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from solutions and thus desired. Therefore, a physical 
understanding of clogging is essential for both its preven-
tion and its utilization.

Clogging can occur when a particle flows into a pore 
that is smaller than the particle size. Clogging can also 
occur when particles smaller than the pore aggregate 
in solution. In addition, clogging can be induced by an 
accumulation of particles on the pore surface. In this 
case, the degree of accumulation depends on the ratio 
of the force attracting the particles to the channel walls 
to the shear forces that hinder particles from adsorption 
on the channel wall (Henry et  al. 2012). This interplay 
between attractive and repulsive forces can be studied by 
flowing model particle suspensions through microchan-
nels. This has been done in great detail for uniformly 
varying microfluidic channels: In this case, clogging 
depends on the channel size, particle size, and the num-
ber of particles that flow past the smallest constriction 
(Wyss et al. 2006; Mustin and Stoeber 2010; Henry et al. 
2012; Sauret et al. 2014; Bacchin et al. 2013). However, 
in many cases, the pore width decreases over the length 
of the pore; for example, the width of arteries can vary 
by more than an order of magnitude (Kumar et al. 2014). 
Moreover, the pore size in filter membranes often var-
ies over the length of the membrane. Pores with varying 
widths clog through a different mechanism (Tobiason and 
Vigneswaran 1994). However, the clogging behavior of 
parallelized converging microchannels has never been 
studied.

In this paper, we investigate clogging in parallelized 
converging microchannels using a dispersion of electro-
statically stabilized colloids. The propensity of channels to 
clog decreases with decreasing hydrodynamic resistance 
of a channel as this increases the flow rate of the fluid and 
hence the shear stress that particles experience.

Abstract  Nearly all tubes and pores used to transport sol-
ids in fluids, such as arteries and filters, are subject to clog-
ging. The length scales and geometries of these tubes are 
well defined. In spite of this knowledge, the collective clog-
ging behavior of multiple tubes has not yet been connected 
to their shapes and sizes. We investigate the clogging 
behavior of ten parallel tubes, which we model with ten 
parallel tapered microchannels using poly(styrene) beads to 
induce clogging events. The clogging behavior depends on 
the channel geometry as well as the shear stress particles 
are subjected to. Although our microchannels model filters, 
our results can be applied to the clogging behavior of a 
broad range of applications such as the clogging in arteries, 
inkjets, or xylem in trees.
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1  Introduction

The obstruction of flow due to clogging can cause failure 
in any industrial or technological process that involves 
the transport of solids suspended in a liquid. For example, 
clogging can negatively affect oil recovery, 3-D printing 
processes, or even blood circulation in the body. However, 
clogging can also be useful: In many filtration processes, 
the clogging of porous membranes removes particulates 
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2 � Materials and methods

Using compressed air, we push a particulate suspension 
through tubing past two pressure transducers (Omega 
PX409), into a microfluidic device and out to a waste con-
tainer held at atmospheric pressure, as schematically shown 
in Fig. 1a. To more closely mimic filters, we study the clog-
ging behavior of parallelized microchannels. We limit the 
number of channels in the array to ten to enable simulta-
neous observation of each individual microchannel with 
optical microscopy. We fabricate microchannel arrays with 
variable width from poly(dimethylsiloxane) (PDMS) using 
standard soft lithography (Duffy et al. 1998). Each channel 
has a mouth of width, (Wm), where fluid enters the channel 
and the mouth tapers to a constriction width, that we keep 
constant at 10 μm, as shown in Fig. 1b. We vary the mouth 
width between 100 and 20 μm and the channel length, L, 
between 1200 and 300 μm. To ensure that the wettability 
of all the channel walls is the same and remains stable over 
time, we bond PDMS channels to a PDMS surface using 
the soft bake method (Eddings et  al. 2008) and avoid the 
oxygen plasma bonding that is much more commonly used 
(Shun’ko and Belkin 2012).

Polystyrene microbeads (Thermo Fischer Scientific—
C37281) are dispersed in a mixture of 63  % water and 
37  vol% heavy water(VWR), and we use this mixture of 
solvents to match the density of the suspending solution to 
the dispersed microbeads. Monodisperse microbeads with 
3 μm diameters are dispersed at 4 % (v/v) (2.8 × 109 par-
ticles/mL). To avoid spontaneous aggregation in solution, 

the microbeads are electrostatically stabilized with car-
boxyl groups. The microbead dispersion is flowed through 
the microchannel array at a constant pressure. Because the 
microchannels are arrayed in parallel, the pressure drop 
experienced across each channel is independent of the 
other channels.

We initially calculate the flow rate through the micro-
channel arrays by measuring the pressure difference along 
a 50-cm-long piece of tubing with a known hydrodynamic 
resistance (RH) as shown in Fig. 1a, b. We find the tubing 
resistance by measuring the pressure difference (∆P) along 
the tubing when pure water is flown through the tubing at 
various flow rates (Q) with a syringe pump according to: 
∆P = QRH (Oh et al. 2011). The hydrodynamic resistance 
is the slope of the line fitting the ∆P versus Q graph. The 
hydrodynamic resistance of the unclogged microchannel 
array is measured in the same way. The tubing resistance 
is much lower than the resistance of an unclogged array 
of microchannels and therefore has little effect on the flow 
through the microchannel array. Over the course of the 
experiment, we measure the flow rate through the chan-
nel array. Pairing the flow rate measurements with the time 
each channel requires to clog, we estimate the total volume 
of particulate suspension that passes through each chan-
nel prior to clogging. To estimate the time that each chan-
nel takes to clog, we use optical microscopy and time-lapse 
images (Sony) to monitor the state of each channel in the 
array during the clogging experiment as shown in Fig. 1c, d.

In addition, we calculate the flow rate through the chan-
nels using the pressure applied to the suspension and the 

Fig. 1   a Schematic of experimental setup used to perform clogging 
experiments. b To quantify fluid flow rates, we measure the pressure 
drop across the tubing during the clogging experiments. We convert 
the pressure drop into a flow rate using the hydrodynamic resistance 
of the tubing that we experimentally determine with control experi-
ments. Measured pressure difference across resistance tubing during 
a the clogging of an array of 100- to 10-μm channels. c Micrograph 
taken during the clogging of an array of 100- to 10-μm channels. Par-

ticle suspension flows from the i mouth width of Wms = 100 μm, Wm, 
to the ii exit of width 10 μm. iii Gray areas are flowing particulate 
suspension, iv black areas are particle agglomerates that result from 
clogs, and v clear areas inside of the channels contain liquid with-
out particles. Scale bar is 100 μm. d Fraction of channels clogged 
as a function of time during which the particle suspension is flown 
through an array containing ten channels that taper from 100- to 
10-μm channels. b–d The same clogging experiment
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known channel resistance. Similar to the tubing, we deter-
mine the channel resistance by using a syringe pump to 
flow pure water through the channel array and then meas-
uring the resulting pressure difference across the array. To 
approximate the resistance of a single channel, we multiply 
the resistance of the channel array by the number of chan-
nels in the array because the channels are parallelized. We 
track the flow rate through each channel, and we use each 
channel’s clogging time to estimate the total volume of par-
ticulate suspension that passes through each channel prior 
to clogging.

We calculate the average the flow rate using the two esti-
mates. Although the two estimates are derived from pres-
sure measurements and videos with low temporal resolu-
tion (1 measurement per second), they nonetheless agree 
within 50  %. Importantly, both estimates show the same 
change in clogging behavior in changing taper rate. Using 
the average flow rate through each channel and the number 
density of the particulate suspension, we estimate the num-
ber of particles that pass through each channel before the 
channel clogs.

3 � Results and discussion

We flow the particle suspension through channels that have 
100  μm mouth widths and taper to 10  μm constriction 
width over a length of 1200 μm, as shown in the optical 
micrograph in Fig. 1b. The particles adsorb at the channel 
walls near the 10 μm constriction leading to a buildup of 
particles that eventually clog the channel. To investigate 
the clogging behavior, we measure the fraction of clogged 
channels over time. It takes 3 s until the first channel clogs, 
6 s until the second channel clogs, and as long as 20 s until 
the third channel clogs. However, once the third channel 
is clogged, the remaining channels clog very rapidly, as 
shown by the rapid increase in the percentage of clogged 
channels with time by the red triangles in Fig.  1d. Using 
the average of the two flow rate estimates, we approximate 
the number of particles that pass through the channel prior 
to clogging.

In non-tapered channels, the number of particles that 
pass through a constriction before it clogs is proportional 
to the area of the constriction’s cross section (Wyss et  al. 
2006). To test whether tapered channels display a simi-
lar behavior, we also fabricate channels with a constric-
tion width of 10 μm and mouth widths of 80, 60, 40, and 
20  μm. Remarkably, although all the channels have the 
same constriction width and hence the same cross-sectional 
area at the constriction, the number of particles that pass 

Fig. 2   a N* versus mouth width plot. b Plot showing hydrodynamic 
resistance versus mouth width

Fig. 3   a Plot showing hydrodynamic resistance versus channel 
length. b N* versus channel length for channels with identical taper 
angle
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through each channel prior to clogging (N*) exponen-
tially increases with increasing mouth width, as shown in 
Fig. 2a. To understand the difference in clogging behavior, 
we quantify the hydrodynamic resistance of each channel 
type by calculating the slope of the graph of the measured 
pressure drop (∆P) across the microfluidic device versus 
the flow rate (Q) through the device. The hydrodynamic 
resistance of the channels decreases with increasing mouth 
width, as shown by the blue circles in Fig. 2b. These exper-
imental results can be fitted with an inverse power law.

Our experiments in channels with variable mouth width 
simultaneously vary the hydrodynamic resistance and 
the tapering angle. To separate the influence of these two 
variables on the clogging behavior, we fabricate channels 
with decreasing length, and hence with decreasing hydro-
dynamic resistance, and constant tapering rate. We choose 
a taper rate that decreases the channel width by 1 μm per 
30  μm channel length, which is the same taper rate as 
the channels whose width decreases from 40 to 10  μm 
over a length of 1200 μm. Maintaining a constant rate of 
taper and a constant height of 25 μm, we fabricate three 
sets of channels: channels that are 900 μm long and have a 
33-μm-wide entrance, channels that are 600 μm long and 
have a 25-μm-wide entrance, and channels that are 300 μm 
long and have a 18-μm-wide entrance. The hydrodynamic 
resistance of the channel linearly increases with increas-
ing channel length, as shown in Fig. 4a. Interestingly, the 
average number of particles that pass through each channel 
prior to clogging decreases linearly with increasing channel 
length as shown in Fig. 3b. These results demonstrate that 
the clogging time is  inversely proportional to the hydro-
dynamic resistance of the channel. As the hydrodynamic 
resistance of the channel decreases, the fluid velocity in 
the channel increases, resulting in higher shear stresses that 
act on particles attached to the walls. Moreover, the higher 
shear stresses deter particles from approaching and adher-
ing to channel walls. Hence, the probability for particles to 

stick to the walls decreases and more particles pass through 
the constriction before the channel clogs.

Our results suggest that clogging is stymied by increasing 
the shear stress in the channels. To verify this suggestion, we 
investigate the influence of shear stress on clogging. We vary 
the dispersion’s flow rate by adjusting the pressure applied 
to the particulate dispersion. The number of particles that 
pass through the constriction before clogging increases as 
the applied pressure increases, as shown in Fig. 4. This result 
confirms our findings and demonstrates the importance of 
the shear stress on the propensity of tapered channels to clog. 
The higher shear stresses inhibit the attachment of particles 
to the channel walls, thereby delaying channel clogging 
caused by particle buildup at the channel walls.

4 � Conclusions

By flowing particulate dispersions through tapered chan-
nels of varying mouth width, channel length and at vary-
ing flow rates, we demonstrate that the time needed to clog 
tapered microchannels depends on the shear stress near the 
constriction. Increasing a channels mouth width or decreas-
ing its length decreases the hydrodynamic resistance of 
the channel. As a result, fluid flux through the constriction 
increases resulting in a higher shear stress near the con-
striction. These higher shear stresses prevent particles from 
attaching to the channel walls. This result is consistent 
with previous findings that reported the clogging behavior 
to result from a competition between hydrodynamic and 
surface forces (Henry et al. 2012). A better understanding 
of the influence of the channel dimension on the clogging 
behavior is essential to the design of optimized filters and 
porous networks, which often have variations in pore size. 
For example, the clogging of nozzles in 3D printers may be 
delayed by widening the entrance of the nozzle. Moreover, 
our findings may also help predict clogging in more com-
plicated systems such as blood vessels and porous media.
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