical
discharge: a challenge to any hopeful the-
orist. To narrow the scope of experiments
and potential theories and to develop an
understanding applicable to other areas in
which adhesion, friction and charging play
arole, we examine the problem of charging
of peeling tape in detail.

We begin with an overview of some
background in this complicated field and
then turn to our model system: charging
of peeling tape. In nature, triboelectricity
has long been recognized as the cause of
electrical charging in dust storms: a con-
fusing effect since charges are apparent-
ly produced by collisions between similar
dust grains.® This phenomenon is even seen
in Martian dust devils and storms, where
indeed effects that the tribocharged dust
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may have on equipment and habitability are
an ongoing concern.® Likewise in industry,
triboelectric charging is ubiquitous in the
processing of insulating materials, for ex-
ample in pharmaceutical mixers, where
contacts between pharmaceutical mate-
rials and processing equipment results in
charging and adhesion.” This is problem-
atic, both because charged powders pro-
duce explosion hazards and because active
pharmaceutical ingredients can preferen-
tially separate and aggregate on equipment
surfaces.® Pharmaceutical processing is
typical of many industrial situations which
depend on reproducible and well-behaved
granular flow but often suffer from the op-
posite. Electrostatic discharge (ESD) is also
common in industrial processing systems
and can damage semiconductor devices.’
One way of characterizing, at least, tri-
boelectric charging is to produce a so-called
“triboelectric series”: a measurement of
the sequential signs of charging produced
when materials are rubbed against one an-
other.®"" Glass tends to charge positively
when rubbed against wool; wool charges
positively against paper; and in sequence,
paper to amber to rubber to acrylic will
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each charge the first positively against the
second, which charges negatively. This
series, however, is itself unfortunately
variable: the relative order of charging of
materials changes from observer to ob-
server, as well as with humidity, type of
contact, wear, etc.! In this respect, a key
advantage of pressure-sensitive tapes is
that they seem to charge with the same
sign when peeled from a known material.
As with many triboelectric observations,
this may not be universal, or it may sim-
ply reflect the magnitude of the adhesion:
we cannot say at this point, but as we will
show, peeling tape does appear to provide
a fruitful platform for investigation in this
difficult field.

A second special property of tape is that
it frequently exhibits stick-slip during peel-
ing. Stick-slip is experienced in many practi-
cal contexts, ranging from machine tool jitter
to extrusion defects to natural phenomena
such as earthquakes and landslides.'? Stick-
slip also arises in laboratory experiments,
which most interestingly have been shown
to produce electrical discharge.' Stick-slip
is also closely related to pharmaceutical
manufacturing, since the mechanism pro-
duces chaotic mixing patterns that strongly
affect content uniformity.'

In tape peeling, stick-slip events are
sometimes associated with the appearance
of small lines (at stick points) separated by
larger uninterrupted regions (slips). When
installing a new roll of tape in an office dis-
penser, a stick line will form at the junction
of the roll and the free tape segment, and
this line remains visible after peeling the
tape. This stick line of course arises when
peeling is stopped and is not a spontaneous
event. Spontaneous stick-slip events occur
during continuous tape peeling as well:
these typically do not produce a visible
line and are the topic of extensive research
in the literature®'>8 Stick-slip is believed
to be the source of the distinctive ripping
sound heard during tape peeling, and in-
deed high-speed video footage reveals that
the underlying peel-fracture lines propa-
gate at close to the speed of sound in air.'®
Remarkably, stick-slip events have even
been linked to unexplained bursts of light'?
and x-ray flashes.® These flashes arise
from a fresh roll of transparent tape and
reappear with the same tape after it has
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been reapplied to another surface. Some
theories suggest that stick-slip events are
the origin of charging that generates visi-
ble light and x-rays while others suggest
the charging is implicated in the stick-slip,
tribology and wear.?°

ranging from solids like mica and sugar
crystals to polymers like rubber bands
and elastic tapes.? Theories for the root
cause of this phenomenon involve induced
charges and changes in capacitance, but
lack definitive validation, leaving the field

Figure 1. Triboluminescence from peeling tape. Figure courtesy of C. Camara, Juan V. Escobar and

S. Putterman.
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Figure 2. (a) Schematic of peeling procedure. Scotch® tape is applied to a substrate and peeled at
angle 0 (6 =90° shown). The substrate is clamped to a wood chassis, which in turn is attached to a
sliding carriage that maintains a constant 6. (b) Peeling at regulated rate by a Single Column Mate-
rials Testing System (Instron® Model 5800), showing linear bearings that ride on fixed rails, allow-
ing the carriage to move smoothly as the clamp at the top of the panel moves vertically upward.

The x-ray flashes produced by peeling
tape are linked to a broader, and equally in-
triguing, phenomenon: triboluminescence.
Triboluminescence, or light associated with
making and breaking contact, was first re-
ported in 1676, when it was seen as mer-
cury used in barometers rolled along the
barometer glass.?' Triboluminescence is
easily demonstrated by crushing icebreak-
er mints or separating duct tape strips and
has also been demonstrated in materials
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fascinating, but without a clear understand-
ing of its underlying mechanisms.

Just as triboelectrification can be a neg-
ative consequence in industrial processes,
there are applications that depend on con-
tact charging. For instance, in photocopi-
ers, toner powder charges when contacting
metal through contact electrification. The
charged powder is then attracted to regions
of a drum that have been charged the op-
posite sign of the toner with high-voltage
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corona wires. The drum rolls onto a surface
and transfers the toner of those selected
regions. Similarly, mixing two xerographic
bipolar toners (ones that charge positive
and negative, respectively) in a container
yields a powder that can identify negative
and positive regions of a sample, respec-
tively. This technique was used to detect
charged patches in several experiments
including contacting mercury beads with
various materials?, rubbing balloons to-
gether? and colliding ping-pong balls.?
Interestingly, contacting materials in this
way can generate patterns beyond the point
of contact, even centimeters away.? Since
there is strong evidence that a form of tri-
boelectrification occurs during the peeling
of tape, we aimed to exploit the properties of
these charged powders to characterize this
charging behavior in a similar way.

Due to the uncertainty behind both
static electrification and associated
luminescence, there is significant inter-
est from chemists, physicists, engineers
and manufacturers alike in dissecting its
mechanisms. Improved understanding is
hoped to reduce troublesome discharges
and irregular wear and has been proposed
as a rich source for new applications such
as producing nanogenerators®?’ and me-
chanical sensing devices. To advance the
field, we present here a new method for
visualizing the stick-slip patterns produced
by peeling tape.

Results and discussion

A key property of peeling tape that can be
leveraged to investigate stick-slip is that
tape will typically charge with the same
sign when peeled from a substrate, e.g.
transparent tape charges negatively when
peeled from a PMMA substrate and posi-
tively when peeled from a PTFE substrate.
As we have mentioned, the toners we have
chosen charge with opposite polarities
after contact with metal, so exposing a
surface to the two toners simultaneously
reliably identifies regions of both polarities.
We modified the traditional bipolar toner
approach in which two oppositely charged
toners are mixed in a single container?+?°
to instead disperse the two toners simul-
taneously from separate air sprayers at
the tape and substrate. Consequently, as
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Figure 3. Tape (bottom) peeled from a PTFE substrate (top) and exposed to bipolar toner as described

in text. Tape and substrate are horizontally registered in this figure, so that features such as the area

in the dotted circles are aligned. Notice that stick-slip events appear as vertical lines, where the black
(magenta) toner identifies negatively (positively) charged regions. Color variations arise due to light-

ing and related imaging details. Additional image processing details are described in the Appendix.
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Figure 4. Tape (bottom) peeled from PTFE substrate (top) and exposed to bipolar toner as described
in text; photographs are horizontally aligned (see dotted circles for corresponding features). Stick-
slip events appear as vertical lines and with the same charge identification as in Figure 3. Notice the
increased spatial frequency of the stick events compared to Figure 3 as indicated by the vertical blue
lines. Color variations arise due to lighting and related imaging details.

shown in Figures 3-5, positively charged
features produced by stick-slip events align
with matching negatively charged features
on the opposing surface. In each figure, a
section of the tape is shown below the sur-
face from which it was peeled. For each ex-
periment, about 14 cm of tape was peeled,
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and the sample images shown highlight the
central 6.5 cm.

Stick-slip events are audible and corre-
spond to transverse (vertical as shown in
the figures) lines on both tape and substrate.
Stick-slip fracture lines from tape peeling
have been studied using high-speed video
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imaging'®; the technique here allows the
lines to be seen with the naked eye for the
first time. Likewise, without sophisticated
equipment, we can readily establish that that
PTFE charges negatively against transpar-
ent tape, while PMMA charges positively -
results that we have confirmed using an
electrostatic probe (Trek model 347).

Beyond identifying stick-slip lines, we
observe as highlighted in Figure 3 that
charge features align on mating surfac-
es. This alignment is novel and indicates
that stick-slip events can be identified and
measured using either surface, which
may be useful, for example in situations
where one could easily sacrifice tape but
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Figure 5. Tape (bottom) peeled from PMMA substrate (top) and exposed to bipolar toner as described
in the text and horizontally aligned. The black (magenta) toner has identified the negatively (positively)
charged regions; here, charges are seen opposite those of Figures 3 and 4. Stick-slip events appear

at an even higher spatial frequency than in the two PTFE samples of Figures 3 and 4. Color variations
between the previous figures and Figure 5 arise due to lighting and related imaging details.
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Figure 6. (a) Grayscale and threshold processing of stick-slip image from Figure 3. Black
pixels carry a value of 0 and white pixels carry a value of 1. The bottom plot is the sum
of these numerical values over each column of pixels, and minima (black lines) are iden-
tified by red asterisks. (b) Plot of the mean distance between sticks from 13 individual
trials using three materials using the analysis shown in panel (a). Error bars represent
+ standard error of the mean after outliers have been discarded (see text).
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would not want toner to contaminate a
working substrate.

The frequency of stick-slip events is a
topic of ongoing research in several lab-
oratories''®% and in Figure 4 we show a
second experiment exposing peeling sur-
faces to bipolar toner as we have described.
This experiment generates closer spacing
of toner lines, corresponding to more rap-
id stick-slip events. As is typical of many
electrostatic experiments, variation in the
results of Figures 3 and 4 arises'*' despite
that they were performed on the same
material, peeled at the same speed and
angle and performed at a similar relative
humidity monitored with a psychrometer
(Psychro-Dyne 22010). Figure 4 has more
frequent stick-slip than Figure 3 which can
be seen by the shorter distance between the
vertical lines and as indicated by the blue
line notation.

When performing the same experi-
ment with PMMA, we see similar behavior
though with opposite charge signs: stick-
slip is shown by the vertical lines and the
substrate and tape have opposite color
schemes as in Figure 5. The difference in
charge agrees with the fact that PTFE and
PMMA lie on opposite ends of the “triboelec-
tric series”. We note that, as with both PTFE
experiments, the PMMA substrate and tape
have corresponding charge features.

We can use this visualization technique
to analyze stick-slip frequency, which we do
as follows. We import digital images from
multiple experiments into MATLAB, convert
each to grayscale and binarize the result-
ing image with a threshold that agrees
with the visual location of stick-slip lines,
as shown at the top of Figure 6(a). We then
sum over vertically aligned pixels to obtain
locations of low amplitude coloring - i.e.
vertical black lines, where the image inten-
sity is lowest. This is shown at the bottom
of Figure 6(a), where we identify lines as
red asterisks.

The tape we used had a uniform width of
1.9 cm, which provides a calibration value
to convert pixels to centimeters for any im-
age size - and so to accurately calculate the
mean distance between stick-slip events.
We plot these from multiple trials using
three different substrate materials (PMMA,
PTFE & Nylon) in Figure 6(b), where each
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trial shows the mean and standard error
of separations between stick-slip events.
We discard individual data as outliers (typ-
ically due to insufficient toner coverage) if
the separation lies more than two standard
deviations from the mean.

We reiterate that electrostatics mea-
surements are notoriously variable">®', and
true to form, data obtained using this new
technique do not produce a revealing trend.
Nevertheless, the method does appear to
reliably identify stick-slip locations using
readily available materials, and so may
be a useful adjunct to more involved, e.g.
high-speed videography, techniques cur-
rently used in laboratory research. We are
currently investigating effects of variations
of peel speed, angle, humidity, substrate
roughness and surface contamination, and
we anticipate that evaluations of result-
ing changes in stick-slip behaviors will be
improved by this approach.

Conclusions

Our goal was to develop a method to
visualize stick-slip behaviors that would
be readily usable and relevant to a range
of materials and surface properties. This
was achieved by taking advantage of the
triboelectric properties of adhesive materi-
als and contact charging of toner particles.
Controlled application of charged toner
powders onto peeled tape and substrates
revealed two consistent trends. First, be-
cause of known differences in the sign of
toner charges, the complementary sign of
surface charge could be reproducibly es-
tablished without complicated equipment.
Second, because the toner is attracted to
stick locations, stick-slip events could be
reliably identified - again using simple and
inexpensive equipment. Distances between
stick-slip events were evaluated by stan-
dard image processing techniques, and
we propose that this approach may be of
value in future detection of surface proper-
ties (e.g. roughness and contamination) as
well as electrostatics measurements (e.g.
tribocharging behaviors, effects of ambient
humidity, etc.)
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APPENDIX: MATERIALS AND METHODS
Substrate preparation

3.188 mm thick sheets of polymethylmeth-
acrylate (PMMA) and polytetrafluoroeth-
ylene (PTFE) were used for the described
experiments. Substrates were thoroughly
cleaned with isopropyl alcohol (91%) and
Kimwipes immediately prior to testing.
Next, they were sprayed with a static-elim-
inating ion air gun (ExAir Model 7193) to
neutralize initial charge present on the
substrate and to create a uniform surface.

Tape preparation and application
Off-the-shelf Scotch® Magic™ Invisible tape
was peeled from a standard office dispenser
and both sides were neutralized with the
static ion air gun. The tape was flattened
onto the substrate with a rubber roller, and
the eliminator gun was used over the ad-
hered tape.

Controlled peel procedure

Once the substrate was clamped to the
peel fixture and the tape was clamped in
the Instron® grips as shown in Figure 3, the
substrate, tape and surrounding area were
ionized with the static ion gun again. The
Instron® grips moved upward at a specified
velocity (indicated as V, in Figure 1). As the
tensile device pulled the tape upward at ve-
locity Vy, the carriage moved along the rail
to maintain a constant 6. This was achieved
using a pulley system similar to the meth-
ods using an Instron 2820-036 Variable
Angle Peel Fixture.®

Toner application

Two Powder Spray Gun (PSG) jars were
separately filled with Xerox Black 6R881
and Samsung Magenta CLP-M300A toner,
respectively. The spray jars were fed a
stream of air from dedicated air compres-
sors to force powder out of an adjustable
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nozzle. These powder paint systems are
typically used for art projects, e.g. pow-
der painting metal fishing lures, but they
distribute toner by the same mechanism.
By using two PSGs, we simultaneously
produced uniform mists of the two colored
toners. We added metal ball bearings to the
jars, which charged the black toner posi-
tively and the magenta toner negatively.
We remark that this differs from bipolar
toner used to identify surface charges in
other work?-% in which the two toners are
mixed together; we chose to charge and
deploy the toners separately in the expec-
tation that this would more strongly and
reproducibly charge particles than has
been done previously. By Coulomb’s law,
the black (magenta) toner thereby colored
negatively (positively) charged regions
as shown in Figures 3-5. A custom Toner
Containment Unit (TCU) about 110 x 53 x
53 cm in size was designed with an XOA
range hood and MERV 11 filters for filtra-
tion of toner particles. The twin fans in the
hood produced air circulation within the
TCU, which effectively removed excess
toner from surfaces being sprayed, while
the filters removed toner from exhaust air.
Athick plastic sheet was affixed to the front
of the TCU as a variable-height sash. Im-
mediately after peeling using the Instron
tensile testing system, the substrate and
tape were placed into the TCU, and the
end of the tape was clipped such that both
the area of contact and the tape’s surface
could be sprayed with the toner. The toner
was applied for approximately 10 seconds
with the PSGs while the TCU's fans were
active. After 10 seconds, we allowed the
excess toner to be filtered through the fans
until all visible airborne particles have
been removed.

Data collection

The substrate area beneath the area where
the tape was adhered was cleaned with
isopropyl alcohol and Kimwipes and dried.
The suspended tape was then carefully re-
moved and placed on the substrate below
where it was peeled such that the tape is ad-
jacent to its corresponding substrate area.
Photographs were taken using a Nikon D40
camera with AF Micro Nikkor 60 mm lens.
Images were cropped and horizontally »
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P aligned in Adobe Photoshop 2020. For
Figures 3-5, four adjustment masks were
applied uniformly to reduce differences due
light sources and improve print visibility:
Yellow Saturation -100, Yellow Lightness
+100, Brightness +50 and Contrast +20.
Data analysis was performed on the un-
masked photographs.

Data analysis

We performed image processing on the
cropped, unmasked photos to evaluate
the spatial frequency of the stick-slip lines
produced by toner exposure, as shown in
Figure 6(a). For each trial, the mean dis-
tance between stick events was calculated
through the length of the tape (about 14
cm). Values two standard deviations from
the trial’s mean were considered outliers

and removed. Plot in Figure 6(b) show

means = standard error. £
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