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These studies showcase interesting phenomena, however, they
lack the ability to precisely define the internal structure of the
particles under investigation. In our work, we have the ability to
design and control the internal architecture of hydrogel particles
with great precision.

To choose particle shapes of interest, we draw inspiration
from the architecture of biological cells, consisting of a cell
membrane surrounding an organelle-containing cytoplasm,
supported by a cytoskeleton. The cytoskeleton is a protein–
polymer network that provides a cell with mechanical stability,
and can actively rearrange to allow a cell to deform as it
migrates or divides.40 For our investigation, we designed simple
cell-mimicking particle architectures consisting of a ‘‘membrane’’,
supported by an internal skeleton composed of one or multiple
beam elements. In this highly simplified design, the beams span
the particle the same way the crosslinked polymer network of the
cytoskeleton spans across the cell.41

Using flow lithography, we polymerized 2D-extruded hydro-
gel particles with desired shape and size within rectangular
microfluidic channels. Using this pseudo-2D platform, we were
able to visualize how the particle’s internal structure deformed
under confinement to dictate the external shape of the particle.
We observed that upon entrance into the narrowed microfluidic
constriction, particles with internal structure always reorient to
adopt a preferred conformation for the remainder of their
passage. Using a COMSOL finite element model, we were able
to predict the steady-state shapes adopted by the deformed
hydrogel particles within the constriction. We show good corre-
lation between experiment and simulation for a wide variety of
particles with different internal structure. Based on our findings,
we demonstrate how overall particle structure can be used to
design shape-changing particles that store elastic energy, of
interest for both fundamental study and potential applications
in drug delivery or soft robotics. This work aims to provide a
systematic study on how microparticles with internal structural
elements undergo deformation and shape transformations
during flow through confined microchannels.

2 Experimental methods
2.1 Experimental setup

Rectangular microfluidic channels were fabricated by curing
PDMS (10 : 1 monomer to curing agent, Sylgard 184, Dow
Corning) on silicon wafers patterned with SU-8 features, and
bonding devices to PDMS-coated glass slides. A prepolymer
solution was prepared by mixing 30% poly(ethylene glycol)
diacrylate (Mn = 700 g mol�1, Sigma-Aldrich), 20% poly-
(ethylene glycol) (Mn = 200 g mol�1, Sigma-Aldrich), 5%
2-hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173, Sigma-
Aldrich), and 45% deionized water, by volume. Using the pre-
viously reported flow lithography setup,27,42 the prepolymer
solution was loaded into the microfluidic channel and particles
were polymerized by ultraviolet (UV) LED (365 nm, 720 mW cm�2,
M365L2-C, Thor Labs) through an inverted microscope (Axiovert
200, Zeiss, 20� objective). A single particle was polymerized per

exposure (160 ms) in a mask-defined shape (masks designed
using AutoCAD, printed by Fineline Imaging). Particles were
polymerized in the wide section of the microfluidic channel,
and position and orientation were controlled by manual adjust-
ment of relative mask and channel positions.

After particles were polymerized in the channel, flow of the
prepolymer solution was started using applied pressure at the
channel inlet (1 psi, unless otherwise specified), controlled by a
Type 100 LR pressure regulator and a software-controlled 3-way
solenoid valve (Type 6014, Burkert). High-speed videos were
recorded (300–1000 fps, Phantom Miro M310, Vision Research)
to capture particle passage through the narrow constriction of
the channel (Fig. 1).

2.2 COMSOL model

COMSOL Multiphysics (version 4.4) finite element modeling
software was used to simulate the deformation of the hydrogel
particle within the microfluidic constriction. The system was
modeled in the absence of fluid flow, since experiments
showed negligible effect of viscous forces on steady-state
particle shape for low applied pressures. The 3D structural
mechanics model was comprised of a deformable particle
(matching mask shapes used for experiments) sandwiched
between two stiff rectangular bars. To deform the particle, the
bars were set to displace from an initial position corres-
ponding to the outer diameter of the undeformed particle
(114 mm) to a final position corresponding to the dimensions
of the microfluidic constriction (75 mm). Particle height was
set to 17 mm (experimentally measured particle height). The
ratio between the elastic moduli of the bars and the particle
was set at 10 : 1, based on literature values for PDMS43,44

and PEGDA hydrogel particles,45 although results were not

Fig. 1 In situ polymerization of structured hydrogel particles in micro-
fluidic device. (A) Schematic of experimental setup. (B) Composite image
of video frames showing particle flowing through microfluidic constriction
due to an applied pressure difference (1 psi). Channel dimensions are
indicated. The total length of the channel is 1 cm, and the height is 30 mm.
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affected when this ratio was increased up to 100 : 1 or
decreased down to 2 : 1 by changing wall stiffness. Increasing
the value of the elastic modulus of the hydrogel increased
the average strain energy density in a linear manner. Both
materials were assumed to be homogenous, isotropic, linear,
and elastic, as well as nearly incompressible (Poisson’s
ratio set to 0.48).46,47 Model parameters are shown in Fig. 4A
and B. A detailed workflow for the model is described in
accompanying ESI.†

For the initial condition of the model, we defined a small
gap between the hydrogel particle and the PDMS bars to
prevent the particle from being pinned to the bars at any
point. Friction was imposed between the hydrogel and PDMS
to keep the particle in place between the displacing bars
during compression. The initial gap size, as well as the
magnitude of the static friction coefficient did not signifi-
cantly alter the simulation results, as long as the friction
coefficient was sufficiently large to hold the particle in place
(0.6% change in average energy density of deformed configu-
ration for a change in static friction coefficient from 0.01 to 2).
Thus, a static friction coefficient of 0.5 and a gap size of
0.01 mm were used for all simulations. The orientation of the
particle was controlled in the model by setting the initial angle
of rotation of the particle inside the horizontal bars. To
determine the minimum energy configuration of different
particle geometries, we plotted the average strain energy
density of the deformed state as a function of initial angle
for at least seven different angles, and fit the data with a
quadratic equation (least squares method; R2 4 0.93 for all
data sets).

3 Results and discussion

In this study, flow lithography provides a platform where
microparticles of defined 2D-extruded shape can be fabricated
directly in a microfluidic channel for subsequent interrogation
of flow and deformation behaviour. During a typical experi-
ment, a microfluidic channel containing a narrow constriction
in the centre of the device (300 mm long, 75 mm wide) is filled
with prepolymer solution. A particle with mask-defined shape
is polymerized by UV light in the wide section of the channel
(300 mm wide), with desired position and orientation relative to
the entrance of the constriction (Fig. 1). A pressure difference
(DP = 1 psi, unless otherwise specified) is applied across the
device to drive the particle into the constriction, and the
entrance and passage behaviour are captured using a high-
speed camera. The rectangular microfluidic channel has a
uniform height of 30 mm and a total length of 1 cm. The height
of the polymerized particles is around 17 mm, due to an oxygen
inhibition layer at the walls of the PDMS channel.48 This in situ
method for particle fabrication and characterization is uniquely
suitable for examining how microparticles of complex geometry
flow through microfluidic channels.

Fig. 1B shows the general shape of the simplest particle
design: a ring supported by a single straight beam. During the
course of this work, ring thickness and beam thickness are
varied between 5–34 mm. The outer diameter of the particles is
kept constant at 114 mm, and the external circular shape is
maintained across all particle designs. In this way, we focus
on the effect of varying internal structure – of both the beam
(e.g. beam thickness, number of beams, beam placement) and

Fig. 2 Hydrogel particles reorient at the constriction entrance to adopt a preferred configuration. (A) Frames from a high-speed video showing particle
entrance into the constriction (DP = 1 psi, initial angle = 41). (B) Particles with different initial beam orientation deform to achieve the same configuration
upon entrance into the constriction. Initial angle is defined from vertical, deformed angle is from horizontal. Scale bars are 75 mm.
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the ring (e.g. non-uniform ring thicknesses) – on overall particle
deformation. These hydrogel particles undergo elastic deforma-
tion in the microfluidic constriction, and fully recover their
original shape upon exiting the constriction, as shown in Fig. 1B.

During entrance into the constriction, the ring-beam particles
rotate to adopt a preferred configuration for entering the con-
fined passageway, as shown in Fig. 2A. As soon as the entire
particle has fully entered the constriction, this steady-state
configuration is maintained for the duration of passage through
the narrowed channel. Fig. 2A shows the typical entrance process
for a particle with near vertical initial beam orientation (41).
We observe that the internal beam displays typical buckling
behaviour as described by Euler’s theory for slender columns
subject to axial compression, where the buckled beam shape can
be described by a sine wave.49 In biological cells, some micro-
tubules – a component of the cytoskeletal network – will also
buckle under compressive loading.50 In our experiments, at the
60–80 ms time points, the beam buckles similarly to a column
with two fixed ends. However, as fluid flow enables rotation of
the particle, the buckling behaviour switches to that of a column
with one fixed end and one end free to translate laterally.49 Due
to this extra degree of freedom, this second buckling configu-
ration is more energetically favourable, and is the preferred
steady-state shape.

As shown in Fig. 2B, the particle always adopts the same
deformed configuration (or its mirror image), irrespective of
initial orientation. The asymmetric internal structure of these
particles – due to the presence of the beam – is responsible for
their oriented transit. A similar phenomenon was shown in
simulations of asymmetric multiple emulsion droplets, which
displayed a preferred transit orientation during passage
through an axisymmetric constriction.39 This suggests that
the observations made using our pseudo-2D platform will also
be relevant for three-dimensional shapes.

To determine the effect of fluid flow on the particle’s steady-
state configuration, we conducted the same experiment with DP
ranging from 1–10 psi. Fig. 3A shows that the deformed shape
of the particle does not show significant change up to 3 psi.
At higher DP, viscous stresses begin to alter the shape of
the particle. The linear relationship between pressure and max-
imum fluid speed in the narrow constriction is determined by a
COMSOL model, and verified experimentally by tracking beads
in prepolymer solution flowing through the device. The slight
deviation between the measured flow speed and the COMSOL
model at higher DP is likely due to PDMS deformation.46

Since the Reynolds number is small in our microfluidic
system (o1 for the entire range of DP tested), inertial effects
are negligible. Particle deformation is thus governed by the
elastic forces of the particle as it resists geometric confine-
ment, and by the viscous forces imposed on the particle from
the surrounding fluid. The competing effect of viscous forces
versus elastic forces can be described by an elastic capillary
number.51,52 Viscous forces will depend on fluid viscosity and
velocity, while elastic forces will depend on the elastic mod-
ulus of the hydrogel particle and a geometric parameter
related to particle feature size (i.e. thickness of ring/beam),

analogous to shell thickness for analysis of microcapsule
deformation.52

By focusing on the low capillary number regime in this
study, viscous forces become negligible and the steady-state
particle shape is solely governed by particle elasticity under an
imposed geometric strain. For our experiments, this corre-
sponds to DP o 3 psi. In this regime, fluid forces affect the
process dynamics but do not alter the steady-state configu-
ration. All shape transformations between the initial and final
state are scale-independent. Although we focus on the low
capillary number regime in this work, it is interesting to note
that at higher flow speeds, the particles adopt ‘‘bullet’’ shapes,
with higher curvature at the front end. These types of shapes
are characteristic of droplets and bubbles flowing through
confined channels, and also observed in flow of capsules,
vesicles, and red blood cells.22,23,53,54

To confirm that the observed configuration of the deformed
particles corresponds to a minimum energy state, we used
COMSOL to build a simple finite element model for our system
(Fig. 4). Since viscous forces are negligible, the model simply
describes the elastic deformation of the particle due to geometric
confinement. As shown in Fig. 4A–C, the 3D model depicts the

Fig. 3 Effect of flow speed on steady-state particle shape in constriction.
(A) Observed particle shapes for applied pressures from 1–10 psi (flow is
from left to right). Scale bars are 75 mm. (B) Linear correlation between
applied pressure and maximum flow speed inside the constriction (in the
absence of the hydrogel particle). Black symbols represent data from a
COMSOL model. Red symbols represent experimental data measured
using tracer beads in the prepolymer solution. The prepolymer viscosity
was measured to be 14 cP.
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