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Simulation and Experiments on a Valveless
Micropump With Fluidic Diodes Based on
Topology Optimization

Peng Zhou, Tianyi Zhang, Terrence W. Simon

Abstract—Micropumps are microelectromechanical system
(MEMS) devices that pump small quantities of liquids. They are
used in many applications such as electronics cooling and drug
delivery. Valveless fluid diode micropumps with no moving parts
have recently attracted great interest in the MEMS community.
In this paper, topology optimization is used to design two-
dimensional, fixed-geometry, fluidic diodes of high diodicity,
which is the ratio of pressure drops of forward to reverse
flows. One of the fluidic diodes, of the Tesla type, shows a
diodicity of over five. Another is of the nozzle-diffuser type. Both
are experimentally and computationally demonstrated herein.
Then the numerical simulation was applied to simplify the
structures, and the two-dimensional geometry was converted into
three-dimensional model for micropumps. Three-dimensional
and unsteady numerical analyses of micropump fluid flow with
optimized diodes were conducted for pumps of each of the two
diode designs. The micropump with the Tesla-type fluidic diode
reached a measured flow rate of 34 ml/h, consistent with the
computed results and 2.2 times that of the nozzle-diffuser type
micropump. The performance results show a high dependence on
internal channel geometry. The two types show highest flow rates
with an internal channel thickness of 200 xm. Demonstrated good
repeatability and precise flow control show positive prospects for
application. [2021-0144]

Index Terms—Fluidic diode, topology optimization, valveless
pump.

I. INTRODUCTION

MICROPUMPS are microelectromechanical systems
(MEMS) devices that pump small quantities (nanoliters
or microliters) of fluid. They have been widely used in
thermal control of electronics, measurement of volumes in
the micro-scale, mixing of microfluidic streams, and med-
ical applications [1]. For example, the piezoelectric actuation
based valveless micropump has proved to be useful for drug
delivery [2], and its application as an actuator for dynamic
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cultures on ‘organs on a chip’ has gained recent attention [3].
Passive fluid diodes with no mechanical moving parts are
used in valveless micropumps. They have attracted great
interest due to their simple structures, compact sizes, lack of
electromagnetic interferences, and easy integration [4]. The
working mechanism of the valveless micropump is based on
the difference of flow resistance between forward flow and
back flow through internal channels [5].

Two commonly used valveless micropumps are based on
either nozzle-diffuser channels or Tesla-type diodes. The
nozzle-diffuser valveless micropump uses V-shaped channels
that behave like nozzles when the flow is in one direction
and like diffusers when the flow is in the opposite direc-
tion [4], [6], [7]. Chandrasekaran and Packirisamy studied the
flow behavior of a nozzle-diffuser type valveless micropump
with geometrical tuning using finite element modeling [8].
They proposed a method to design the best diffuser geometries
using different diffuser angles. Then Yang and his group con-
sidered increasing the micropump flow rate by adding two-fin,
or obstacle, structures into the nozzle-diffuser design [9]. How-
ever, the increased flow resistance offset the potential improve-
ment. The Tesla-type valveless micropump gained interest
after 1999 because of its high diodicity. Researchers [10]
considered different structures of the Tesla valve flow-directing
element. The diodes are complex channels (to be introduced
below) that offer different flow losses for the two flow
directions. Derakhshan et al. simulated flow behavior of the
Tesla-type valveless micropump and optimized the dimensions
of the diode to achieve higher diodicity and flow rate [11].
Kolahdouz suggested that the two-stage Tesla valve is the
optimized design for a piezoelectric-driven micropump [12].
Most of the published work is focused on dimension or
shape optimization of existing flow-directing elements [13].
Since the fundamental structures are not changed, performance
improvement was limited.

Topology optimization is a systematic approach to optimize
the layout of valve internal elements using a computational
procedure for a given set of boundary conditions and con-
straints [14]. It has been successfully used to solve fluid-based
problems, especially in the design of fluidic diodes with high
diodicity [15]. Lin ef al. used this method to optimize the
Tesla-type valve and obtained fluidic diodes with diodicities
of up to 8.87 [16]. Sato and his group proposed a bi-objective
topology optimization method and designed a fluidic diode
with lower pressure drop for the forward flow and higher
pressure drop for the backward flow [17]. The published fluidic
diodes were mainly used as fluidic resistance valves [18], and
their application to valveless pumps was barely discussed.
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Moreover, the scales of these published fluidic diodes were
large relative to MEMS devices, further preventing application
to MEMS-based micropumps [18].

This work seeks to investigate a microscale fluidic diode
of high diodicity that can be used in valveless micropumps
to achieve higher mass flow rate by using topology opti-
mization and computational fluid dynamic (CFD) methods.
MEMS technology is used to fabricate the fluidic diode-based
valveless micropumps.

II. EXPERIMENTS AND ANALYSIS
A. Topology Optimization

The two-dimensional fluidic diode was first obtained using
topology optimization based on the Density Model with Darcy
interpolation. In short, the Navier-Stokes equations for forward
and backward flows were solved. The ratio of pressure drop
between the inlet and outlet for backward flow and forward
flow was calculated as diodicity. To achieve high diodicity,
the ratio of energy dissipation between backward and forward
flow was set as the objective function for topological optimiza-
tion [19]. A relatively low Reynold number of 100 was used
for the calculation. The scale of a fluidic diode is primarily
defined by the width of the inlet chamber. The different widths
of the outlet and sizes of the computational domains were
used to obtain fluidic diodes of different geometries. The
diodicity of each fluidic diode was calculated to evaluate its
performance.

The designed fluidic diodes with the highest diodicity were
selected to employ in a valveless pump. The structure of the
selected fluidic diode of the Tesla-type design was first simpli-
fied to remove extremely small features that cause excessive
aspect ratios of the features that can challenge the fabrication
process. The removed small structures are unnecessary and
have little effect on performance. The performance character-
istics of three-dimensional fluidic diodes of both types and
of various thicknesses were also evaluated to optimize the
thickness of valveless micropump.

Finally, CFD simulations of valveless micropumps with the
selected fluidic diodes were applied. The nozzle-diffuser type
valveless micropump of the same actuator size was simulated
for comparison.

Commercial software COMSOL Multiphysics was used to
solve the topology optimization for 2D structures, and CFD
simulation was conducted for 2D and 3D structures by ANSYS
Fluent.

B. Fabrication and Evaluation

MEMS technology was used to fabricate the valveless
micropump with the topologically optimized Tesla-type fluidic
diodes and with the conventional nozzle-diffuser diode to
fabricate valveless micropumps for comparison. In order to
capitalize upon repeated use of molds and low-cost process-
ing technology, micropumps with a sandwich structure of
two polymer films and an intermediate structural layer were
designed and fabricated [20].

The fabrication process is shown in Fig. la. Lithography
with negative photoresist SU8-100 was first performed on a
silicon wafer. The thickness of the photoresist ranged from
150 um to 250 um, depending on the rotational speed of
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Fig. 1. (a) Schematic diagram of the fabrication process; (b) picture of
the valveless micropump with the designed Tesla-type fluidic diode and a
microscope image of the detailed structure.

the spin coating process. Polydimethylsiloxane (PDMS) was
then poured on a silicon-based mold and cured to obtain
a soft mold with mating structures. Then UV-curing glue,
NOAG61, was applied on the PDMS mold and covered with a
UV-transparent polymer film. The NOA61 was partially cured
under UV illumination, followed by replacement of the PDMS
mold with another polymer sheet. More UV illumination was
then applied to fully cure the NOAG61. Finally, a piezoelectric
(PZT) disc was attached to a polymer film to serve as the
actuator. Fig. 1b shows details of the critical structures of the
fabricated fluidic diode based valveless micropump based on
the Tesla diode.

Characterization mainly includes measuring the amplitude
of the PZT actuator (Fig. 1b), the flow rate of the microp-
ump, and the pressure difference under operation. A function
generator and a linear piezoelectric amplifier were used as
the excitation source of the PZT actuator. A voltage of up
to 100 V was applied to the PZT disc. The amplitude of the
PZT actuator movement was measured by a laser vibrometer.
The inlet and outlet of the micropump were connected to tubes
of known diameters. The mass flow rate was calculated by
placing the inlet and outlet tubes horizontally at the same
level and measuring the displacement of the liquid meniscus
in the tube within a specific period. In the pressure difference
test, the inlet and outlet tubes were placed vertically and the
pressure difference was determined by measuring the liquid
level difference.

III. RESULTS AND DISCUSSION

Figures 2a and 2b show the computational domain before
and after topology optimization. The size of the inlet
and outlet, and the length and width of the rectangular
computational domain were optimized for high diodicity.
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Fig. 2. (a) Computational domain for topology optimization; (b) fluidic diode
geometry after topology optimization; (c) velocity contours of forward flow
through the fluidic diode; (d) velocity contours of backward flow through the
fluidic diode.
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Fig. 3. (a) Highest diodicity of Tesla-type fluidic diode of different sizes;
(b) pressure difference of fluidic diode with highest diodicity of different sizes.

The resulting geometry with the highest diodicity is shown
in Fig. 2b. This figure also shows the geometry of a typi-
cal Tesla-type diode. The through-flow velocity contours for
forward and backward flows through the fluidic diode are
shown in Figures 2c and 2d. The backward flow is divided
into several tributaries which then interact with one another at
their confluence, leading to more resistance in the backward
flow than in the forward flow. The diodicity of the fluidic diode
is calculated by the ratio of backward flow pressure drop to
forward flow pressure drop. It is 5.31 in this work.

Fig. 3a shows the optimized diodicity of fluidic diodes of
different inlet sizes. The highest diodicity appears with an inlet
size of 400 um. The diodicity of smaller fluidic diodes is
limited by the feature sizes, which has a great effect on the
device fabrication while the diodicity of larger fluidic diodes
is limited by the degrees of freedom during the optimization
calculation. Too many elements leads to excessive degrees
of freedoms and failure of convergence. Fig. 3b shows the
corresponding forward pressure difference of fluidic diodes of
different channel inlet sizes. The smaller pressure difference
means smaller flow resistance and lower power needed to drive
the pump. As the size of fluidic diode increases, the pressure
difference first decreases, then tends to level off. The fluidic
diode with an inlet chamber size of 400 xm was selected for
further simulation.

Topology optimization was performed on a two-dimensional
(infinite depth) geometry, which allows viscous forces on the
side walls to be neglected. However, the height of the actual
microchannel is limited and is always comparable to the other
two dimensions. Thus, it is important to consider the effect
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Fig. 4.  The effects of thickness on (a) velocity, (b) Reynolds number,
(c) pressure difference, and (d) diodicity of the Tesla-type designed fluidic
diode.

of thickness on the performance of the designed fluidic diode.
To address this, a three-dimensional analysis was performed
by CFD simulation. When converting the simulation of the
fluidic diode from two-dimensions to three, the mass flow rate
of 0.1 g/s was used for calculation and depths ranging from
100 um to 500 um were studied. Fig. 4 shows the velocity,
Reynolds number, pressure difference, and diodicity of fluidic
diodes of various thicknesses. The results show that larger
thickness leads to smaller velocities and Reynolds numbers
due to the fixed mass flow rate. The diodicity is reduced
because of the smaller associated inertial forces. On the other
hand, the effects of viscous forces are more significant when
the thickness is less, leading to higher pressure differences but
lower diodicities. The simulation was conducted for a valveless
micropump using a 200 gm thick microchannel.

Before the simulation of the Tesla-type valveless microp-
ump with the chosen fluidic diode, the structure of the flu-
idic diode was simplified for lower complexity and easier
fabrication. Fig. 5a shows the structure and diodicity of the
original design. As shown in Fig. 5b, all structures smaller
than 20 #m were removed to avoid fabrication of high-aspect-
ratio features, and the diodicity was reduced from 1.92 to
1.90. Small structures with little effect on diodicity were also
removed, resulting in a diodicity of 1.89 (Fig. 5c). Any further
simplification (as in Fig. 5d) leads to significant reduction of
diodicity. Therefore, the structure in Fig. 5S¢ was employed in
the valveless micropump with Tesla-type fluid diodes.

Simulation of valveless micropumps was conducted by
CFD. The geometry used for simulation is shown in Fig. 6a.
The two fluidic diodes are connected by an actuator chamber
attached to a PZT actuator and the other ends are connected
to the inlet and outlet chambers. The thickness of fluidic
diode and actuator chamber was set as 200 xm. The fluid
parameters were set according to water at room temperature.
The transient laminar flow model with the SIMPLE pressure
treatment algorithm and second-order upwind interpolation
was used for the simulation.

The diameter of the chamber having the attached PZT actu-
ator was 10 mm. The amplitude of oscillation of the center of
the actuator was set as 5 ¢m, matching optimum experimental
results. The changes in displacement over time follows a
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1.72

Fig. 5. Structure and diodicity of (a) original designed Tesla-type fluidic
diode; (b) fluidic diode with small structure removed; (c) fluidic diode
with unnecessary structure removed; (d) fluidic diode with critical structure
removed.

sinusoidal wave function. The deflection profile of the PZT
actuator can be divided into two sections: the inner section,
with piezoelectric ceramics, and the outer section, with brass
(see Fig. 6a). When a sinusoidal excitation voltage is applied
to the PZT disc, the piezoelectric ceramic section vibrates.
The brass section also vibrates. The deflection of these two
sections can be described by the following equations [21]:

di(r) = dmax[l + 0*r? — a*r?)/a*b?in(a/b))IsinRx ft),

O<r<a) (1)
dr(r) = dax[(b* + 26%In(r/b)—r*)/ 2b*In(a /b))1sin2x ft),
(a<r<b) )

where the d| and d» are the deflections of the inner and outer
sections, respectively; dy, . is the amplitude of the membrane
center, which is set as 5 um; a is the radius of the inner
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Fig. 6. (a) a schematic of the Tesla-type valveless micropump; (b) a plot

of the mass flow rate for the Tesla-type valveless micropump; (c) critical
parameters for the nozzle-diffuser type valveless micropump; (d) a schematic
of the nozzle-diffuser type valveless micropump; (e) a plot of the mass flow
rate for the nozzle-diffuser valveless micropump.

section, which is 3.75 mm; b is the diameter of outer section,
which is 5 mm; f is the excitation frequency, which is 200 Hz.

Dynamic meshing with a User Defined Function (UDF) was
applied to describe the movement of the piezoelectric actuator.
The pressures of the inlet and outlet surfaces were set to
zero and the mass flow rates at the inlet and outlet surfaces
were monitored. A mesh sensitivity study was performed
first to make sure that the results were independent of mesh
quantity, and a mesh with 4.2 million nodes was chosen for
the simulations. Each cycle was divided into 100 time-steps,
leading to a time step size of 50 us. The details for the
mesh and time-step independence studies can be found in the
supplemental materials.

The mass flow rate through the micropump with the fluidic
diodes in the inlet and outlet passages was calculated, as shown
in Fig. 6b. The positive mass flow means water flow into the
micropump, while the negative mass flow means the water
flow out of the micropump. It can be found from the figure
that when the water is pumping out, the outlet has a higher
mass flow rate, and the inlet has a higher mass flow rate when
the water is pumping in. The mass flow rate difference between
inlet and outlet, integrated over time, leads to the net mass flow
rate of the micropump. The net mass flow rate of 31.3 ml/h
was calculated as the cycle average.

The same simulation was performed on the nozzle-diffuser
type valveless micropump. The critical parameters of the
nozzle-diffuser are shown in Fig. 6¢, obtained from work done
by He et al. [22]. The other parameters are the same as those
of the Tesla-type fluidic diode-based valveless micropump.
Fig. 6d shows the structure of the micropumps used for the
simulation.
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Fig. 7. (a) Mass flow rate of the fluidic diode-based valveless micropump in

various thicknesses; (b) the maximum displacement of the center of the PZT
actuator for the fluidic diode-based valveless micropump in various thickness;
(c) the mass flow rate of the nozzle-diffuser type valveless micropump in
various thicknesses; (d) back pressure of the two different types of valveless
micropumps 200 xm thick.

The mass flow rate of the nozzle-diffuser type valveless
micropump was calculated based on the inlet and outlet mass
flow rate difference, as shown in Fig. 6e. The simulated
mass flow rate was 20.6 ml/h, 34.2% lower than with the
Tesla-type fluidic diode-based valveless micropump. Compar-
ing Figures 6b and 6e shows that both micropumps have high
diodicity at high flow velocity while the Tesla-type fluidic
diode-based valveless micropump has better performance at
lower flow rates. This is consistent with the high diodicity
of the designed Tesla-type fluidic diode under low Reynolds
number conditions.

To verify the simulation results and optimize the working
conditions of the valveless micropumps, both the Tesla-type
fluidic diode and the nozzle-diffuser type valveless microp-
umps of various thicknesses were fabricated using the process
described in Fig. la.

Fig. 7a shows the measured mass flow rates of the
Tesla-type diode micropump operating under different exci-
tation voltages. As discussed previously, there is no inlet-
to-outlet pressure difference for this flow measurement.
As shown, the mass flow rate increases as the excitation
voltage increases. The reason can be found in Fig. 7b, showing
the maximum displacement of the center of the PZT actuator
under different excitation voltages. Higher excitation voltage
leads to larger displacements of the PZT actuator, resulting
in increased mass flow rates. This micropump of 200 xm
thickness has a higher mass flow rate than the ones of 150 ym
and 250 um thicknesses. This suggests that the inertial and
viscous forces reach a balance under an optimum thickness of
200 pum, producing higher diodicity and mass flow rate. The
different flow rates when the inlet-to-outlet pressure difference
is zero, different maximum displacement of the PZT actuator,
and different pressure differences when flow rate is zero are
shown in Figures 7a, 7b, and 7c, respectively, each for three
different thicknesses. The highest mass flow rate achieved
is 33.5 ml/h. The difference between simulation results and
experimental data is about 7%, lending credibility to the results
from CFD simulation.

Three nozzle-diffuser type valveless micropumps with dif-
ferent thicknesses were fabricated for comparison. The mass

flow rates of the nozzle-diffuser type valveless micropumps in
different thickness were also measured, as shown in Fig. 7c.
As with the Tesla-type fluidic diode-based micropumps, the
mass flow rate increases with excitation voltage and the
micropump of 200 um thickness has a higher mass flow
rate, compared to the pumps of other thicknesses. The highest
mass flow rate achieved by the nozzle-diffuser type valveless
micropumps is 14.9 ml/h, 44% of the valveless micropump
with the Tesla-type designed fluidic diodes. Comparing the
experimental results with the simulation results shown in
Fig 6e, the computational calculation is 38% overestimated.
The gap between measurements and computation is mainly
due to the lower displacement of the actuator in real testing.
The vibration amplitude of the actuator for the nozzle-diffuser
and designed fluidic diode valveless pump was set the same in
CFD simulation. However, the nozzle-diffuser has a higher for-
ward pressure difference than the designed fluidic diode, there-
fore the PZT actuator cannot achieve the same amplitude as
diode-based micropumps do when the same voltage is applied.

The pressure differences of the two different types of
valveless micropumps, both 200 um thick, were measured
and compared. Recall that this measurement was taken without
flow. As shown in Fig. 7d, the nozzle-diffuser type micropump
has a higher pressure difference than the Tesla-type fluidic
diode-based micropump. This is as expected because the
designed Tesla-type fluidic diode has a small pressure differ-
ence, as shown in Fig. 4c. Although the designed Tesla-type
fluidic diode has high diodicity, its pressure differences are
relatively low. However, the mismatch of pressure difference
between the two valveless micropumps is only around 10%.
Relative to the 2.2 times enhancement of the mass flow rate
for the Tesla-type diode micropump, this small difference of
pressure drop is justified.

IV. CONCLUSION

This work provides an efficient design process for develop-
ing a high-performance fluidic diode-based valveless microp-
ump. A two-dimensional fluidic diode was first obtained by
topology optimization. The diodicity reached 5.31 with a
Reynolds number of 100. Then the thickness and layout of
the Tesla-type designed fluidic diode were optimized and
deployed in the valveless micropump. The performance of
the proposed valveless micropump was evaluated by both
CFD simulation and experiments. The result shows that the
high diodicity of the Tesla-type designed fluidic diode leads
to better performance at low Reynolds numbers among the
two valveless micropumps. It was proven that the valveless
micropump of 200 #m thickness with the designed Tesla-type
fluidic diode can achieve 2.2 times the mass flow rate of the
traditional nozzle-diffuser type valveless micropump. A large
number of applications will benefit from the high flow rate of
the designed valveless micropump. For example, more efficient
mixing caused by stronger convection can be expected when
the valveless micropump is used for mixing of microfluidic
streams. Also, higher throughput for drug delivery and stronger
actuation for ‘organs on a chip’ can be expected.
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