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Abstract. The adhesion of fine particles to surfaces is important for applications ranging from drug delivery
to fouling of solar cells. In this letter, we show that powder adhesion can occur in unexpected patterns,
concentrating particular grain types in some locations and clearing them from others, and we propose a
straightforward traffic model that appears to reproduce many of the behaviors seen. The model predicts
different patterns depending on inter-particle cohesion, and we find in both experiment and model that

adhesion occurs in three distinct stages.

Particle adhesion limits the size of micropatterned
circuits [1], the effectiveness of inhaled medicines [2],
and causes significant downtime in pharmaceutical tablet-
ing [3] and food processing [4] operations. Likewise, the
lifetime of photoelectric cells on Mars Exploration Rovers
has been tied to dust accumulation on their surfaces [5,6],
and abrasion by adhered dust is a recognized limitation
on extraterrestrial exploration [7-9]. An example of pow-
der adhesion patterns is shown in fig. 1(a), where we dis-
play the inside of a tumbler after it has been used to mix
a blend of common pharmaceuticals containing 25% by
mass acetaminophen (APAP) and 75% lactose, a standard
excipient. The inset to fig. 1(a) shows the tumbler used:
a stainless steel “V-blender”, which is one of the main-
stays of powder mixing [10,11]. This blender is a 16 qt. ca-
pacity tumbler consisting of two cylinders joined together
at 90° and tumbled about the axis shown in the inset.
Figures 1(b)-(c) show successive enlargements of adhered
powder: in panel (c) it is evident that much of the powder
consists of elongated particles, characteristic of the active
ingredient [12] used in this blend, but not of the inactive
excipient [13] with which it is mixed. Figure 1(d) confirms
this finding: in this panel, we show the UV spectroscopic
analysis of adhered grains scraped from the tumbler walls.
Evidently as time elapses, the concentration of active ma-
terial adhered grows to about double that in the bulk, thus
the phenomenon of powder sticking has significant practi-
cal repercussions as it affects drug concentrations both in
the bulk —leading to subtherapeutic medications— and in
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adhered chunks (cf. fig. 4(a)) that can break off, yielding
superpotent dosages.

Apparently, the sticking of powder to processing sur-
faces leads to two unexpected behaviors: spontaneous
formation of striped adhesion patterns and preferential
concentration of particular powder types in the adhered
material. Notwithstanding prior work in this field [14], nei-
ther of these behaviors appears to have been reported be-
fore, and both are unexplained.

In the present work, we seek to elucidate the mech-
anism for the first behavior, patterning, leaving analysis
of increased concentration for future study. We start by
describing the time progression of the patterns shown in
fig. 1, then we describe a model that contains the essen-
tial elements known to be present in the physical problem,
and finally we challenge the model under atypical condi-
tions and evaluate whether it correctly predicts qualitative
changes in pattern formation seen in experiments.

In fig. 2, we show a typical time progression, tumbling
a half-full blender through 5, 15, 100, and 300 revolutions
at 25 rpm. In the top panels of the figure, we show the view
through the bottom opening of the tumbler (at the apex of
the “V”), with location identified in the inset to the lower
panel. The bottom seal can be released smoothly with
minimal disturbance to powder on the tumbler surface,
and this viewpoint affords a clear image of the patterns
with minimal anisotropy. Figure 2 is typical of the pattern-
ing behaviors that we see in multiple trials, and consists
of three distinct stages. First, the surface of the tumbler
is nearly uniformly dusted with powder (fig. 2(a)); next,
the powder is cleared from some regions (e.g. within red
circle in fig. 1(b)), which are black in the snapshots, and
deposited in others, which are white (fig. 2(b)-(c)). Finally,
as powder is increasingly deposited onto the surface, the
powder-free regions contract. We can quantify this process
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Fig. 1. Pharmaceutical powder adhered to tumbler after emp-
tying, exhibiting preferential attachment of active ingredient
to striped patterns. Tumbler is stainless steel, filled 50-60% by
volume with a 50/50 mixture of acetaminophen (APAP) and
excipient (here lactose), and tumbled 30 minutes at 25 rpm. (a)
Overview of adhered pattern; inset shows the tumbler used,
where the red box is the location of the main plot. (b) En-
largement of pattern. Mean flow here is from upper right to
lower left: note that the stripes are transverse to the flow di-
rection. Areas nearly free of powder (red circle) show the sur-
face texture: 180 grit 2G sanitary finish. (c) Micrograph of
adhered particles, showing crystalline structure characteristic
of APAP: snapshot taken by lifting powder from the surface
with sticky tape and imaging with Olympus IX81 inverted
microscope. (d) Concentrations of APAP in adhered powder
scraped from tumbler surface after tumbling for 30 minutes
and emptying tumbler. Separate experiments are performed
for each data point shown, beginning with fresh powder. Left
plot shows time progression of APAP concentration scraped
from tumbler walls, using 25/75 blend of APAP (micronized,
from Mallinckrodt Inc.) and microcrystalline cellulose (MCC:
Avicel® PH 101 from FMC Inc.) excipient. Averages are over
9 samples at times 30 and 90; 6 samples at time 60. Right plot
shows APAP concentrations in blends with 25% and 50% bulk
concentration of APAP tumbled with MCC for 30 minutes at
25 rpm; averages are over 5 samples in each case. At 25%, data
are obtained using UV spectroscopy; at 50%, IR, spectroscopy
is used. Error bars are standard errors.
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by measuring the standard deviation, o, of the grayscale,
as shown in the lower panel of fig. 2. ¢ has the useful
property of being larger when stronger gradients between
white and black regions are present, and smaller when the
surface is more uniform. As we have described qualita-
tively, initially and finally the surface is nearly uniform
—hence o is smaller— and at intermediate times, sharply
defined patterns are seen —hence o is larger.

Thus, to understand the patterning behaviors in stick-
ing powders, we must explain all three stages described
above: 1) why uniform dusting occurs, 2) why powder-free
regions emerge between dense stripes of adhered powder,
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Fig. 2. (a)-(d) Experimental progression of adhered patterns
inside V-blender, tumbling at 15rpm and RH 45%. Lower
panel: Standard deviation of grayscale as a function of time,
showing a maximum at about 100 rotations. Left inset: loca-
tion of snapshots, at bottom opening of tumbler. Right inset:
particle sizes, measured for three samples using laser diffrac-
tion (Beckman Coulter, model LS 13 320 particle size analyzer
in dry powder mode using Tornado Powder attachment). Mean
particle size shown is 45 pm.

and 3) how the surface becomes more uniformly covered
again. Before we model these processes, we note that the
flow dynamics in the V-blender are notoriously complex,
with powder sloshing from center to arms of the V and
back [15], flowing more smoothly from leading to trail-
ing side [10], and being complicated by left-right diffu-
sive [16] as well as segregational [17] transport. Modeling
these global complexities would be a dubious undertaking;
moreover, the patterning seen evidently covers the entire
interior of the tumbler, irrespective of regional differences
in flow. Therefore we focus on what occurs locally, at all
regions of the surface.

Locally speaking then, three fundamental processes are
known to occur at the surface. First, powder is deposited
on the surface [18] during repeated contacts with the pow-
der bed. Second, erosion is known to remove powder from
surfaces [19] through these same contacts. Third, friction
with the bed on the surface causes adhered powder to be
advected in an average streamwise direction [20].

We include these processes in a simulation by defining
a surface on which we add and erode particles at fixed
rates, and allowing particles at the surface to be trans-
ported in a streamwise direction. As we will describe,
streamwise transport consists of a simple traffic model,
obeying a prescribed rule that makes use of current un-
derstanding of granular dynamics. In detail, the model
that we use is 2D, representing the tumbler surface, and
for simplicity is periodic from —5 to 5 in both z and y. We
model 1) particle accretion, 2) erosion and 3) transport as
follows.

1) To model particle accretion, every computational
timestep, a fixed number, N,qq, of point particles are
added at random locations. In the simulations shown be-
low, we use a Gaussian distribution of initial particle lo-
cations, centered at the origin, and with standard devi-
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Fig. 3. (a)-(d) Computational progression of patterns on a
periodic surface. Movies of the evolution along with code used
in the simulations are included in the supplementary material
to this paper. Lower panel: standard deviation of grayscale as
a function of time, showing a maximum at about 100 rotations.
Left inset: schematic of simulation described in text, showing
that adhered convoys of particles are slowed in proportion to
number of neighbors as in eq. (1). Right inset: sharpening of
leading edge and feathering of trailing edge of stripes described
in text.

ations, o, = o, = 0.7. The use of a Gaussian distri-
bution is motivated by the fact that diffusing particles
will ultimately adopt a Gaussian, so starting them off
this way should limit initial transients; comparison simula-
tions using uniform or other particle distributions exhibit
similar asymptotic patterns. We have investigated numer-
ous choices of N.qq; increasing N,qq chiefly reduces the
timescale before the surface becomes completely covered,
but has little effect on the patterns produced. We show
Nadd = 300 below.

2) To model erosion of adhered particles by the overly-
ing bed, we remove a fixed number, Neo4e, particles cho-
sen at random from the surface. Again, numerous choices
were investigated; the ratio between Nepoge and Nuqq gov-
erns the net rate of surface coverage, but has little other
qualitative effect on the patterns expressed. We show
Nerode = 10 below.

3) Finally, to model transport, we define particles at
the surface to travel in the streamwise direction at a speed
determined by the number of nearby neighbors. That is,
as depicted in the lower left inset to fig. 3, we assume
that a single particle will find it difficult to adhere the
surface by itself and so will travel at the speed of the
overlying bed flow, but once other particles have adhered,
a new particle will exhibit a greater tendency to stick. This
is a universal feature of sticking, undergirding everything
from the need to brush teeth regularly [21] to the kinetics
of coating processes [22]. Explicitly, particles move in the
y-direction at speed V}, defined by:

N
)] 1)

Vy:VO-maX[O,<1—
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where Vj is the speed of an isolated particle produced
by the ambient tumbling flow, and N, is the number of
neighboring particles with centers within a “traffic radius”
R, that cause the given particle to come to a halt. We use
Vo = 0.5, N. =10, and R, = 0.2 in fig. 3.

As depicted in the schematic of fig. 3, eq. (1) prescribes
that isolated particles travel at speed V{, and convoys
of cohesive particles travel at a monotonically decreas-
ing speed that jam when a critical density, p. = N./mR2,
is reached, cf. refs. [23,24]. This model is in a tradition
of granular traffic models [25,26]: every particle acts as
a vehicle in traffic, traveling with fixed maximum speed
Vo on an empty roadway, and decreasing in speed with
the number of neighbors until a critical density is reached
at which a jam occurs. We note that this model repre-
sents a 2D projection of a 3D pattern as has also been
used before [27], so particles have no fixed radius, but are
point-like and can overlap on the projected plane.

We discuss effects of parameter variations shortly; for
the time being, we use this traffic model to produce the
time series of snapshots shown in the top panels of fig. 3.
We find that initially the 2D domain is uniformly dusted
with particles (fig. 3(a)), which thereafter are swept for-
ward at speed Vy until they produce denser convoys of
slower moving neighbors (figs. 3(b)-(c)), separated from
one another by nearly empty surface regions. This pro-
duces a growth in the standard deviation at intermediate
times shown in the lower panel of fig. 3 and seen also in
experiment. We define N,qq > Nerode, S0 that more par-
ticles adhere than are eroded, causing the surface to fill
over longer times, again as seen in experiment.

We remark that this model has the incidental feature
that at the boundaries of each convoy, particles have fewer
neighbors than within, and these particles can accelerate
to either compactify the convoy (at the rear) or spread (at
the front) as is seen in experiments (e.g., fig. 1(b)). This
contrast between leading and trailing edges of stripes is
well known in the study of shocks in traffic, but is not evi-
dent at the low resolution of the snapshots of fig. 3. More-
over, the random addition of particles over time tends to
blur stripe boundaries. Since the contrast can be seen at
high resolution, e.g. fig. 1(b), we challenged the simula-
tion by distributing a large number of particles (32000)
uniformly over a small domain (1 x 1 units). As shown in
the lower right inset to fig. 3, the expected sharp leading
edge appears, here after 40 timesteps without erosion or
deposition of particles and using Vo = 0.05, N, = 6400,
and R. = 0.1.

As a final challenge to the model, we compare its re-
sults with experiments that we have performed under dif-
ferent environmental conditions, at different fill levels and
tumbling speeds, in different size tumblers, and using dif-
ferent concentration powders. We find from these experi-
ments that striped patterns invariably form, provided that
the relative humidity is in a range between 40 and 60%,
and the tumbler surface is sufficiently clean and rough
that an initial layer can take hold. Thus, for example, if
the surface is contaminated with fused silica (a common
glidant that makes the surface slippery), the formation of
patterns is significantly inhibited, however cleaning with
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Fig. 4. Patterns in adhered powders seen in simulations and
experiments. Upper panels: pattern transition from clumps to
stripes to spots seen on tumbler surface, as relative humidity
(RH) is decreased. In leftmost example, at high RH, 20 grams
adhere to the surfaces after the tumbler has been emptied;
by contrast in the other cases, about 2 grams typically ad-
here. In all cases, powder shown and weighed remains adhered
after emptying tumbler and repeatedly striking it forcefully.
Blenders in panels (a) and (b) are tumbled at 25rpm for 15
and 30 minutes respectively. Panel (c) is tumbled at 15 rpm for
20 minutes. All panels show V-blender filled to about 50% by
volume, and scale bars are approximate. Central panels: com-
putational transitions seen as the critical number, N., of par-
ticles needed within a radius R. = 0.2 to make a cluster jam
is increased. Lower panels: patterns seen in windblown snow
(left) and snow on nearly black sandwich boards (latter two
images: contrast enhanced, figure credits due to Justin Kao).

a solvent such as acetone restores the sticking behavior.
In fig. 4, we show changes in adhesion patterns that ap-
pear across a range of relative humidity (RH). In each
experiment, we acclimatize the powders and the tumbler
at constant humidity for at least a day beforehand.

Evidently in both experiment and simulation, three
patterned states can emerge. 1) If particles are strongly co-
hesive (i.e. at high humidity, RH, or small number of parti-
cles required to cause a jam, N,.) aggregates grow to cover
the available surface. 2) If particles are moderately cohe-
sive (intermediate RH or N,), jams form in the streamwise
direction and coordinate spanwise to form stripes. And 3),
for weak particle cohesion (small RH or large N.), span-
wise growth cannot be sustained, and only rounded spots
form. We theorize that spots are produced because this
state maximizes the number of particles (and so the ag-
gregate cohesion) per unit area. In the model, this leads
to the promotion of localized jamming, and equivalently
in experiments, this increases the total stress available to
hold the aggregate in place. We note that the mechanism
leading to pattern choice provides a diagnostic for under-
lying cohesion strengths —that is, uniform coverage or
stripe formation in an experiment is indicative of com-
paratively strong cohesion, while the formation of spots is
indicative of a less cohesive powder.

Eur. Phys. J. E (2012) 35: 105

In conclusion, we have shown that powders adhere to
processing surfaces in complex patterns. A simple traffic
model appears to capture many of the patterning behav-
iors seen, including stripe formation, clearing of surfaces
between stripes, sharpening lead edges of the stripes, and
stripe-spot transitions. The formation of stripes of partic-
ulates stuck to surfaces has been reported for other sys-
tems as well, for example in dip-coated colloids [24,28]
and in biofilm development [29,30]. Therefore we specu-
late that similar processes may be at work in the adhe-
sion of other types of particles to surfaces —for example
as insets to the lower panels of fig. 4 we show snow that
has adhered, left to right, to a large boulder, and to two
wooden sandwich-boards outside of Boston restaurants. It
remains for future studies to establish why particular ma-
terials tend to preferentially occupy the adhered powder
layers, and what properties of surfaces may promote or
inhibit adhesion patterns.

We thank Justin Kao and Peko Hosoi for helpful discus-
sions, and Jihyung Chun, Ankur Patel, Francis Romanski, and
Aditya Vanarase for technical support. This work was partially
supported by the National Science Foundation.
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