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Abstract
In this paper, we concentrated on designing and simulation of check-valve micropump for on-chip applications. A series of
simulations were carried out by using 3D two-way fully-coupled fluid structure interaction analysis in combination with
Arbitrary Lagrangian-Eulerian (ALE) method to understand pumping chamber and inlet/outlet micro check-valves. After ex-
traction of characteristic equations of each component, micropump main equation is solved to find time-domain pumping
chamber pressure. Then, Effects of actuation amplitude and frequency on micropump’s flow rate were studied for different
chamber sizes from 2 mm to 4 mm. In addition, the effect of backpressure on micropumps’ flow rate was evaluated. Using this
method of simulation helps the researchers to estimate performance of micropump before initiating fabrication process.
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1 Introduction

In Recent decades, many researchers have tried to present
fabrication methods for small micropumps capable of
pumping extremely low volume of liquid. These efforts have
resulted in implementation of several types of micropumps for
applications in medicine, drug delivery, chemical and etc.
[1–3]. Different available approaches in literature to develop
micropumps are including diaphragm micropumps [4],
Electrokinetics [5, 6], Magnetohydrodynamic micropumps
[7] or surface acoustic wave micropumps [8]. Diaphragm (or
mechanical) micropumps are categorized into valveless
micropumps and Check-valve micropumps. Valveless
micropumps generally have a nozzle diffuser structure at inlet
and outlet of micropump; This type of micropumps is fabri-
cated easily but it is susceptible to the leakage when
backpressure increases [9, 10]. Check-valve micropumps,

which are the focus of this work, opposed to valveless
micropumps, have microvalves at their inlets and outlets
which prevent backflow resulted from backpressure.
Furthermore they have a more linear response and demon-
strate overall better performance [4, 11–13]. As a result,
check-valve micropumps are more popular in microfluidic
systems [3]. The performance measures of micropumps in-
clude actuation voltage (or pressure), power consumption, op-
erating frequency, flow rate, backpressure, pumping volume,
pumping pressure, fabrication method, costs, dimensions, and
finally capability of integration on the chips [2]. Figure 1
shows the structure of a diaphragm check-valve micropump
that consists of one microvalve at inlet, one microvalve at
outlet and one pumping chamber. Pumping chamber can be
actuated using compressed inert gas, electrical field [14], elec-
tromagnetic filed [15], piezoelectric force [4, 11, 12] and etc.
Moreover, various types of active and passive microvalves
such as membrane-type, cantilever-type, rotary-type, etc. can
be used instead of the check-valves shown of Fig. 1 [16]. The
membrane-based microvalve shown in Fig. 1 are one of the
passive type in which whenever the inlet pressure exceeds the
outlet pressure, the membrane is pulled upward and the
microvalve opens, letting the fluid flow from inlet to the out-
let. Conversely, whenever the outlet pressure is higher than
the inlet pressure, the membrane moves downward to the
valve-seat, closing the valve.
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The micropump shown in Fig. 1 has two operating phases
known and charge phase and discharge phase. In the charge
phase, the membrane on the pumping upper chamber is pulled
up due to a negative pressure and induces a negative pressure
at the lower pumping chamber of the pump. This negative
pressure causes the inlet microvalve to open and the outlet
microvalve to close, leading to the suction of liquid from inlet
to the pumping chamber. In the discharge phase, the opposite
of the aforementioned procedure occurs; in other words, a
positive pressure acts on the membrane of the pumping cham-
ber through the actuation port, pushing the membrane down
and applying a positive pressure to the lower pumping cham-
ber. This positive pressure causes the inlet valve to close and
the outlet valve to open, leading to the pumping of the liquid
out of pumping chamber to the outlet.

Most research works on check-valve micropumps, have
focused on different fabrication methods, actuation mecha-
nism, and valve designs and fewer works have paid attention
to the simulation of this kind of micropumps [12, 17–19].
Even these few works that simulate check-valve micropumps,
have modeled only some parts of the structure of the
micropump, e.g. membrane, or a simplified microvalve.
Moreover, among the performance measures of the
micropump, no work has considered pumping pressure or
pumping volume. It is noteworthy that actuation pressure dif-
fers from pumping pressure and one can become smaller or
larger than the other [4, 13]. Both of the above mentioned
shortcomings, along with other challenges in the check-
valve micropump simulation will be addressed in this work.
It goes without saying that simulation of valve-less
micropumps is abundant in the literature due to structural
simplicity.

In the past few years, finite element simulations have
emerged as a powerful tool for predicting the microfluidic
components behavior. This becomes much more vital when
analyzing complex microfluidic systems. Zengerle et al. [13]

showed that a micropump can be modeled using electrical and
fluidic systems. Bourouina et al. [20] verified this model for
medical applications. During these years, many diaphragm
micropumps have been manufactured, each trying to over-
come certain deficiencies with varying degrees of success. In
[21] for instance, non-linearity of the pump membrane are
simulated using finite element method, and the micropump
itself is simulated through modeling of diaphragmmicropump
component with their equivalent electrical components. Two
main shortcomings of this work are the use of central deflec-
tion of membrane and the use of fully linear microvalve
models. The former is addressed by Kang et al. [4], who has
used the average deflection of the membrane and considered a
rectangular membrane model which is common on MEMS
devices, yet the latter is not addressed. Also, he didn’t study
Fluid-structure interaction of the pumping chamber and valves
interactions. In [22], by means of two dimension fluid-
structure interaction analysis which leads to simplifications,
the size of inlet/outlet microvalves were optimized for dia-
phragm micropumps. These microvalves which were the sole
focus of this work have been out of plane cantilever type,
whereas in-plane cantilever valves were considered in [15].
In 2017, based on Bourouina’s electrical model in [20],
Fournier et al. designed a diaphragm micropump with canti-
lever microvalves for drug delivery applications, but its com-
plex fabrication procedure results in a huge number of equiv-
alent electrical components for simulation [23]. The actuation
type used in this study was piezoelectric effect which is actu-
ated by a square wave actuation voltage. Recently, Yazdi et al.
[11], presented a piezoelectric check-valve micropump which
had a circular pumping chamber and two circular diaphragm
orthoplanar microvalves which was simulated using three di-
mensional fluid-structure analysis however their simulation
method is limited only for a single type and shape of
microvalves and can be extended to other types of
microvalves or microvalves e.g. rectangular shapes.

Fig. 1 Operating principles of
micropump; a Suction operation
phase or charge stroke causes the
inlet valve to open while the
outlet valve is closed, b Pumping
operation phase or discharge
stroke causes the outlet valve to
open while the inlet valve is
closed
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In this paper, we shall address these problems and further
develop the existing simulation methodology for mechanical
micropumps by introducing several novelties. First, we simu-
late a mechanical micropump with a membrane-type check-
valve, a venture missing from the available works. However,
as mentioned before, membrane-type check-valve
micropumps have been fabricated using various techniques.
Our next contribution is in-depth characterization of
membrane-type valves and pumping chamber by means of
three dimensional fluid-structure interactions, whereas simpli-
fied two dimensional models prevail throughout the literature.
The third novelty of this work is the exact modeling of non-
linearity of membrane type microvalves by means of 6th order
polynomial curve fitting approach that based on authors
knowledge, never done before. This method enables us to
accurately analyze any check-valve micropump via true
modeling of fluid-structure interaction in three dimensions.
It is important to mention that, in this work, we do not aim
at optimization of distance of pumping chamber and valves
from each other, nor do we try to study the stress and strain of
the membrane of the valves or pumping chamber, or actuation
equations of piezoelectric, electrostatic, electromagnetic actu-
ation and their effects on the pump membrane. However, we
will change pumping chamber size to study its effect on dif-
ferent micropump’s parameters.

The rest of this paper is organized as follows: in section 2
the proposed structure and material properties of the
micropump, in addition to proposed fabrication process are
discussed along with simulation procedure and the methods
for extracting microvalve and pumping chamber characteriza-
tions equations. Section 3 presents the extracted characteristic
equations, simulation results associated with the microvalves,
pumping chamber and micropump, and discusses the entailing
information. Finally, in section 4 the results of this paper will
be compared with those existing in the literature to better
understand advantages and disadvantages of each.

2 Material and methods

2.1 Basic principle and design

Figure 2 shows isometric, top and side views of the designed
check-valve micropump used in this study. The designed
micropump consists of three components: two membrane-
type micro check-valves at inlet and outlet of the micropump,
and one micropump’s main chamber. According to Fig. 2a,
this micropump is actuated pneumatically via actuation port.
This actuation can produce negative and positive pressure on
the micropump’s membrane which results production of
charge and discharge phases. Microvalves have the same size
as indicated in Fig. 2b and c. The dimension of the valves and
chamber can affect micropumps performance. The lower and

upper pumping chamber have diameter of D and height of h,
which we will use them to design the pump with desire flow
rate. Water was considered as aqueous solution with density
of 1000 kg/m3 and viscosity of 0.001 Pa.s. The membrane for
valves and pumping chamber has thickness of 25 μm with
modulus of elasticity equal to 20 MPa, Poisson’s ratio of
0.49 and density of 1100 kg/m3 [24] and the bulk of
micropump was considered as impenetrable rigid body.

2.2 Modeling and simulation method

Due to complex fluid structure interaction between pumping
chamber and inlet/outlet valves operation in micro-scale do-
main, the pressure inside the main chamber of the pump is not
equal to the actuation pressure [10, 13]. The best approach for
finding micropump performance is to conduct a 3-
dimensional fully-coupled two-way fluid structure analysis.
But, time-domain simulation of all components in a single
finite element simulation will result in very high number of
degree of freedom that needs high memory. In addition, this
causes extremely long simulation which is practically impos-
sible because of limited hardware resources, time and cost. As
an example, Lai et al. [25] concentrated only on transient
performance of a check valve at the opening period.
Moreover, use of simplified simulation methods such as what
Gong et al. [21] and has presented is not applicable to our
micropump because of high nonlinear response of
microvalves. To model and design CVP we mainly inspired
from [13] to be able to determine time-domain pressure dis-
tribution in the lower pumping chamber. Afterwards, we can
evaluate the pumping flow rate, estimate effect of actuation
frequency, actuation pressure and backpressure on the perfor-
mance of micropump. Differential equations describing be-
havior of the dynamics of the pump evaluated by continuity
(conservation of mass) equation of the Navier-Stokes equa-
tions [26]which results to Eq. 1 [13]:

dPch

dt
¼

Qiv pivð Þ−Qov povð Þ− ∂∀m
∂Pact

���
Pch

dPact

dt
∂∀m
∂Pch

���
Pact

−
d∀iv

dPch
þ d∀ov

dPch
þ d∀0

dPch

ð1Þ

Where, Qin and Qout are respectively the flow rate of inlet
and outlet valve as a function of pressure difference across
them, Pact is actuation pressure and Pch is pressure inside the
chamber. In our simulation, we will exert a simple pneumatic
pressure as Pact however; it is rather easy to actuate the pump
using electrostatic, electromagnetic or piezoelectric energy
and convert their energy to the force per unit area. Finally,
∀m, ∀0, ∀iv and ∀ov are volume displacement of the pumping
chamber’s membrane, total micropump’s chamber volume,
inlet and outlet microvalves volume displacement, respective-
ly. This equation expresses that we can simulate microvalves
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and pumping chamber separately and by substitution of their
characteristic equations inside Eq. 1 the pressure inside lower
pumping chamber can be calculated. However, due to com-
plexity of this equation, it is inevitable to use numerical
methods to solve this equation.

In a detailed explanation, at the first step we will simulate
microvalves and pumping chamber in the next sections of
current paper using fully-coupled two-way fluid structure in-
teraction analysis. Differential equations describing behavior
of the fluid domain are well-known Navier-Stokes equations
[26] while the calculations for the structural domain are based
on the impulse conservation equation [27]. These equations
coupled into each other using two-way fluid-structure interac-
tion analysis [27]. To do so, all the simulations have been
done using general finite element software (such as Adina,
Ansys, Comsol, …) which is available on markets. Among
them Comsol Multiphysics was used for this study. Then, we
shall extract volume displacement and flow rate equations of
microvalves and pumping chamber to substitute the extracted
equations in the Eq. 1. The relative equations of volume dis-
placement and flow rate will be achieved by using 6th order
polynomial curve fitting. To do so, general mathematical soft-
ware (such as Matlab student version, Wolfram Mathematica,

MS Excel,…) is tailored to our needs. Afterwards, wewill use
numerical simulation once more to evaluate lower
pumping chamber pressure by solving Eq.1. In the fourth
(and last) step, this calculated pressure will be exerted on
the microvalves equations to find the pumping flow rate
and study the effect of actuation frequency and amplitude
on the micropump. It is necessary to say that to solve
Eq.1 we must change the units into standard scales other-
wise the solver will either generate wrong or diverged
results. In other words, instead of μL/min for flow rate
we shall use m3/s. At last, we should mention that all the
simulations were implemented on 64-bit Windows 7 plat-
form while hardware configuration used for simulation is
combination of 16 core Intel® CPU with 24 GB of RAM.

2.3 Simulation method of the microvalve

Figure 1 and Fig. 2 shows the design and dimensions of the
inlet/outlet micro check-valves. This membrane-type
microvalve has two operation modes known as forward mode
and reverse mode. When pressure at valve inlet is higher than
valve’s outlet, the membrane goes upward letting the fluid
pass through the valve which is called forward mode

Fig. 2 Structure and schematic
design of the micropump; a
isometric view, b top view, c side
view - all dimensions are in
micrometer

240 J Micro-Bio Robot (2020) 16:237–248



operation. In reverse mode operation, valve’s outlet pressure
is higher than inlet, forcing the membrane toward valve-seat
and closes the valve. Two main characteristics of microvalves
for designing of diaphragm micropump are volume displace-
ment (that we denoted them as ∀iv and ∀ov) and flow rate (that
we denoted them as Qiv and Qov). Because of very non-linear
behavior of the microvalves in forward-mode operation, this
information extracted from two-way fully-coupled FSI analy-
sis in order to describe the valves operation in formulation of
the pump. However, due to the laminar nature of microfluidic
systems, we used incompressible laminar formulation for fluid
domain. Also, geometry nonlinearity was considered for
structural analyzer of the FSI solver. Therefore, non-linear
deformation of the membrane, capacitive and resistive effects
of valve and its related microchannels were completely con-
sidered [28] because three dimensional fully-coupled fluid-
structure interaction analyses was performed. The initial con-
dition and boundary condition for simulation of microvalve
are including: (1) Initial condition for all variables was zero,
(2) No-slip and no-penetration boundary condition was con-
sidered for all solid walls, (3) at forward mode operation, the
fluid was driven by pressure at inlet which was swept from 0
to 3 kPa, (4) at reverse-mode operation, the pressure at outlet
was swept from 0 to 7 kPa, (5) To reduce number of elements
and computation time symmetry boundary condition along x-
axis was used, (6) we used Arbitrary Lagrangian-Eulerian
(ALE) algorithm to allow the mesh move freely because of
movement of solid membrane inside the fluid domain [29,
30]. A combination of structured and unstructured mesh was
used to discretize designed check-valve model with over
850,000 DOF. The relative equations of valve volume dis-
placement (with unit of m3) and flow rate (with unit of m3/s)
will be extracted using 6th order polynomial curve fitting that
will be presented in the results and discussion section.

2.4 Simulation method of the pumping chamber

The design of the pumping chamber was shown in Fig. 2. Due
to the fact that the deflection of the chamber’s membrane is
larger than the membrane thickness, and at the same time
chamber’s radius is much larger than membrane thickness,
we have to use nonlinear formulation to calculate and simulate
membrane displacement and resulted volume displacement.
Maximum non-linear displacement of circular membrane
and its relative volume displacement can be calculated using
[31, 32]:

δ ¼ th
3 R4

16 E th4

� �1=3

P1=3 ð2Þ

∀m ¼ π δ
6

3 R2 þ δ2
� � ð3Þ

Where, th is membrane thickness, R is chamber’s radius, δ
and ∀m are non-linear displacement and volume displacement
of the membrane, respectively. At simulation level, we used
three dimensional FSI analyses using more than 630,000 DOF
to simulate chamber’s behavior. Other details including: (1)
ALE algorithm was used to have mesh motion due to move-
ment of solid membrane inside the fluid domain. (2) We sim-
ulated three pumping chambers with diameters (D) of 2, 3 and
4 mm. Height of each chamber can be calculated easily from
Eq. 2. (3) The actuation pressure exerted on the membrane of
micropump was swept from 0 to 3 kPa. Since the membrane
has isotropic material properties, simulation of one of charge
or discharge phase will give us the appropriate results. (4)
Initial and other boundary conditions are similar to
microvalves simulation. It is necessary to say that since the
effect of microchannels between pumping chamber and inlet/
outlet microvalves was considered in the simulation of
microvalves (in the previous subsection of the paper), it does
not need to simulate the both sides microchannels in the sim-
ulation of the pumping chamber.

2.5 Proposed fabrication process

Albeit we have concentrated on numerical simulation so far,
to show the feasibility of our design in practice, here is a
proposed fabrication process to implement the CVP. Since
use of thermoplastic material was suggested by several re-
searchers [33, 34] we also used its material properties in our
study and we now suggest an easy fabrication process to be
able to make the CVP. The following steps propose the fabri-
cation process, and Fig. 3 visualizes these steps. According to
[35–37], we propose use of Poly-methyl meth-acrylate
(PMMA) as substrate. First, the design of each layer is drawn
in AutoCAD® and is sent to micromilling machine interface
software to transfer the pattern to the substrate (Fig. 3a). Then,
by appropriate setting of micromilling machine we can en-
grave microchannels and valve/pumping chambers according
to the designed width and depth. Inlet/outlet holes can be
made at this step (Fig. 3b). After micromilling process of the
substrates there need a surface treatment to reduce roughness
of the microchannels and chambers [35, 38]. Use of solvent
vapor is suggested [39] for this aim. Afterwards, thermoplastic
elastic membrane is cut in appropriate size using a utility knife
blade. At last, layers can be aligned appropriately and can be
thermally bonded based on the previously reported process
(Fig. 3c) [19].

3 Results and discussion

In this Section, we will check results of microvalve’s FSI
analysis for its both operation modes. Then, pumping cham-
ber’s FSI analysis will be studied. In the third step, volume
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displacement and flow rate of microvalves and pumping
chamber will be evaluated (with standard unit scales) to
be extracted as equation. We will use these extracted
characteristic equations to solve Eq. 1 and find out
pumping chamber pressure. From that, we can reach to
the micropump’s characteristic performance that will be
explained in subsection 3.4 through the end.

3.1 Results of microvalve simulation

We first analyzed reverse mode operation of the
microvalve by exerting a maximum pressure of 7 kPa
at the valve’s outlet whilst its inlet was kept at zero.
This was to measure its reverse mode leakage rate that

resulted in 7.5 nL/min which is extremely low. This
shows the valve can perfectly block flows in reverse
mode for this reason we can neglect back flows.
Afterward, by swapping the inlet/outlet pressure, a pos-
itive pressure was exerted on the inlet to measure
microvalve’s forward mode flow rate and membrane’s
displacement. Figure 4a and b show isometric view of
displacement of valve’s membrane and its flow rate
while its inlet actuated using 3 kPa pressure. When
the valve’s inlet pressure increases from 0 to 3 kPa,
membrane’s maximum displacement grows approximate-
ly to 65 μm (Fig. 4c) which is far away from ceiling of
the valve (that has 250 μm height) and liquid passes the
valve with rate of about 600 μL/min. Figure 4d plots
microvalves flow rate versus forward mode inlet pres-
sure. This plot shows that the micro check-valve can
operate analogous to an electronic diode. At last we
should mention that to have an overview to the natural
frequencies of microvalve’s solid membrane, we also
carried out a modal analysis. Membrane’s first measured
natural frequency was about 1423 Hz which was in the
same direction of z-axis (Fig. 4a). This might be impor-
tant when micropump is actuated at higher frequencies
that we will discuss this issue in the next subsections.

3.2 Results of pumping chamber simulation

Surface plot of maximum chamber displacement with
diameter of 4 mm while actuation pressure was 3 kPa,
was shown in Fig. 5a. To evaluate pumping chamber
performance and capability, different chamber’s diame-
ter was used for FSI simulation. We simulated charge
(suction) phase operation of micropump however due to
linear and isotropic material properties of the membrane,
the discharge phase has the same absolute results but in
opposite direction. Figure 5b shows maximum displace-
ment of pumping chamber versus actuation pressure in
which, 103.8, 182.3 and 269.3 μm was maximum dis-
placement of 2, 3, and 4 mm diameter while actuation
pressure was 3 kPa. According to Fig. 2c and Eq. 2, the
height parameter (h) of upper/lower pumping chamber is
now calculated which is approximately equal to maxi-
mum deflection of membrane under maximum pressure
of 3 kPa. Eventually, to have an insight to the pumping
chamber natural frequency, we also carried out a modal
analysis for the solid membrane with different diame-
ters. The resulted membrane’s natural frequency with
diameters of 2, 3 and 4 mm was 1902, 833.66 and
466.34 Hz.

Fig. 3 Proposed fabrication process

242 J Micro-Bio Robot (2020) 16:237–248



3.3 Extracted characteristics equations

As we explained before, we need to evaluate microvalve and
pumping chamber characterization equations to be able to
solve Eq. 1 and find out micropump’s chamber pressure.
Figure 6a and b show volume displacement and flow rate of
microvalves. Each black point is a result of FSI analysis.
These plotted results were changed into standard scale to unify
all unit scales in the micropumpmain Eq. 1. The equations for
microvalve extracted from Fig. 6a and b using 6th order poly-
nomial curve fitting is illustrated in Eqs. 4 and 5, respectively.
These curves were plotted as a red line in Fig. 6a and b,
respectively.

Qin ¼ − 1:890e‐28ð ÞP6 þ 1:641e‐24ð ÞP5– 4:895e‐21ð ÞP4

þ 4:935e‐18ð ÞP3 þ 1:094e‐15ð ÞP2

þ 7:705e‐13ð ÞP; R2‐squared

¼ 99:99 ð4Þ
∀iv ¼ − 5:806e‐30ð ÞP6 þ 5:840e‐26ð ÞP5– 2:296e‐22ð ÞP4

þ 4:471e‐19ð ÞP3– 4:547e‐16ð ÞP2

þ 2:460e‐13ð ÞP; R2‐squared

¼ 99:79 ð5Þ

The above equations are for outlet micro check-valve.
In other words, they are valid for chamber pressures

Fig. 4 Fluid structural interaction
analysis of the micro check-valve;
a Contour view of inlet/outlet
valve’s membrane displacement
with 3 kPa of pressure at the
valve’s inlet, b flow velocity of
liquid in the valve with 3 kPa of
pressure at the valve’s inlet, c
Maximum displacement of the
valve versus applied pressure, d
flow rate passing through the
valve versus applied

Fig. 5 Fluid structural interaction analysis of micropump’s deformation
membrane; a Contour plot of membrane’s displacement with diameter of
4 mm and actuation pressure of 3 kPa, b Maximum displacement of
membrane with different diameters as a function of actuation pressure
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higher than or equal to zero. As explained in previous
sections, the microvalves have extremely low leakage
rate. For this reason, the flow rate for pressures lower than
zero was neglected for outlet microvalve. With little ma-
nipulation, inlet microvalve characterization equations can
be easily extracted that must be valid for chamber pres-
sure lower than or equal to zero while its leakage rate for
pressures higher than zero is zero.

The same procedure has been done for volume displace-
ment of pumping chamber with different diameters which was
shown in Fig. 6c. The equation of volume displacement for
pumping chamber with diameters of 2, 3 and 4 mm is illus-
trated in Eq. 7 through Eq. 8, respectively. These equations
which extracted using 6th order polynomial curve fitting tech-
nique are:

∀mjD¼2mm ¼ – 3:752e‐30ð ÞP6

þ 3:897e‐26ð ÞP5– 1:599e‐22ð ÞP4

þ 3:311e‐19ð ÞP3– 3:711e‐16ð ÞP2

þ 2:548e‐13ð ÞP; R2‐squared

¼ 99:95 ð6Þ

∀mjD¼3mm ¼ – 2:442e‐29ð ÞP6

þ 2:476e‐25ð ÞP5– 9:874e‐22ð ÞP4

þ 1:971e‐18ð ÞP3– 2:094e‐15ð ÞP2

þ 1:283e‐12ð ÞP; R2‐squared

¼ 99:93 ð7Þ

∀mjD¼4mm ¼ – 6:463e‐29ð ÞP6

þ 6:854e‐25ð ÞP5– 2:846e‐21ð ÞP4

þ 5:850e‐18ð ÞP3– 6:278e‐15ð ÞP2

þ 3:734e‐12ð ÞP; R2‐squared

¼ 99:89 ð8Þ

The regression factor (R2) of above equations shows the
quality of matching between black points and the fitted red
lines. All of these equations were substituted in the Eq. 1 and
solved using time domain numerical solvers to reach lower
pumping chamber pressure. These results are explained in the
following subsections.

3.4 Time domain responses of the pump

After appropriate substitution of previous extracted equa-
tions into the Eq. 1 and solving it using FEM solvers, we
first tried to evaluate micropump chamber pressure and flow
rate. Figure 7 shows pressure and flow rate of the
micropump as a function of time while actuation frequency
is 5 Hz, chamber diameter of 3 mm and zero backpressure.
The dashed line showed in Fig. 7a is actuation pressure and
the bolded line is the pressure inside the pumping chamber.
It is obvious that the pressure inside the pumping chamber
(812 Pa) is less than actuation pressure (1000 Pa). Since we
started the actuation process of the pumping from suction
phase thus there is a negative pressure inside the chamber
and this resulted the inlet valve to be open while the outlet
valve is closed. In Fig. 7b, the operation of suction phase
and pumping phase is observable, in which the inlet valve

Fig. 6 Curve fitting plots; a Volume displacement of membrane-type
micro check-valve vs pressure, b Flow rate of membrane-type micro
check-valve vs pressure, c Volume displacement of pumping chamber
with different diameters as a function of actuation pressure – the red lines
are 6th order polynomial fitting curve in standard unit scale
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(the blue dashed line) is only active in suction phase and
outlet valve (the red bolded line) in only open in pumping
phase. After several working periods the amplitude of valves
flow rate become approximately equal.

3.5 Effect of actuation pressure

In this subsection, we tried to find out the effect of
actuation pressure on functionality of the pump.
Figure 8a shows the amount of liquid pumped by the
designed pump with different chamber diameter in a
10 s time-frame. In this figure, actuation pressure and
frequency were 1 kPa and 1 Hz, respectively. This re-
sult shows the chamber with diameter of 2, 3 and 4 mm
can pump the amount of 5.25, 16.45 and 29.75 μL of
liquid per minute. Figure 8b and c demonstrate the pres-
sure inside the pumping chamber and flow rate versus
actuation pressure while actuation frequency is kept at
1 Hz. It is tangible that the pressure inside the pumping
chamber is always smaller than the actuation pressure
and this relation is almost linear however if we increase
the actuation pressure this relation will become nonlin-
ear. When the diameter of pumping chamber is 2, 3 and
4 mm and actuation pressure is equal to 2 kPa, the
maximum pressure inside the pumping chamber will
be 447, 1037 and 1408 Pa, respectively.

3.6 Effect of actuation frequency

We guess the increase of actuation frequency can in-
crease the pumping flow rate. To evaluate this assump-
tion we ran several simulations for each pumping cham-
ber diameter. According to Fig. 9, increase of actuation
frequency increases pumping flow rate and after a cer-
tain frequency, which is about 5 Hz in our model, it
gradually decreases. For example, for chamber diameter
of 3 mm, increment of frequency from 1 to 3 and then
5 Hz, increases the flow rate from 16.4 to 23.3 and then
24.8 μL/min. These values for chamber diameter of
4 mm, increases from 29.3 to 39.2 and then 39.9 μL/
min. One of the concerns in simulation of check valve

Fig. 8 a Volume pumped versus time, actuation pressure and frequency
are 1 kPa and 1 Hz, respectively, b Chamber pressure versus actuation
pressure while actuation frequency is kept at 1 Hz, c Valve flow rate
versus actuation pressure while actuation frequency is kept at 1 Hz

Fig. 7 Pressure and flow rate of the micropump as a function of time with
actuation frequency is 5 Hz, chamber diameter of 3 mm and zero
backpressure; a Plot of actuated pressure and resultant chamber
pressure, b flow rate of micropump at charge stroke (Qin) and discharge
stroke (Qout)
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micropump is the delay between actuation pressure on
the membrane and the reflection displacement of mem-
brane to that pressure. As mentioned before, from mod-
al analysis of pumping chamber’s solid membrane and
microvalves, the lowest natural frequency was above
450 Hz. Thus, because the frequency of actuation pres-
sure (maximally 10 Hz) is far away from natural fre-
quencies of valves and pumping chamber, this delay can
be ignored without any concern. Also, we didn’t ob-
serve any delay between actuation pressure and valve/
pump’s time-domain response. However, for higher ac-
tuation frequencies this can produce some side effects
on the operation of the micropump which must be
considered.

3.7 Effect of backpressure

The effect of back pressure was not considered so far. Here,
we modified the extracted equations and imported effect of
back pressure into the Eq. 1 to study its effect on pumping
flow rate. Figure 10a demonstrates the volume of liquid
pumped using 1 kPa of actuation pressure and 1 Hz of actua-
tion frequency on chamber size of 4 mm. Increase of back
pressure from 0 to 400 and then 800 Pa decreases the flow
rate from 28.4 to 16 and finally 3.68 μL/min. Higher actuation
frequency can have better response while back pressure is not
as high as actuation pressure (Fig. 10b). It is observable from
Fig. 10b that by increment of back pressure pumping flow rate
decreases linearly and finally backpressure of approximately
950 Pa was able to reach the flow rate to zero. This is similar
to what other researchers reported previously too [4, 12, 17,
40]. Figure 10c shows pumping flow rate versus backpressure
with different chamber size. In this analysis, actuation pres-
sure and frequency were 1 kPa and 1 Hz, respectively. Similar
to Fig. 9b, flow rate decreases linearly with respect to incre-
ment of backpressure and zero backpressure was again
950 Pa, albeit the larger chamber size could produce larger
flow rate at lower backpressure.

3.8 Comparison

In the following, we compared advantageous and disadvanta-
geous of current micropump with other reported micropumps.
Ref [18] fabricated a pneumatically actuated micropump on
PDMS substrate. This micropump had 4 mm of chamber di-
ameter and used two in-plane cantilever microvalves.

The channels’ depth and width were 100 × 350 μm2.
This micropump with actuation pressure and frequency
of 10 kPa and 3 Hz has the ability to pump 200 μL/
min. Its flow rate plot is very similar to Fig. 9. In addi-
tion, it could pump fluid up to 6 kPa of backpressure. It’s
response to backpressure is very similar to Fig. 10. The
main drawback of this micropump is its microvalves leak
flow in reverse mode of operation which reduces efficien-
cy of the micropump.

Fig. 10 Effect of backpressure on micropump operation; a pumped
volume in time domain for different backpressure while chamber
diameter is 4 mm, b flow rate versus backpressure at different actuation
frequency while chamber diameter is 4 mm, c flow rate versus
backpressure for different chamber diameters while actuation frequency
is 1 Hz

Fig. 9 Micropump flow rate as a function of actuation frequency for
different chamber diameters while zero backpressure was considered for
the pump. Actuation amplitude in this study is 1 kPa
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These results, which is a fabricated micropump is very sim-
ilar to our simulated micropump which verifies the accuracy of
our work.

The proposedmechanical micropump reported byBui et al.
[41], is comprised of a rectangular chamber with size of 2.5 ×
7.5 mm2 and two active check valves that was fabricated on
PDMS. This micropump was actuated pneumatically using
26 Hz and 68.9 kPa of actuation frequency and pressure, re-
spectively, that could produce flow rate of 488 μL/min.
Unfortunately, the authors didn’t provide any information on
backpressure. They concentrated on development of a numer-
ical method for design of rectangular pumping chamber with
active check valves. In our work however, we considered a
smaller chamber size and actuation pressure while according
to Figs. 6 through 10 it has better performance.

Fillon et al. [42] developed a piezoelectric actuated
micropump for drug delivery. This micropump with actuation
frequency and voltage of 3 Hz and 100 V was able to produce
41.6 μL/min of flow rate and 0.2 μL of fluid volume stroke.
The details of size and shape of pumping chamber and
microvalves are not reported in this work. In our work, we
have higher fluid stroke volume and flow rate which result of
chamber size and elastic membrane’s material properties.

Recently, Yazdi et al. [11] developed a new numerical meth-
od for piezoelectric micropump for drug delivery and cooling
system applications. The maximum predicted outflow was
1.62 μL/min, obtained at 10 Hz of working frequency and 60
v of input voltage. After geometrical optimization the outflow
was increased to 25μL/min. That circular pumping chamber had
1500 μm of diameter and two circular inlet/outlet check valves
with diameter of 180 and 500 μm, respectively. The numerical
simulation method presented by [11] is only applicable to
circular-shaped pumping chamber and check valves. However,
the numerical method of our work can be exerted on

micropumps with any geometry and sizes of pumping chamber
and check valves.

In the end, it is evident that by comparing the results of this
paper with the existing literature (Table 1), one can confirm the
consistency of the numerical results and figures provided in this
work. Moreover, the proposed simulation methodology facili-
tates the researchers in predicting the micropump behavior and
characteristics in full detail before initiating fabrication.

4 Conclusion

In this paper, inspired by Zengerle [13], we proposed a novel
numerical analysis for a check-valve micropump. To do so, we
first implemented a micropump using twomembrane-type micro
check-valves. Then, we employed a three dimensional fully-
coupled FSI analysis to simulate the pumping chamber and
inlet/outlet microvalves. This is opposed to the prevailing trends
where 2D simplified models are generally used due to hardware
and software limitations. Next, we used a 6th order polynomial
curve fitting method to model the exact nonlinear response of the
membrane-type micro check-valve and to extract the required
characteristic equations for solving the micropump’s main equa-
tion; an approach not taken before. Finally, we evaluated the
time-domain pressure of the lower pumping chamber and used
this pressure to better understand the effects of actuation pressure
and frequency on the micropump behavior.
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