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The capture of a soft spherical particle in a rectangular slit leads to a nonmonotonic pressure-flow rate
relation at low Reynolds number. Simulations reveal that the flow induced deformations of the trapped
particle focus the streamlines and pressure drop to a small region. This increases the resistance to flow by
several orders of magnitude as the driving pressure is increased. As a result, two regimes are observed in
experiments and simulations: a flow-dominated regime for small particle deformations, where flow rate
increases with pressure, and an elastic-dominated regime in which solid deformations block the flow.
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Solid deformations can have a major influence on fluid
flow in the regime of strong fluid-structure coupling. A
wide range of complex behaviors, including oscillations
that lead to catastrophic failures or blockages, can be
observed when the inertial effects of the fluid and solid
couple together [1]. Recently increased attention has been
paid to the effect of a low Reynolds number flow on an
elastic fiber [2], with particular focus on the transport [3]
and deformation [4] of slender elastic fibers by the
flow [5].

Two-way flow-structure coupling has been studied in the
case of deformable tubes, in which elastic deformations of
the tube walls led to strong modifications of the fluid flow.
Wall elasticity effects were shown to stabilize the flow
distribution into a bifurcation [6] and to suppress the
emergence of viscous fingering in a Hele-Shaw cell [7].
More extreme cases emerged in the case of air-liquid flows
within flexible tubes, where surface tension led to a
complete airway closure [8]. These effects of wall elasticity
of the fluid flow have been used to explain sap flow in
green plants [9] or to create soft valves for technological
applications [10-12].

A different class of problems for which the two-way
coupling can lead to extreme modifications of the flow
consists of the case of a soft particle being pushed into an
orifice. This problem is encountered in many microfluidic
applications, such as during the flow and encapsulation of
hydrogels [13,14] or for the characterization of cells and
other soft materials [15-20]. It is also closely related to
clogging or sieving particles [21-28]. In many of these
cases a spherical particle is pushed into a rectangular slit,
which allows for a leakage flow around the particle
[15,17,19,29]. But in spite of the interest for applications,
the physics that determines the equilibrium between leaky
flow and particle deformation has not been explored.
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Here we describe this relationship and explain the low
and high deformation regimes that are encountered.

The experimental setup consists of a polydimethylsilox-
ane (PDMS) microfluidic device (Young’s modulus
Eppyms = 1-10 MPa) with two parallel channels: a thrupass
line with a narrow slit, to trap microgel beads, and a bypass
of width y,,., which provides a known hydraulic resistance
(see Fig. 1). The flow rate Q is imposed at the inlet and
streamlines of the flow in the device are reconstructed [30],
see Fig. 1(a). The flow rate Qy,, in the thrupass channel is
determined by measuring the position y of the separatrix
streamline, taken one channel width upstream of the
junction [see inset in Fig. 1(b)]. This separatrix divides
the fluid going to the thrupass and the bypass channels
according t0 Qun = Q [§ U(y) dy/ [§™ U(y)dy, where
U(y) is the empirically calculated flow speed in a rec-
tangular channel of height 4 and width y,,, [31].

In the absence of a gel bead, increasing the flow rate Q at
the inlet led to an increase of the flow rate Qy,,, with the
ratio between Qy,, and Q being given by the ratio of the
hydrodynamic resistances between the thrupass and bypass
channels. When a gel bead was trapped by the narrow slit,
increasing the flow rate Q at the inlet led to a nonmonotonic
behavior of the flow rate Qg through the thrupass
channel. At first, increasing Q led to an increase in
Owr> until a maximum value of Q. Wwas reached;
increasing Q beyond a critical value then led to a decrease
in the flow rate Qy,.., see Fig. 1(b). At high enough values
of Q, the gel bead plugged the thrupass channel entirely and
all the flow was redirected to the bypass channel. This
nonmonotonic relationship between Qy,, and Q reveals a
strong nonlinear hydrodynamic resistance added by the
gel bead.

Experiments were repeated for poly(ethylene glycol)
(PEG) beads of diameters d = 80-145 pm. The beads were

© 2023 American Physical Society
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FIG. 1. (a) Sketch of the microfluidic device. The flow rate is
imposed at the inlet and divides into a thrupass channel and a
bypass channel. The micrograph shows a gel bead trapped in a slit
of width w = 25 pm. A resistance diagram of the microfluidic
channel is included. (b) The flow rate Qy,, past the microgel
increases to a maximum and then decreases to zero as the inlet
flow rate Q is increased. Each line represents a different trapped
microgel. Equivalent Young’s modulus E* = 15 + 9 kPa. Gel
diameter: d = 83 £ 3 pm. Slit width: w = 25 + 5 pm. Channel
height: 7 = 85 pm. Inset: reconstructed streamlines showing the
flow division between the thrupass and bypass channels. The
value of y/y,.c provides a measure of the flow rates Qy,, and
Opyp-The black dashed line represents an empty trap.

made using droplet flow lithography by adding PEG-
diacrylate (PEG-DA) to a PEG solution and photopolyme-
rizing it in a first microfluidic device [32]. The beads were
stored off-chip until they were reinjected into the current
device. The microgel stiffness was controlled by modulat-
ing the ratio of PEG to PEG-DA. The values of the
equivalent Young’s moduli were obtained using a micro-
indentation technique [33] and spanned 2 orders of mag-
nitude: E* = 112 Pa to 15 kPa, where E* = E/(1 —1?), E
is the conventional Young’s modulus and v is the Poisson
ratio. Three different microfluidic traps were used, ranging
within w = 15-55 pm, and microchannel heights /4 chosen
to approximately match microgel diameters: & = d + 10%.
Channel corner radii, r,., varied with manufacturing and
were measured directly on the microscopy images.

The Reynolds number Re = [2Q/n(w + h)], where
n is the kinematic fluid viscosity, was in the range 0.01 <
Re < 6 in the inlet channel. Its value around the hydrogel
was significantly lower, however, given the lower velocities
and smaller length scale. In this regime the pressure AP

across a channel is proportional to the flow rate Q in the
channel and the hydrodynamic resistance R of the channel:
AP = QR [34]. Calling Ry, and Ry, the known hydro-
dynamic resistances of the thrupass and bypass channels,
respectively, in the absence of gel, and R, the added
hydrodynamic resistance of the gel, we therefore have
(Qbyp/chru) = [(Rthru + Rgel)/Rbyp]' This relation pro-
vides a way to compute the resistance R, added by the
gel, as well as the pressure drop across the gel Py =

Rge]chru [see Fig. 1(a)].

The value of R, increased dramatically with flow rate,
spanning nearly 6 orders of magnitude when the flow rates
covered 2 orders of magnitude [see Fig. 2(a)]. The rate of
this increase depended on the gel elasticity: stiffer gels
(E* ~ 10* Pa) led to a slower increase in resistance than
softer gels (E* ~ 10? Pa). The increase in resistance was
associated with a displacement of the microgel as it
deformed and penetrated into the slit. This displacement
was quantified by measuring the distance [ traveled by the
back of the gel, i.e., upstream of the slit, with respect to its
position in the absence of flow [see inset in Fig. 2(b)]. The
value of / increased with the pressure drop across the gel
Py, see Fig. 2(b). For a given pressure P across the gel
bead, the softer gels penetrated more into the slit, and even
more so when the gap width was larger, see Fig. 2(b).

To understand how the flow forced the hydrogel to
deform, plug the slit, and increase the hydrodynamic
resistance, simulations of a soft particle deforming into a
slit were performed on a quarter-setup using the software
ABAQUS. The solid deformations were modeled by simu-
lating an initially spherical gel bead, d = 80 pm,
re=w=15pm, E =10 kPa, v =0.35 [35], that was
subjected to a negative pressure, 0 < P, < 4.8 kPa, inside
the slit. The resulting deformed gel geometry [Fig. 3(a)]
was exported to the software cOMSOL Multiphysics and the
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FIG. 2. (a) Hydrodynamic resistance due to the gel Ry, as a
function of the imposed flow rate Q. Note that the resistance
increases faster for softer gels than stiffer gels. (b) Microgel
displacement as a function of the applied pressure. Each curve
represents data collected on a single microgel.
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FIG. 3. (a) A quarter section of the deformed microgel and trap
for an applied pressure Py = 4 kPa. Color represents relative
nodal displacement in the microgel. (b) Simulation of the flow
around an undeformed gel (left), and a gel deformed under a
simulated pressure of Py = 4 kPa (right). Color indicates the
pressure normalized by the inlet pressure P. Isobars are shown in
white. Note how the deformed microgel focuses the pressure drop
into a narrow area. x and y directions represent the imaging plane.
(c) The measured gel hydrodynamic resistance Ry as a function
of the area A of the triangle through which the flow must pass (see
inset). Ry and A are, respectively, normalized by the resistance
to flow R, and the area A in the absence of gel deformation.
(d) A comparison of the measured normalized deformation of the
microgel [/d with its predicted deformation based on solid
contact, lieory/d, Where [ represents the penetration distance
of the microgel and d the undeformed microgel diameter. The
graphs include experimental (color) and simulation results
(white). Data are limited to the range //d < 0.3 to remain within
the valid range of Eq. (3), see Supplemental Material for details.

flow field in the channel containing the deformed gel was
simulated, providing the pressure distribution in the fluid
everywhere in the device. The uncoupled solid and fluid
simulations were then iterated once by updating the gel
shape and then the pressure field.

In the absence of deformation, the pressure drop in the
channel occurred both around the spherical gel particle and
in the slit, as shown by the isobars in the fluid simulations
of Fig. 3(b) (left panel). When the gel deformed however,
the pressure drop was focused over a short distance
upstream of the slit, corresponding to the region where

the flow was focused through a narrow gap of cross-
sectional area A, see Fig. 3(b) right panel. This concen-
tration of the pressure drop indicates that the resistance to
flow was due not to the finger of gel elongating into the slit
but rather to the bulblike part of the gel that obstructed the
fluid flow upstream of it.

The physical reason behind the focusing of the pressure
drop can be understood by considering the dependence of
Rge; on A. This parameter can be related to other geometric
parameters as [see Supplemental Material [36] and inset of
Fig. 3(c)]

O e AR

where d is the bead diameter, w is the width of the slit, r,. is
the radius of curvature of the corner of the slit [see
Fig. 3(a)], and a is the extent of the contact area between
the gel and the corner of the slit [see Fig. 3(b), right panel].

Because a is in a direction perpendicular to the imaging
plane, it is inferred by considering the contact mechanics
problem of a spherical elastic bead, of diameter d and elastic
modulus E£*, being pressed with a pressure Py on top of two
cylinders of equal radius r. and spaced by w [44]. The
displacement of the gel /iyory due to this forcing was found to
relate to the major axis a of the ellipsoidal contact between
the microgel and the trap, modulated by a combination of the
geometrical parameters of the problem (see Supplemental
Material for full explanation):

2a? r.
Lieory = ——— F [ < 2
theory dsind -7:1 (d) ’ ( )

where F(r./d) is a function that describes the shape of
contact (see Supplemental Material) and € is the angle
created between the microgel, the corner, and the slit [see
Fig. 3(a)]. Equation (1) was therefore used to obtain the area
A using direct measurements of d, w, r,., and [, while a was
estimated using Eq. (2) for each imposed flow rate.

Given the above geometric measurements it iS now
possible to determine the scaling of R, with the interstitial
space A. Calling R and A, the values of the parameters in
the absence of gel deformation, i.e., at the lowest flow
rate tested, we plot Ry /Ry as a function of (Ag/A)? in
Fig. 3(c).

The plot shows an excellent collapse for all experimental
and numerical results and indicates that R, scales as A2
This relationship recalls the scaling for Hagen-Poiseuille
flow, where Rye; ~ A~2,if the 3D variations in geometry are
ignored and if we focus only on the point of maximum
constriction. The collapse of the measurements of Ry on a
single master curve shows that the resistance to flow is
indeed due to the deformation of the soft solid upstream of
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the slit which in turn determines the size of the gap that the
flow must go through. Moreover, the rapid increase of Ry
makes it the dominant source of pressure drop compared
with the other sections in the rest of the microchannel.

In turn the added resistance due to flow focusing couples
back to modify the shape of the microgel. This determines
the values of / and a, which are related together by Eq. (2).
Contact mechanics modeling shows that a depends on the
ratio P, /E* and a combination of the geometric para-
meters, which yields an implicit relationship between
mechanical and geometric effects:

a 373Pgel re
<3) =g \a

aw +3 (‘51 - a) w4+ r.(l— 0059)]] B

X

d*sin @

where F,(r./d) is another function of the shape of contact
with the corner (see Supplemental Material).

The expected theoretical value of the rescaled gel
elongation /iy, /d was calculated from Egs. (2) and (3)
and compared to the experimentally and numerically
computed values of elongation, as shown in Fig. 3(d).
Again the theory collapses the data onto a master curve,
particularly for small deformations for which contact
mechanics are expected to apply.

It is now possible to quantitatively understand the
relationship between the pressure Py on the trapped soft
bead and the flow Qg it lets pass through. Combining
Egs. (1)—(3), we find the following relationship between the
normalized flow rate through the slit Q = Q. Ro/E* and
the normalized pressure drop P = P /E* across the gel:

Q=CP(1-CP)P(1-CP)+C. (4)

where the C; are geometric parameters dependent upon
w/d and r./d (see Supplemental Material).

The nonmonotonic dependence of Q on P can now be
recovered by plotting the solutions of Eq. (4) for different
geometric parameters, as shown in Fig. 4(a). For low values
of ‘P the pressure does not lead to significant deformation
of the microgel, such that further increasing P leads to a
nearly linear increase in Q. When the pressure is increased
beyond P = O(1) the gel bead deformation increases the
value of R, and leads to a decrease in the flow rate through
the slit. The experiments agree semiquantitatively with the
predictions above. Indeed nondimensionalizing the experi-
mental data collapses flow rate and pressure values, which
were originally spread over 3 orders of magnitude [Fig. 4(a)
inset], to the same order of magnitude as the theoretical
predictions [Fig. 4(a)].

Finally, Eq. (4) shows that the dimensionless flow rate Q
depends only on the dimensionless pressure P and on the

(@) 1o
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FIG. 4. (a) Comparison of flow rate through the obstructed
thrupass channel, shown in points, with the predicted flow rate,
shown as dashed lines. Normalized flow rates, Q, are given as a
function of the normalized pressure P for the full range of
pressures tested experimentally. The inset shows the unscaled
comparison of flow rates Oy, With Py. (b) Maximum flow rate
Onax past the microgel as a function of the Young’s modulus E*
of the trapped bead. Points: experimental data. Error bars
represent 1 standard deviation. Line shown represents the linear
best fit.

geometry of the slit, through the parameters C|—C,. For a
given geometry it follows that Q traces a unique curve, of
parameter P, whose maximum value Q.. only depends on
the geometry of the slit. Therefore the maximum dimen-
sional flow rate Q,,.x = OmaxE* /Ry scales linearly with
the Young modulus of the gel E*: a soft gel deforms right
away and plugs the channel at low pressures, while a stiff
gel allows higher flow to go through. This linear increase is
confirmed by comparing the largest measured flow rate
with the prediction of Q... as shown in Fig. 4(b).

The results presented here provide a physical basis to
understand the encapsulation of soft beads in droplets,
which has emerged as an important microfluidic techno-
logy [45]. In a different operation regime, the strong
nonlinear relationship between pressure and flow rate
can lead to the design of microfluidic nonlinear flow
elements, such as check valves or flow limiters. These
devices play an important role in ensuring the robustness of
fluidic circuits and protecting against surges. The analysis
above shows that the maximum allowable flow rate scales
linearly with E*, thus providing a simple design rule.
Finally, the design of the slit presented here can also serve
to measure the elastic modulus of soft materials, similarly
to a micropipette aspiration device.
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