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ABSTRACT: Deposition of particles while flowing past constrictions is a
ubiquitous phenomenon observed in diverse systems. Some common
examples are jamming of salt crystals near the orifice of salt shakers,
clogging of filter systems, gridlock in vehicular traffic, etc. Our work
investigates the deposition events of colloidal microspheres flowing over
microstructured barriers in microfluidic devices. The interplay of DLVO,
contact, and hydrodynamic forces in facilitating rapid deposition of
microspheres is discussed. Noticeably, a decrease in the electrostatic
repulsion among microspheres leads to linear chain formations, whereas
an increase in roughness results in rapid deposition.

■ INTRODUCTION

A deposition process is a gradual buildup of heaps of cellular or
particle milieu over time. It usually entails the simultaneous
action of DLVO, contact, and hydrodynamic forces.1 The
dominant physical force promoting deposition is system
dependent. For example, the aggregation of colloidal particles
is driven by DLVO forces,2 jamming events are supported by
contact force,3 and active crystals can be formed entirely due to
hydrodynamic interactions.4,5 Besides, there are other
frequently ignored phenomena such as many-body interaction,
tribological effects, etc.6−8 The understanding of deposition
processes is also highly relevant for various industrial processes.
Several technologies rely on suppression of clogging in porous
channels such as membrane filters, deep-bed filtration
technology, inkjet printing, porous catalyst pellets, etc.
Competing physical phenomena act at once, making it

exceptionally challenging to pin down the dominant
mechanism during deposition events. Microfluidic devices
have long been used to decipher several aspects of the
deposition process. The channel geometry is one of the most
explored aspects of clogging, with numerous studies on the role
of connectivity, tortuosity, constrictions, and porosity.9−15

Several numerical studies as well have guided the experiments
by proposing clogging-phase diagrams.16,17 The simplest form
of clogging occurs during pore blockage by particles whose size
is larger than the pore size.18 However, clogging is common,
even when the size of flowing particles are much smaller than
the pore size. At low volume fractions (∼1% w/v), the
collective effects are negligible and clogging proceeds as a
single particle deposition process, whereas at high volume
fractions (∼20% w/v), clogging is influenced by the collective

behavior of many interacting particles.19−21 The three major
physical interactions in a deposition process are particle−fluid,
particle−particle, and particle−surface, typically tuned by
varying the flow rate and ionic strength.22−25

There is very little control on the spatial location where the
clogging occurs in a microfluidic channel, making it tricky to
study deposition events at a single particle level. We bypass this
problem by fabricating microstructures over glass substrates,
allowing precise deposition of the first particle.26 The
deposition process is then explored using the first particle as
a seed. Interestingly, colloidal microspheres form a linear chain
at low ionic strength, whereas a slight increase in the roughness
of microspheres leads to rapid deposition. The role of
roughness in the deposition process is not understood and
so far has been explored only in the context of shear-thickening
of colloidal suspensions.27 Our work lays out the physical and
chemical conditions required for rapid deposition of colloidal
microspheres, giving valuable insights into the clogging
phenomena. Further, the size of microspheres (10 + 4 μm)
used is very similar to the size of the cellular milieu
(neutrophils: 12−14 μm, platelets: 2−3 μm, RBCs: 6−8
μm) in arteries28 and are reminiscent of the arterial plaque
formation in arteries leading to heart attack.29−31
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■ MATERIALS AND METHODS
The deposition of polystyrene microspheres of size 10 μm (density =
1.05 g/mL) is studied by flowing them over wedge-like fabricated
structures in a microfluidic device (Figure 1a). The wedge
microstructures are fabricated by patterning a 2.2-μm-thick and 5-
μm-wide photoresist (S1813) in an array over glass substrates.
Subsequently, the resist patterned substrate is isotropically etched
using a hydrofluoric acid (HF)-based etchant (10% HF + 7% HCl)
for 15 s. This process yields wedge-shaped symmetric microstructures
of height ∼1 μm and width ∼6 μm (Figure 1b).26 A poly-
(dimethylsiloxane) (PDMS) microfluidic device of height 100 μm
and width 500 μm is then clamped on the microstructured substrate
to seal the channel. The device is imaged at 30 fps by a custom-built
inverted CMOS camera (Thorlabs) assembly illuminated using ring-
shaped light (Supporting Information (SI), Figure 1a). Four repeats
were carried out in each case to study the deposition trends across
different scenarios. Before each repetition, the substrate was washed
with the piranha solution (3H2SO4 + H2O2) to maintain its pristine
condition.

■ RESULTS AND DISCUSSION
Pinning of Microspheres in a Deionized (DI) Water

Medium. The colloidal microspheres of size 10 μm (0.5 % w/
v) in deionized ultrafiltered water (DI water) selectively pin on

the downslope (Figure 1a) side of the microstructures when
passed at a flow rate of 10−50 μL/min (Figure 2a, Video S1).
For lower flow rates (i.e., <10 μL/min), the microspheres also
pin on the upslope in addition to the downslope due to their
inability in crossing the upslope gravitational potential barrier
(Video S2). Thus, 10 μL/min is the lowest flow rate with no
upslope pinning.26 For higher flow rates we still do not see
upslope pinning; however, the rate of pinning drops drastically
(SI, Figure S1b). Due to the high pinning rate and precise
downslope pinning, we initiated all the subsequent experiments
at a flow rate of 10 μL/min.
The horizontal drag force on microspheres at a flow rate of

10 μL/min is 0.12 nN regardless of pinning on the upslope or
downslope region as estimated from the hydrodynamic
simulation (Section S2) performed using “COMSOL Multi-
physics”.32 In contrast, microspheres experience a lift force
(11.7 pN) on the upslope whereas a downward thrust (−13.5
pN) on the downslope, explaining the preferential pinning on
the downslope. Interestingly, microspheres do not pin beyond
a flow rate of 50 μL/min (drag force ∼0.6 nN); however, once
pinned (i.e., at lower flow rates ≤50 μL/min), they do not
detach even at a very high flow rate of 300 μL/min,

Figure 1. (a) Schematic of a PDMS microfluidic device (h = 100 μm, w = 500 μm) affixed over wedge microstructures. Flow is driven from the
inlet to the outlet, first encountering the upslope and then downslope. (b) Atomic force microscopy (AFM) of the microstructures (h = 1.5 μm, w
= 6 μm).

Figure 2. Deposition of 10 μm microspheres at a flow rate of 10 μL/min. (a) Microspheres in the presence of DI water pin on the downslope of the
wedge microstructures. (b) Microspheres in the presence of 0.1 M phosphate-buffered saline (PBS) deposit in the form of linear chains. (c) The
fractional area coverage of microspheres flowing in 0.1 M PBS vs time. The curve saturates after ∼2 min. Inset figure shows the area coverage when
microspheres pin only on the downslope in the presence of DI water. (d) DLVO force between microspheres of size 10 μm and the glass substrate
in DI water medium. Inset image shows the DLVO force between two microspheres of size 10 μm in DI water medium.
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experiencing a shear drag force of ∼4.9 nN. This suggests that
over time microspheres settle to a position of higher local
stability. It is possible that the surface of microspheres and
glass substrate realign, leading to increased frictional contact
area and adhesion. The microspheres remain pinned even if
the device is flipped upside down, suggesting a role of the
attractive DLVO force as well. Below, we have explored the
deposition rate by introducing salt solution to enhance the
attractive DLVO force and microspheres of higher roughness
to increase the frictional force.
Linear Chain Formation in the Presence of Salt

Medium. Microspheres at a flow rate of 10 μL/min and in DI
water medium selectively pin on the downslope.26 The same
10 μm microspheres (0.5 % w/v), when flown in 0.1 M
phosphate buffer saline (PBS), form linear chains (Video S3,
Figure 2b). At higher PBS concentration (1 M), the colloidal
solution is unstable and readily forms aggregates, whereas, at a
lower concentration (0.01 M), the behavior is similar to single
pinning events seen in DI water medium. The chain formation
in the 0.1 M PBS medium proceeds by pinning of single
microspheres on the downslope, which then acts as a seed for
successive microspheres to deposit one by one, growing into a
linear chain (Video S3). The microstructure facilitates pinning
of only the first particle; from thereon, the dynamics of the
chain formation is governed by particle−particle interaction.
Close contact between the incoming and already pinned
microspheres is crucial for the microspheres to glide their way
to form linear chains.
We define the fractional area coverage as the ratio of space

occupied by microspheres to the total space on the substrate
(Figure 2c). The space occupied by a microsphere is assumed
to be a square of side length equivalent to the microsphere
diameter as it becomes unavailable for the next incoming
microsphere. The fractional area coverage in DI water (inset
Figure 2c) saturates over time due to the filling of all available
pinning sites, i.e., microstructures. In the presence of PBS
(Figure 2c), microspheres grow into linear chains (Video S3),
thereby propelling the area coverage up to 70% (SI, Figure
S4a). The microsphere flown in DI water pins only on
microstructures, and hence the area of coverage saturates
quickly, whereas it takes longer for the area coverage to
saturate in PBS (0.1 M) due to the growth of microspheres
into linear chains.

The interplay among hydrodynamics, DLVO (FDLVO), and
contact forces is responsible for this fascinating linear
alignment of microspheres. The DLVO force comprises
electrostatic double-layer repulsion (FEDL) and attractive van
der Waals force (FVDW). The electrostatic potential of the
microspheres determined by ζ-potential measurement drops
from −31.5 ± 1.7 mV in DI water to −4.33 ± 0.86 mV in 0.1
M PBS. The corresponding Debye length ( 0.3/ C nm∼ [ ] ,
Cbuffer concentration in M) drops from 948.7 nm in DI
water to ∼1 nm, respectively.33 The decrease in electrostatic
potential and Debye length in the PBS medium leads to lower
repulsion (FEDL) and therefore increases the probability of
contact, allowing the microspheres to graze closely, resulting in
a serial deposition. The attractive van der Waals component of
the DLVO force relies on the gap between the microspheres
and the substrate, which is set by the roughness of the
interacting surfaces.34 The roughness of the glass substrate Ra
is ∼8.0 nm (Figure 4b), which sets a lower limit on the
minimum grazing distance with the microspheres. The drag
force at a flow rate of 10 μL/min on the very first pinned
particle in the linear chain is Fflow = 0.12 nN (Section S2). The
attractive DLVO force between the microsphere and the glass
substrate at a gap of 8 nm in DI water is FDLVO ≈ 0.09 nN
(Figure 2d; see Section S3 for the DLVO force calculations),
which is insufficient to counter the drag by fluid flow. It is
likely that the microsphere arrests due to the collective effects
of both DLVO force and frictional force.
The stick and slip motion exhibited by the second incoming

microspheres onward in the presence of the PBS medium
(Video S3, Figure 3a) is a characteristic feature of frictional
force.35−39 We define contact force (Fcon) as the total frictional
force due to attractive DLVO interaction and the surface
roughness acting against the drag force to arrest the
microspheres. The contact force while the microsphere slips
can be estimated as follows

F F Fcon flow slip= −

where Fflow = 0.12 nN is the drag force on a static microsphere
in the presence of flow, and Fslip is the drag force when the
microspheres are slipping against the pinned microspheres at a
speed “Vslip”. The drag force on a particle grazing near a surface
can be analytically derived as 1.7 × FStokes (Section S4), where
FStokes = 6πηrV is the Stokes drag on a sphere moving with

Figure 3. Linear chain formation in a 10 μm microsphere when flown in 0.1 M PBS at a flow rate of 10 μL/min. (a) Sequence of images showing
growth of the chain from 3 to 4 microspheres. (b) Microsphere grazes through the chain and deposits in the front. (c) Force redistributes along the
chain such that on average the drag force increases by ∼30 pN per microsphere. (d) Time difference between the pinning of successive
microspheres evaluated over all of the linear chains. Inset image shows a drop in the average time difference as the length of the chain grows.
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speed “V” (η = 8.9 × 10−4 Pa·s is the viscosity of water and r =
5 μm is the radius of the microspheres).40−44 The average slip
velocity “Vslip = 68.8 ± 8.4 μm/s” is estimated by taking the
ratio of the distance covered by the microspheres while
slipping through the linear chain (Figure 3a) and correspond-
ing time consumed (yellow lines tracked using ImageJ in
Figure 2b). The force required for a microsphere to attain the
slip velocity can be approximated as Fslip = 1.7 × 6πηrVslip = 9.8
pN. The contact force FCON = Fflow − Fslip = 0.12 nN−9.8 pN
≈ 0.11 nN (schematic shown in Figure 3b) is marginally lower
than the drag due to fluid flow which is essential for the
slipping to occur. The incoming microspheres graze through
the linear chain and eventually deposit on the posterior end
guided by fluid flow. Using the fluid flow simulation discussed
in Section S2, we estimated the drag force on the linear chain
as it grows. The drag force on the very first microsphere at a
fluid flow rate of 10 μL/min is 120 pN and increases on an
average by only 30 pN per microsphere (Figure 3c). Therefore,
as the chain grows, the average drag force per microsphere
redistributes to a lower value than the drag on the first
microsphere. Hence, an increase in the length of chain does
not adversely affect its stability.
The time difference between the deposition of successive

microspheres is shown for all linear chains in Figure 3d. We
can see a trend of drop in average time difference as the length
of the chain grows (inset Figure 3d). The time consumed by
the microspheres to deposit is a function of the total number of
microspheres arriving and their probability of deposition. Since
there is no physical or chemical change in the system, the
probability of deposition is expected to be nearly the same. A
marginal increase in the drag force is anticipated as the
deposition of microspheres reduces the cross-sectional area of
the flow channel, resulting in an increased mean fluid velocity
and, consequently the drag force.
A closer look at the tracks shown in Video S4 (longer

version of Video S3) suggests a significant coupling among

nearby chains. As the length of the chain grows, microspheres
jump from preceding chains to the forward-forming chains,
possibly increasing the rate of incoming microspheres. In
contrast, deposition of the first few microspheres is statistical as
the incoming microspheres interact with a chain only if they
happen to lie in their flow direction. Additionally, some chains
are not entirely straight and have microspheres protruding out,
which act as extra seeds for the incoming microsphere to latch
on and glide their way to deposit in the front.

Rapid Deposition in the Presence of Rough Micro-
spheres. Next, we used microspheres with different surface
roughness values to better understand the role of friction force.
A mixture of 10 and 4 μm microspheres of two different
surface roughness values were used. We procured 4 μm
microspheres of roughness 1.5 nm (Figure 4a) and 4.7 nm
(Figure 4b), respectively (Section S5). A mixture of 0.1% w/v
4 μm microspheres of lower roughness (Ra = 1.5 nm) and
0.25% w/v 10 μm microspheres, when flown in DI medium,
did not affect the deposition, and only 10 μm microspheres
were pinned as before (Figure 2a, Section S6). In contrast,
rapid deposition of microspheres is observed when the same
mixture composition but with 4 μm microspheres of higher
roughness (Ra = 4.7 nm) is flown (Video S5). The deposition
of the first few microspheres is shown in the close-up movie
Video S6. The 4 μm microspheres of lower roughness can
approach the 10 μm microspheres from a closer distance and
are likely to have a higher DLVO force as compared to the
rougher 4 μm microspheres. However, the occurrence of rapid
deposition only in the presence of the rough 4 μm
microspheres suggests a dominant role of friction force in
the arrest of the microspheres.
Initially, multi-microspheres (4 +10 μm) in DI water are

flown at the rate of 10 μL/min; pinning microspheres of size
10 μm in the downslope region, whereas microspheres of size 4
μm pass through. The pinned microspheres then act as seeds
for rapid deposition at a higher flow rate of 70 μL/min. Rapid

Figure 4. Deposition of multi-microspheres (4 + 10 μm) over wedge microstructures. (a) AFM of 4 μm smoother microspheres of roughness Ra =
1.5 nm. (b) AFM of 4 μm rough microspheres (Ra = 4.7 nm). (c) Rapid deposition of microspheres (4 + 10 μm) at a high flow rate of 70 μL/min.
(d) The rate of area coverage jumps up to 20-fold as the flow rate is increased from 10 to 70 μL/min.
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deposition proceeds by first pinning of 4 μm rough
microspheres on the already pinned 10 μm microspheres,
and further advances when the incoming 10 μm microspheres
deposit by latching onto 4 μm microspheres. Interestingly, the
rapid deposition of microspheres does not occur below a flow
rate of 70 μL/min. The deposition in the multi-microsphere
system (10 + 4 μm in DI water) grows in three dimensions
(Figure 4c) as opposed to the linear chains in the lone-
microsphere system (10 μm in PBS) previously discussed
(Figure 2b).
The rate of single pinning events of 10 μm microspheres

decreases by a factor of 2 from 0.1 to 0.05 as the concentration
of microspheres is halved from 0.5 % w/v (inset Figure 2c) to
0.25 % w/v (Figure 4d). Accordingly, we represent the area
coverage (AC) in time “t” as

tAC δρ=

where “δ” is the sticking probability and “ρ” is the volume
fraction of the 10 μm microspheres. The magnitude of sticking
probability (δ) is a function of the DLVO interaction, contact
force, and flow rate. If the flow rate is kept constant, then the
sticking probability relies only on material properties such as
salt concentration and roughness. For instance, the slope of AC
vs time while keeping the concentration (ρ) fixed increases
from 0.1 in DI water to 0.37 in PBS medium (Figure 2c). This
increase is attributed to the reduction in the Debye length
(PBS medium leads to lower electrostatic repulsion) resulting
in an increased sticking probability. In the case of a multi-
microsphere system (10 + 4 μm) in DI water, the deposition
rates are even higher, where the area coverage rate increases up
to 20-folds as the flow rate is increased to 70 μL/min (Figure
4d). The AC was calculated directly by thresholding the
images using ImageJ to construct the outer border of deposited
microspheres. The rate of AC scales sublinearly with the

concentration of 4 μm microspheres, and appears to follow a
power law with an exponent (2/3) as shown in Figure 4d

tAC 2/3δσ=
where “δ” is the sticking probability and “σ” is the volume
fraction of the 4 μm microspheres. As the concentration of the
4 μm microspheres is successively halved, the slope decreases
to (0.5)2/3 = 0.63 and (0.25)2/3 = 0.40, respectively (Figure
4d). The exponent (2/3) can be understood by approximating
the entire deposited mass to be circular and of a radius “R”,
such that the volume and area coverage of the deposited mass
is

R RVOL and AC3 2∝ ∝
By equating the above two equations, the area coverage scales
as

t RAC VOL2/3 2 2/3δσ= ∝ ∝
Accordingly, the volume of deposited mass is directly
proportional to the concentration of the 4 μm microspheres
(VOL ∝ σ). The deposited volume (VOL) can be assumed to
be made up of only 10 μm microspheres, as the volume of a
single 10 μm microsphere is more than 15 times that of a 4 μm
microsphere. Therefore, on average, each 4 μm microsphere
facilitates the deposition of one more 10 μm microsphere. The
multi-microsphere system is unstable in 0.1 M PBS and forms
clumps, rendering the deposition process erratic (Video S7).
To understand the deposition process in the multi-

microsphere system, we closely examined the deposition of
first few mcrospheres. At an initial flow rate of 10 μL/min,
microspheres of size 10 μm pin on the microstructures. The
rapid deposition then commences at a flow rate of 70 μL/min
(Video S5), when the 4 μm microspheres pin over the existing
10 μm microspheres. As seen in Video S6 and Figure 5a, the
preferred pinning sites of the 4 μm microspheres are positions

Figure 5. Hydrodynamic drag on 4 μm microspheres pinned over 10 μm microspheres at a flow rate of 70 μL/min. (a) Image series showing
subsequent deposition of the 4 μm microspheres and 10 μm microspheres on the already pinned 10 μm microspheres. (b) Hydrodynamic drag
force on the 4 μm microsphere at different positions. Surprisingly, positions around 3 facing the maximum hydrodynamic drag are preferred
positions of pinning as seen in the videos. (c) Increase in drag force due to deposition of the incoming 10 μm microsphere on the 10 and 4 μm
microsphere system. Microspheres face higher drag in Scheme 2 and glide to Scheme 1 configuration, where they face a much lower drag. (d) Flow
field over the 10 μm microspheres. (e) Flow field over the 10 and 4 μm microsphere system.
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3 and 4 (Figure 5b). The drag force, as estimated from
hydrodynamic simulation (Section S2), is maximum at
position 3 (∼30−60° from horizontal) and position 4 (90°
from horizontal), which is undesirable for pinning (Figure 5b).
However, the preference for positions 3 and 4 suggests that the
pinning of the 4 μm microspheres is dominated by the initial
contact. Further, for a stable deposition, the contact force
between the rough 4 and 10 μm microspheres should be at
least ∼140 pN (Figure 5c). The deposition process further
proceeds with the 10 μm microsphere gliding its way toward
the posterior region (Scheme 1 in Figure 5c) after initial
contact with the 4 μm microspheres (Video S6). The drag
force on the 10 μm microspheres near the top is ∼1.25 nN
(Scheme 2, Figure 5d) and drops to ∼0.49 nN (Scheme 1,
Figure 5d) in the posterior region where the microsphere
eventually settles. Even though the flow field always pushes the
particles in the posterior region (Figure 5d,e), the 4 μm
microspheres pin at the point of contact, whereas the 10 μm
microspheres follow the flow direction and deposit on the
posterior side.
Components of Contact Force. The rapid deposition of

multi-microspheres (4 + 10 μm) over microstructures is a two-
step process. Initially, 10 μm microspheres pin on the
microstructure at a flow rate of 10 μL/min, which is followed
by large-scale accumulation at a higher flow rate of 70 μL/min.
The rapid deposition proceeds with the pinning of a 4 μm
microsphere on an already pinned 10 μm microsphere (Figure
5a). For stable pinning of a 4 μm microsphere, the contact
force (Fcon) should balance the drag force (Fdrag) as shown in
Figure 6a. The contact force can be expressed as the net
friction force due to the attractive DLVO interaction and drag
generated by the fluid flow

F F F( )con DLVO flowλ= +

where “λ” is the friction coefficient. The minimum gap at
which 4 μm microspheres can graze over 10 μm microspheres
is limited by its roughness (∼4.7 nm). The attractive DLVO
force between the 4 and 10 μm microspheres at a gap of 4.7
nm is 97.3 pN (Figure 6b). Similarly, the drag force generated
by the fluid in parallel and perpendicular directions of the flow
is numerically estimated as 142.1 and 54.1 pN, respectively
(Section S2). The net friction force calculated by adding the
components of DLVO and drag force perpendicular to the line
of contact (Figure 6a) is

F (97.3 pN 142.1 pN cos 30 54.1 pN

cos 60 )

193.31 pN

con λ

λ

= + × ° −

× °

= ×

The drag force opposite to the direction of contact force is
estimated by adding the flow components parallel to the line of
contact

F 142.1 pN cos 60 54.1 pN cos 30

117.9 pN

drag = × ° + × °

=

Accordingly, the minimum friction coefficient needed to
balance the drag force is λ = Fdrag/(Fcon = 0.6). The estimated
friction coefficient λ is of similar order as reported for the
roughness in the range of ∼10 nm.8,45 The DLVO force for the
4 μm microsphere of lower roughness (Ra = 1.5 nm) while
grazing on the 10 μm microsphere, i.e., at the gap of 1.5 nm, is
993 pN. The total contact force perpendicular to the line of
contact would be 1089 pN, which is significantly higher than
the former case. However, if the friction coefficient drops to
say λ = 0.1, owing to lower roughness, then the contact force
(Fcon = λ × 1089 pN = 108.9 pN) would not be able to balance
the drag force (Fdrag = 117.9 pN) due to fluid flow. The friction
coefficient is proportional to the roughness (Ra) but requires
specialized tribometric measurements for accurate quantifica-
tion.46−48 Nevertheless, the experimental evidence suggests
robust pinning of 4 μm microspheres of higher roughness
leading to rapid deposition.

■ CONCLUSIONS
To summarize, the deposition process is initiated by the
pinning of 10 μm microspheres on the downslope region when
flown (10 μL/min) over wedge-shaped symmetric micro-
structures of height 1.5 μm and width 6 μm. The incoming
microspheres then interact with the pinned microspheres
through an attractive DLVO and roughness mediated friction
force. The electrostatic component of the DLVO force can be
decreased by introducing a salt solution such as PBS buffer
(0.1 M), which leads to the formation of linear chains (Figures
7a and 3a). Alternatively, in DI water and at higher flow rates
(70 μL/min), the presence of 4 μm microspheres of roughness
Ra = 4.7 nm acts as a bridge between the incoming 10 μm
microspheres and already pinned 10 μm microspheres (Figures
7b and 5a), resulting in the rapid deposition. Interestingly, a
slight drop in the roughness of 4 μm microspheres from 4.7 to
1.5 nm does not lead to rapid deposition. These findings put

Figure 6. Contact force between the 4 and 10 μm microspheres in DI water. (a) Free body diagram displaying the components of contact force on
a 4 μm microsphere pinned over a 10 μm microsphere. (b) DLVO force between microspheres of size 4 and 10 μm, respectively.
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bounds on the required ionic strength and roughness that can
lead to rapid colloidal deposition in microfluidic channels.
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