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Abstract: This paper presents the development
of a two-dimensional axisymmetric finite
element model used to simulate a microdroplet
generator capable of internally sensing the
volumes of droplets it dispenses. This integrated
sensing is enabled by storing compressible gas
adjacent to the dispenser’s droplet liquid
reservoir. During and after actuation, the
volume/pressure of the compressible gas will
change. It is hypothesized that this pressure
change profile could be utilized to measure the
ejected droplet’s volume. To numerically
validate this hypothesis, COMSOL Multiphysics
v4.0a’s Laminar Multi-Phase Flow, Level-Set
physics were utilized. Fluid-structure interaction
was modeled as a variable pressure boundary
condition, and the COMSOL Materials Library
was utilized for the liquid (water) and gas (air).
The results show a linear coupling between the
maximum pressure change in the gas reservoir
and ejected droplet volume. However, this
relation was only valid above an actuation
magnitude threshold to ensure droplet ejection.
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1. Introduction

Microdroplet generation has developed into a
critical field in microfluidics to enable the
scaling of macro-scale techniques onto the
microscale. From biological and chemical
analysis/synthesis [1,2] to medicine [3,4] to
manufacturing [5,6], technologies able to reliably
discretize liquids into microdroplets are
necessary to advance both scientific inquiry and
technological development. For a more detailed
analysis of the field, see [7].

However, there has been a lack of focus on
real-time sensing to quantify ejected droplet
volumes during droplet generation. Furthermore,
of technologies currently available to measure
dispensed droplet volumes, the focus has been on
external instrumentation, such as cameras [8] or
balances [9]. Limited research has been

performed into integrating sensing into the
system to improve its operation [10,11].

This paper describes the analysis of a novel
design concept [12,13] to enable integrated
sensing of droplet volumes during generation.
The design utilizes a compressible gas stored
adjacent to an incompressible liquid in the
generator’s fluid reservoir to relate the volume of
liquid ejected to the pressure of the compressible
gas. By sensing the pressure of the gas, the
volume of the droplet can be indirectly
measured.

In this paper, Section 2 further describes the
design concept and its adaptation into a finite
element (FE) model. Section 3 describes the
solution process and the results obtained from
the analyses. Section 4 summarizes the work and
describes planned future work.

2. Design Concept and Modeling

Figure 1 illustrates the microdroplet
generator under consideration. Liquid is stored in
a capillary chamber, with a gas reservoir present
at one end and a nozzle at the other. The cap at
the end of the capillary is flexible and is bonded
to a sensor capable of measuring the pressure in
the chamber through the deflection of the cap. A
piezoelectric actuator is bonded to the outer
surface of the capillary and is polarized to
radially expand and contract.

In order to generate a droplet, a potential
difference is applied over the piezo-actuator,
contracting then releasing it. During this motion,
the gas reservoir will vary in pressure, which is
measured by the sensor integrated into the cap.
After droplet ejection, the pressure in the gas will
stabilize but will experience a change in
magnitude from its initial state, due to the slight
depletion of liquid from the chamber. This
magnitude of pressure change is related to the
volume dispensed, allowing for measurements of
this pressure change to “close-the-loop” between
desired droplet volumes and actual droplet
volumes.

COMSOL Multiphysics was chosen for the
numerical studies because of its flexibility in
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Figure 1. Microdroplet generator design concept

generating and solving the model using a variety
of numerical techniques and solvers (e.g.
allowing use of either level-set or phase field for
multi-phase fluid tracking). Furthermore, use of
COMSOL will allow for more advanced
simulations incorporating fluid-structure
interaction and piezoelectric models to be
seamlessly integrated with our current work in
the future.

From the design concept in Figure 1, a 2D
axisymmetric geometric model was developed,
as shown in Figure 2(a). This 2D assumption
was made in order to simplify the computation
because the actuator does not cause the liquid in
the capillary to circulate around the axis of
symmetry. The flow focusing region was
modeled with a straight line instead of a curve to
reduce mesh complexity. Dimensions are based
on another droplet generator studied in the
literature [14].

The COMSOL Material Library was used to
model the liquid and gas phases within the
simulation. Water was chosen as the liquid
phase, due to a large proportion of water-based
solutions dispensed in laboratory settings. Air
was used in both the compressible gas reservoir
and downstream of the nozzle. An ambient
temperature of 25°C was prescribed, and the
pressure of each fluid was coupled to the
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Figure 2. 2D axisymmetric model: (a) geometry,
(b) boundaries, (¢) mesh

pressure field variable. Relevant properties
modeled for each fluid include density and
viscosity. For the liquid, both remain constant
(each is only coupled to the constant



temperature). For the gas, the pressure variations
affect density (viscosity remains constant).

In order to accurately model the problem,
three variables must be solved for at each node: a
scalar pressure (p), a two-component velocity
vector (v = [V 12]T) and a scalar level-set
value (¢). The pressure and velocity govern the
motion and state of the fluid, while the level-set
governs the two-phase fluid interaction.

Equations 1-3 are utilized to solve for these
variables. To simplify analysis, these equations
are considered in Cartesian form, though
COMSOL will automatically convert them to
cylindrical coordinates and set the azimuthal
terms (6, vy, etc.) to zero.
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Equation 1 represents the conservation of
mass, where p is densityandu =[u v w]Tis
the fluid velocity vector. The left-hand term
represents the total derivative of the density of
the fluid, and this derivative will be zero
everywhere.

Equation 2 is the conservation of momentum,
where u is the absolute viscosity, g is the gravity
vector and F is the external force vector. The
left-hand terms account for total derivative of
momentum and equates to the sum of the
divergence of the internal stress, gravitational
effects and external force.

Equation 3 controls the evolution of the fluid
distribution, manifested in the level-set variable.
The left-hand terms represent the total derivative
of the level-set variable. The right hand terms are
utilized for numerical stabilization, with y
controlling the damping of oscillations/numerical
instabilities and g5 controlling the thickness of
fluid interfaces.

For the model’s “Fluid Properties,” a
constant temperature of 293.15 K was utilized to
mimic ambient temperature, and the pressure

was coupled to the system’s gage pressure
variable after conversion to absolute pressure.
The surface tension utilizes the built-in water-air
interface properties. The level-set reinitialization
parameter was set to 5 m/s (the maximum
expected fluid wvelocity) and the interface
thickness was set to half of the maximum mesh
length in each subdomain.

“Initial Value” modules were used to
distinguish the two fluids as illustrated by the
shading in Figure 2(a). The pressure throughout
the system was initialized to atmospheric, and
the velocity everywhere was initialized to zero.
A “Gravity” module was added to incorporate a
gravitational force in the - z direction.

Figure 2(b) highlights the boundaries of the
geometric model of the system. Relevant
boundaries are labeled, and the Ilabels are
summarized in Table 1 and described in further
detail below.

Table 1. Summary of boundary conditions

AS Axial Symmetry II Initial Interface

P Inlet — Pressure, OP Outlet — Pressure,
No Viscous Stress No Viscous Stress

NS Wall — No Slip w Wall - Wetted

Axial Symmetry (AS) ensures that
singularities are avoided at the axis of symmetry
of the 2D axisymmetric model. Radial velocities
are constrained to zero (v, = 0) and stresses
vanish in the z-direction.

Inlet-—Pressure, No Viscous Stress (IP) is
used to mimic the fluid-structure interaction
indirectly by prescribing the pressure within the
liquid reservoir. This pressurized reservoir forms
a droplet at the outlet and acts upon the gas
reservoir. Three Heaviside functions are utilized
to create the desired pressure profile, as shown in
Equation 4, and a pressure magnitude is
multiplied by this function for the prescribed
time-varying pressure. This actuation pressure
magnitude was used as the control variable in the
simulation, with its variations determining
whether or not a droplet ejects, and if it does,
what its size is. The function shown mimics the
contracting and relaxing action of the piezo by
initially pressurizing the liquid, then rapidly
changing to a negative pressure, then relaxing
back to atmospheric.
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This region of the boundary was made
relatively small compared to the length of the
piezo-actuator illustrated in Figure 1. This is
because once the increase and decrease in
pressure occur, this boundary will continue to
prescribe zero pressure along its length.
However, after actuation in the actual system, the
pressure will be allowed to equilibrate naturally.
If this inlet is too large, the forced pressure will
prevent equilibration within the system, affecting
droplet ejection and the gas reservoir pressure.
Furthermore, this inlet was made to be composed
solely of liquid (¢ =0) and to impose no
viscous stress ([u(Vu + (Vu)T)]n = 0), where
n is the vector normal to the inlet surface.

Outlet — Pressure, No Viscous Stress (OP) is
used along the outer edges of the gas region
downstream of the nozzle. As a droplet forms at
the nozzle, it will push the gas previously
occupying that space away from the nozzle. This
outlet prevents any boundary effects at the edges
of the mesh in this region by allowing the gas to
flow out of the system. The pressure at these
outlets is prescribed to be atmospheric (p = 0)
and there is no viscous stress ([u(Vu +
(Vw)In = 0).

Wall — Wetted (W) is used surrounding the
outer edges of the gas reservoir to allow the
interface to move along the wall. If a no-slip
condition were used, the interface would remain
at its initial position along the capillary. This
condition prescribes that fluid velocities normal
to the wall vanish (n-u =0) and that the
frictional force on the fluid be prescribed as

Fep = —%u , where f is the slip length. In this

simulation, the slip length is coupled to the mesh
length at each element.

Wall — No Slip (NS) is used at all other
locations along the outside of the model. This is
a standard assumption for any wall abutting a
single-phase flow. The boundary constrains the
fluid velocity to be zero (u = 0).

Initial Interface (II) is used at internal
boundaries of the model where the two fluid
phases are initially separated. This prescribes the
level-set function to be initially set to ¢ = 0.5.

This boundary is critical in the level-set variable
initialization (described in Section 3) to enable
the level-set variable to be smoothed over these
discontinuous boundaries.

All other interfaces not specified utilize a
continuity boundary condition to ensure
continuous  variable  fields across the
subdomains.

Based on the system geometry and the
subdomain/boundary requirements, a triangular
unstructured mesh was generated on which to
solve the model, as shown in Figure 2(c). A
series of controls were placed on the mesh to
ensure sufficient accuracy in critical locations in
the simulation while minimizing computational
complexity. In domain (1), the maximum
element growth rate was constrained to be 1.08,
while in domain (4) the growth rate was set to
1.05 and the maximum element size was set to
le-5. At boundary (2), the maximum element
size was limited to 6.5e-6. At boundary (3), the
predefined “Extra Fine” control was used to
begin the mesh, but an additional control of 8.5e-
6 maximum eclement size was also imposed.
These were determined through a series of
simulations running identical models, but with
variations in mesh parameters, testing for
repeatability, convergence and solution time.

An unstructured triangular mesh was chosen
over both structured and  unstructured
quadrilateral meshes because of its improved
stability and efficiency. Structured meshes
require large numbers of elements, propagating
the fine mesh requirements in critical areas
throughout the entire model. Unstructured
meshes allow for a more targeted refinement.
Unstructured quadrilaterals were found to be less
stable than triangles — models that would readily
solve with a triangular mesh would diverge on
the quad mesh.

3. Simulation and Results

After generating the finite element model of
the design concept, including geometry,
subdomain properties, boundary properties and
mesh, a sequence of steps to solve the model
were formulated and the sequences of solutions
generated were analyzed.

In order to utilize the level-set method, a
continuous distribution of the level-set variable
is required over the mesh. This is accomplished
through an initialization step preceding the



primary simulation. In it, a velocity-independent
version of Equation 3, shown in Equation 5, is
utilized to solve for the scalar ¢ field. This
differential equation is solved from t, =0 to
ty = 1 ps using the PARDISO solver.
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After solving for a continuous level-set
variable field, that field is provided to the
second-stage solver. Equations 1-3 are solved
simultaneously from t, = 0 to t, = 8 ps using
the SPOOLES solver, with the output stored at
steps of At = 0.25 ps. Each simulation utilized
generalized-a time-stepping.

Generalized-a was found to be superior to
the alternative BDF time-stepping algorithm
because it was reliably able to take larger time
steps and result in fewer solver failures due to
divergence. The PARDISO and SPOOLES
solvers are direct solvers (utilized because the
relatively small number of degrees of freedoms)
that were found to provide the most rapid results
for their respective operation without a change in
results.

After a series of preliminary simulations of
the model to determine the proper order of
magnitude of the actuation pressure, a series of
simulations were run to determine the correlation
between the droplet volume dispensed during a
simulation and the gas reservoir pressure.
Actuation pressure magnitudes ranging from 1.0
to 1.8 MPa were simulated.

For each simulation, there were two possible
results, as illustrated in Figure 3. For actuation
pressures 1.2 MPa or less, the droplet formed at
the nozzle did not separate from the liquid
reservoir, as shown in Figure 3(a) for a pressure
magnitude of 1.0 MPa. For actuation pressures
1.3 MPa and greater, the droplet would form at
the nozzle and retain sufficient velocity to
overcome the fluid viscosity and surface tension,
as shown in Figure 3(b) for a pressure magnitude
of 1.4 MPa.

To enable quantitative comparison of the
simulations, the gas pressure and droplet volume
were calculated from the models. A point probe
was placed in the gas reservoir to record the
pressure in a data array over time. A surface
integral was utilized to extrapolate the droplet
volume. The integral was evaluated around the

axis of symmetry, 20 um below the nozzle, and
when ¢ of the model exceeded 0.6.

Figure 3. Droplet evolution: (a) without ejection,
(b) with ejection (time in ps)

Figure 4 illustrates the time evolution of gas
reservoir pressure during the simulation. It was
determined that the best scalar metric for
representing this function in the analysis was the
maximum pressure measured in the gas
reservoir. When these maximum pressures are
plotted with the droplet volumes, an
approximately linear relationship is found, as
shown in Figure 5.
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Figure 4. Pressure of the gas reservoir
during simulation
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Figure S. Correlation between gas reservoir
pressure and ejected droplet volume

4. Conclusions

In this paper, an FE model was developed
capable of demonstrating the feasibility of a
novel sensing paradigm for measuring the
volumes of dispensed microdroplets in real-time.
A linear correlation between the droplet volume
dispensed and the maximum pressure of a
compressible gas reservoir was observed and
quantified.

Future work will incorporate both more
advanced  simulations and  experimental
validation of this concept. The advanced
simulations will be developed with COMSOL
and utilize the fluid-structure interaction and
piezoelectric physics modules to directly model
the system under consideration. Preliminary
experiments will also be conducted to
empirically verify the findings.
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