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ABSTRACT: We use droplet microfluidics to produce
monodisperse elastomeric microbubbles consisting of gas
encapsulated in a polydimethylsiloxane shell. These micro-
bubbles withstand large, repeated deformations without
rupture. We perform μN-scale compression tests on individual
microbubbles and find their response to be highly dependent
on the shell permeability; during deformation, the pressure
inside impermeable microbubbles increases, resulting in an
exponential increase in the applied force. Finite element
models are used to interpret and extend these experimental results enabling the design and development of deformable
microbubbles with a predictable mechanical response. Such microbubbles can be designed to repeatedly transit through the
narrow constrictions found in a porous medium functioning as probes of the local pressure.

■ INTRODUCTION

Microbubbles are spherical particles consisting of gas
encapsulated in a shell. They are conventionally used as
components in aerated food products, materials for energy
storage and wastewater treatment, vehicles for drug delivery,
and tools for contrast enhancement in ultrasound.1−3 In
addition, microbubbles are used as pressure probes as their size
change registers as a shift in the nuclear magnetic resonance
signal intensity; this ability to dynamically change size enables
their use as local pressure mapping agents to study fluid flow in
porous media4,5 and to map local pressure changes in oil
reservoirs. To truly be useful in such confined geometries,
microbubbles must be able to reversibly deform following their
passage through confined porous space under high pressure
conditions. Thus, a microbubble shell with the combined
mechanical properties of high flexibility and resilience is
required.
The mechanical properties of the microbubble shell can be

altered by changing two aspects: physical thickness and
chemical composition. Typically, shells are chemically com-
posed of either lipids, which are flexible yet mechanically weak,
or polymers, which tend to be rigid yet mechanically strong.6

Furthermore, increases in shell thickness always result in higher
bending stiffness. Modification of such physiochemical
characteristics is not easily attained through conventional
microbubble fabrication strategies. To circumvent these
limitation, the versatility of droplet microfluidics can be used
to control the physical properties of microbubble size and shell
thickness by flow rate variations and the chemical composition
by the flexibility in choice of material.7−10 In this way, shells
that are both flexible and mechanically resilient can be
produced from elastomeric polydimethylsiloxane (PDMS),7

whose stiffness can be adjusted in bulk by altering the ratio of
the two-parts, base and cross-linker, during the hydrosilylation
reaction. Further tuning of these physiochemical properties of
microbubbles may increase their utility and robustness.
Once fabricated, a number of available experimental

techniques may be used to measure the mechanical properties
of microbubbles.11−16 One such technique, parallel plate
squeezing, directly measures the force required to squeeze
spheres or shells between two rigid parallel plates while
measuring the distance, or gap, between the plates.15 Moreover,
numerical simulations can be used to both substantiate the
experimental tests and to a priori estimate the deformation
extents of the microbubbles. Despite the availability of
experimental compressive and numerical analysis techniques,
their use in conjunction to elicit variations in engineered
microbubbles fabricated through controllable methods such as
microfluidics has not been achieved.
In this paper, we produce flexible and resilient microbubbles

and elucidate their response to mechanical deformation. We
use droplet microfluidics to prepare monodisperse elastomeric
microbubbles with a UV-curable PDMS shell. We measure the
deformability of these microbubbles by conducting mechanical
compression tests on individual microbubbles to obtain force−
displacement curves which we then compare to finite element
models. Remarkably, this combination of numerical and
experimental tools enables the design and development of
deformable microbubbles with a predictable mechanical
response.
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■ FABRICATION
We generate elastomer microbubbles using a glass capillary
microfluidic device: A cylindrical injection capillary and a
collection capillary are coaxially aligned within a square
capillary.17 We use pressure-driven flow to drive a nitrogen
gas stream into the injection capillary, and a syringe pump to
drive the flow of the middle phase consisting of a PDMS
monomer in the space between the square and injection
capillaries; this yields the primary gas-in-oil emulsion. To obtain
the final gas-in-oil-in-water double-emulsion, the primary
emulsion is further emulsified by the syringe pump-driven
continuous phase, as shown in the schematic and optical image
in Figure 1A. Because of the high viscosity of the middle oil

phase, breakup occurs downstream of the orifice where the
fluids intersect in the device (Figure 1B). These emulsions are
exposed to UV (265 nm) at the device outlet thereby
polymerizing the PDMS monomer shell, yielding elastomer
microbubbles. Through careful changes to the middle phase
flow rate from 1, 1.5, to 2.0 mL/h, we obtain three distinct shell
thicknesses, as shown in Fig. 1C.
PDMS elastomers are advantageous being both chemically

inert and mechanically stable up to 200 °C, while also highly
permeable to most gases. For applications such as enhanced oil
recovery, a microbubble is forced through a confined geometry,
its volume decreases, and the interior pressure increases;
allowing gases to permeate the shell may relieve this surface
stress. Therefore, we fabricate both impermeable and
permeable microbubbles by choosing a continuous phase
during fabrication of either 20 wt % poly(vinyl alcohol) (PVA,
87−89% hydrolyzed) or 10 wt % polyethylene glycol (PEG)

with sodium dodecyl sulfate (SDS) as surfactant. Partially
hydrolyzed poly(vinyl alcohol), PVA, is used as a polymeric
surfactant in microfluidic experiments as it provides not only
interface stability but also a high shear stress due to its
increased viscosity over dilute surfactant solutions.18 However,
PVA is also an excellent film former;19 even after many
washings with water, a residual surface film is nearly always
present.20,21 It is this surface film that inhibits the gases from
permeating the PDMS shell. By contrast, a solution of PEG and
SDS, increases viscosity and interface stability, respectively, but
does not irreversibly adsorb to the surface; thus permitting
gases to transport through the PDMS shell.

■ MECHANICAL TESTING
To evaluate the mechanical properties of the these micro-
bubbles, we use a parallel plate−plate compression apparatus
constructed of two silicon wafers, an analytical balance and a
linear translation motor, as shown in the schematic in Fig. 2A.

A single microbubble is placed on a silicon wafer that is affixed
to the plate of the analytical balance; a precision of 0.1 mg
enables measurement of forces below 10−6N. A silicon wafer
affixed to the linear motor serves as the top plate. We program
the linear motor to make predetermined displacement steps,
applying a fixed strain to the microbubble while measuring the
balance readout. To conduct a force−displacement measure-
ment, the point of first contact between the microbubble and
top plate is set as the zero-displacement. Due to the reflectivity
of silicon, the reflection of the microbubble is seen on both the
top and bottom plates, as shown in the second panel of Fig. 2A.
The top plate is lowered to its first position, and the
microbubble deforms; after adequate relaxation time, the
compression cycle continues. At maximal compression, strain
∼ 70%, the decompression cycle begins. In a typical force
versus displacement curve for the compression of an
impermeable microbubble, the loading and unloading curves
do not overlap. There is, however, an indication of complete
mechanical recovery in which the curves do not exhibit

Figure 1. (A) Glass microfluidic device with the location of the droplet
production area highlighted by a solid border and the downstream
region highlighted by a dashed border. (B) Top panels: schematic
illustration of the microuidic droplet generation of bubbles stabilized
by an unpolymerized PDMS shell at the orifice, which further
downstream breaks into individual drops. Bottom panels: experimental
optical microscope images showing the emulsification process. (C)
Optical image of three monodispersed microbubble populations
formed using a PDMS flow rate of 1.0, 1.5, and 2.0 mL/h, from left
to right. Scale bar is 200 μm for all images.

Figure 2. (A) Experimental setup of the parallel plate compression
test. (B) Typical loading (solid) and unloading (dashed) curves for an
impermeable microbubble under compression.
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hysteresis as both curves return to zero force at zero
displacement, as shown in Fig. 2B. This recovery highlights
that the PVA coating serves as an effective barrier to the gas
contained within the microcavity. The slope of the loading
curve is low, ∼0.5, up to a displacement of 60μm and increases
to 1.7 until loading is complete, indicating that less force is
required to make the initial deformations. At more significant
deformations, greater force is required, due to an increase in the
internal pressure within the impermeable microbubble. By
contrast, from the point of maximum displacement, the
unloading curve begins with a high negative slope of -0.9 to
160μm and decreases to a lower slope of -0.6 until 60μm.
Notwithstanding these differences in the shapes of the curves,
the area under each curve remains the same, demonstrating
equivalent work is required for compression and decom-
pression. These deformation experiments are repeated for
permeable microbubbles.

■ NUMERICAL SIMULATIONS
To elucidate the deformation curves obtained experimentally,
we numerically investigate the deformation of the microbubbles
by using the commercial finite element software Abaqus/
Standard. 2D axisymmetric models are meshed with approx-
imately 1500 four-node bilinear axisymmetric quadrilateral
elements with reduced integration (element type CAX4R in
Abaqus), and the accuracy of each mesh is ascertained through
a mesh refinement study. The response of the microbubble is
captured by using a nearly-incompressible Neo-Hookean
model22 (with Poisson’s ratio ν0 = 0.49), whose strain energy
density is given by
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where I1̅ = J−2/3tr[dev(FTF)], J = det(F) and F is the
deformation gradient. Moreover, G0 and K0 are the shear and
bulk modulus in the undeformed configuration and they are
obtained by fitting the response under uniaxial compression of
the bulk materials, resulting in G0

Imp = 40 kPa, K0
Imp = 1987 kPa,

and G0
P = 60 kPa, K0

P = 2980 kPa for impermeable and
permeable bubbles, respectively.
To accurately simulate the microbubble response, we

account for the pressure on the shell that is exerted by the
contained gas using the surface-based fluid cavity capability in
Abaqus. Particularly for the permeable microbubbles, we
assume that the gas in the core is in equilibrium with the
surrounding environment and at atmospheric pressure. By
contrast, for the impermeable microbubbles, we account for the
fact that the gas inside the cavity may be at a higher pressure
than the surrounding environment by considering initial
pressures ranging from 1 to 1.5 atm. Moreover, we treat the
gas inside the cavity as an ideal gas, so that pV = constant,
where p and V denote the pressure and volume of the gas,
respectively.

■ RESULTS AND DISCUSSION
We compare the experimental and numerical responses
obtained from compression tests of both the permeable and
impermeable microbubbles. In Figure 3, we report experimental
and numerical snapshots of the impermeable (top) and
permeable (bottom) microbubbles at different levels of applied
compression. Interestingly, the numerical results reveal
significant differences in the stress magnitude and spatial

distribution for the case of permeable and impermeable
microbubbles upon compression. For the impermeable bubble
a maximum von Mises stress of 65 kPa is observed when the
shell is compressed to a strain of 30%, while for the permeable
bubble a smaller maximum von Mises stress of 47 kPa is found
despite the fact that the shear modulus of the material is larger,
G0

Imp < G0
P. Moreover, in the impermeable bubble the maximum

stress occurs at the interface with the cavity as a result of the
increasing pressure of the gas, while in the permeable case it is
located at the point of contact with the top and bottom plates.
We now quantitatively compare the experimental force−

strain curves with those of the simulations. The force versus
engineering strain, ϵ, loading curves for a impermeable bubble
are shown in Figure 4A. The markers correspond to the
experimental data, while the results of numerical simulations
with different values of initial pressure for the gas inside the
cavity are reported as continuous lines. We find that the closest
fit to the experimental data occurs for an initial cavity pressure
of 1.5 atm. The agreement between numerical and experimental
data is excellent up to ϵ = 0.2, (vertical dashed line in Figure
4A), wherein the simulation begins to deviate. Moreover, the
nonlinear force−strain curves for the impermeable microbubble
further confirm the influence of the pressure that builds up
inside the cavity on the mechanical properties and indicate that
greater force is required to deform the microbubble shell after a
critical strain value of 20%, as shown in Figure 4A. By contrast,
for the loading curve of the permeable bubble, the shape of the
force−strain curve is linear up to ϵ = 0.4, which is also the limit
of the finite element model as shown in Figure 4B. In addition,

Figure 3. A comparison of the experiment and simulation results of
the impermeable and permeable microbubbles. In the top panel, an
impermeable bubble with outer diameter Dout = 446 μm and inner
diameter Din = 365 μm is uniaxially compressed to a strain = −0.30.
The corresponding stress distribution diagram shows a maximal von
Mises stress of 65 kPa. In the bottom panel, a permeable bubble (Dout
= 380 μm and Din = 310 μm) is compressed to a strain = −0.28 with a
corresponding stress distribution diagram showing a maximal von
Mises stress of 47 kPa.
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the loading and unloading curves show clear hysteresis as the
unloading curve returns to zero force at ϵ = 0.18, whereas the
force only returns to zero at ϵ = 0 for the impermeable
microbubble as shown in Figure 2B.
Finally, we validate the mechanical resilience of these well-

characterized microbubbles by passing them through con-
strictions that simulate the porous space of the end-use
application: porous rock in oil reservoirs. To conduct this
simple test, we pull a glass capillary to have a single smooth
constriction into which one permeable microbubble is loaded.
We connect the entrance of the capillary to a pressure source
equipped with a pressure transducer; the exit is open to
atmospheric pressure. Initially, at low pressure, the microbubble
starts before the constriction, as shown in Figure 5A. As the

pressure increases, the microbubble is forced into the
constriction and deforms to the size of the constriction, as
shown in Figure 5B. As the microbubble exits the constriction,
it begins to recover its original shape and flows out the exit of
the capillary, as shown in Figure 5C. This simple test
demonstrates elastomer microbubble resilience in response to
applied pressure as it passes through a constriction.

■ CONCLUSION

We have used microfluidics to prepare PDMS elastomer
microbubbles with controllable shell dimensions and perme-
ability by varying the shell-coating. We directly measured their
mechanical properties through the use of a μN-scale parallel
plate compression test, and used a finite element to interpret
these experimental results. By inputting the shell modulus,
dimensions, and permeability into this model, we can accurately
predict the microbubble mechanical response. The shell
thickness may be altered beyond the limits explored in this
paper by changing the microfluidic flow geometry to form
ultrathin shells.23 Likewise, the shell modulus may be made
softer or stiffer by using other commercially available PDMS
formulations ranging in stiffness from ∼2 MPa to ∼1 kPa. This
range of potential mechanical properties permits future
controlled porous media experiments where microbubbles
could be tailored to deform and passage through small pores or
to clog high flow rate pores and increase fluidic resistance. The
ability to use numerical models expands the possibilities of
designing microfluidic microbubbles with predictable mechan-
ical properties.

■ EXPERIMENTAL SECTION
All chemicals were purchased from Sigma-Aldrich and used as received
unless otherwise noted. The external continuous phase consisted of
either 10 mM sodium dodecyl sulfate (SDS) and 10 wt % polyethylene
glycol (Mn ≈ 20 000 g/mol) or 20 wt % poly(vinyl alcohol) (Mw ≈
13 000 to 23 000 g/mol, 87−89% hydrolyzed) in water which was
bubbled with nitrogen for 15 min prior to use in the microfluidic
device. The shell fluid is composed of a UV curable PDMS
formulation:24 1 wt % of photoinitiator, 2,2-dimethoxy-2-phenyl-
acetophenone, was dissolved into methacrylate-modified PDMS
prepolymer, RMS-033 (Gelest). This mixture was bubbled with
nitrogen for 15 min prior to use in the microfluidic device. The inner

Figure 4. Force versus engineering strain, ϵ, for impermeable (A) and permeable (B) microbubbles shown in Figure 3. The experimental data and
simulation results are shown by markers and solid lines, respectively.

Figure 5. Stages of microbubble transit through a glass constriction.
The position of the microbubble in panels A and B is at equilibrium
with the applied pressure. The applied pressures are (A) 0.5 psi, (B)
4.5 psi, and (C) 6.1 psi.
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dispersed phase was a nitrogen source used at a fixed pressure of 15
psi.
The glass capillary microfluidic device was fabricated according to

published methods.17 Square glass capillaries were purchased from
Atlantic International Technologies. Round glass capillaries were
purchased from World Precision Instruments and tapered using a
Sutter P-97 capillary puller. For the constriction experiments, a 1 mm
inner diameter capillary was pulled but not to the point of pinch-off.
The parallel plate−plate compression apparatus was constructed using
a Mettler Toledo AT261 analytical balance recording the mass every
second. The compression was controlled using a Newport Controller
ESP300 operating a linear translation stage, Newport LTA-HL. To
guarantee that both silicon wafers were parallel, the unpolished side of
one silicon wafer was affixed to the balance pan using epoxy. The
polished sides of the two wafers were then brought into physical
contact. The translation stage was lowered and epoxy was used to affix
the top silicon wafer to the stage; once cured the stage was raised and a
single microbubble loaded between the plates. A compression test
consisted of a single displacement step with a 15 min relaxation pause
between steps to allow stresses to dissipate within both the permeable
and impermeable microbubbles.
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