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1
Introduction

The organ-on-a-chip (OoC) integrates biology with microtechnology to mimic human physiology in vitro
[1]. In the OoC system, media are guided through micro-level channels towards the chip to mimic
the in vivo microenvironment and recapitulate the functions of tissues cultivated in the chip. The OoC
makes up for the shortcomings of conventional biological systems modeling and provides life science
researchers with a new tool to explore human pathophysiology and disease. Although in vivo imag-
ing has advanced rapidly in recent years, the investigation in organisms such as mice is still limited.
Demonstrating physiological relevance is challenging due to the complex interactions between multi-
ple organs. Additionally, models for in vitro cultures of 2D and 3D cells often lose significant in vivo
relevance during experiments. Therefore, the OoC bridges these two technologies since it offers the
possibility to culture complex organ systems in vitro. Currently, research in the OoC field has grown
exponentially and extends beyond academia. Industries in pharmacy, cosmetics, food, and chemistry
are investing efforts in building OoC systems. This is driven by the strong need for testing on human-
ized in vitro platforms, as opposed to using animals, allowing for direct observation of cell and tissue
behavior.

An Organ-on-a-Chip (OoC) system includes reservoirs, microfluidic multiplexers (MUX), pumps,
flow controllers, and an OoC hub [2]. Among these components, pumps work as the heart of the
system by driving fluid to communicate between subsystems. Since the media flows in the human
body are within the flowrates of ml/min and µl/min, devices are required to provide similar milli- or micro-
level flowrates [3] and keep the media bubble-free and fluctuation-free to maintain the activity of the
cells. To be more specific, flowrates vary for different OoC systems in the region between 1µl/min and
100µl/min [4]. Although traditional macro pumps such as syringe pumps can offer the required flowrate,
their footprint is in centimeters. Compared to the chip, which has an external dimension of several
millimeters, the peripheral system composed of macro-pumps is bulky. For example, the size of a lung-
on-a-chip is that of a miniature stamp (75 × 25mm2), while its peripheral fluid unit occupies benchtop
space [4]. Complex peripheral fluid systems increase the workload by requiring the disconnection of
tubing and cables for changes in media or flowrate. Additionally, they contribute to an increased dead
volume in connecting tubes, posing challenges to long-term experiments and limiting the potential for
complex OoC systems such as human-on-a-chip. Consequently, a need has emerged for the portability
and miniaturization of pumps [2]. Since Lintel et al. invented the first miniature pump in the last century,
several miniature pumps have been developed followed by [5]. The micropump operates through the
periodic changes between suction mode and discharge modes, as illustrated in figure 1.1. In suction
mode, the upward movement of the membrane decreases the pressure in the chamber due to the
increase in the chamber volume. The internal pressure is lower than the atmospheric pressure, thereby
drawing fluid in. Discharge mode is the opposite situation, the downward movement of the membrane
increases the internal pressure and pushes the fluid out.
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Figure 1.1: Micropump principle of operation: (a) suction mode and (b) discharge mode [2]

The micropump consists of three main components: an actuator, a chamber, and a flow rectifier.
An actuator is required to change the chamber’s internal volume, thereby changing the internal pres-
sure. The piezoelectric actuator has superior performance due to its low power consumption and quick
response time. The flow rectifier refers to the component that can determine the flow direction. A valve-
based micropump directs fluid at low flow velocities (ml/min or μl/min) without introducing shear forces
on the cells. However, the fabrication of such micropumps is complex. For example, Pan’s design
involved assembling thirteen different layers to form a micropump, resulting in a tedious fabrication
process. 3D printing technology, as a newly emerging fabrication method, enables the manufacture of
complex 3D geometries and simplifies the fabrication process. Besides, the exploration of ball valves
is limited although it presents the potential for extremely high back pressure, leading to zero cross-
contamination and pump valves almost never breaking due to clogging [6]. Therefore, the research
question for this master’s project arises: How to manufacture a piezoelectric micropump with ball
valves using rapid prototyping 3D printing technology?

Chapter 2 will explain the state of the art of micropumps through various categorizations, includ-
ing actuator types, flow rectifier types, and manufacturing methods. At the end of this chapter, the
research gap in the literature will be identified, and the research question of this project will be intro-
duced. Chapter 3 will detail the work of this project, focusing on the methodology and results of this
3D-printed piezoelectric micropump with ball valves. Following this, Appendix A presents the attempt
at monolithic micropump fabrication and Appendix B provides supplementary materials for Chapter 3.



2
State of the art

2.1. Micropump
This chapter introduces the state of micropump technology. The categorization of micropumps is illus-
trated in the figure 2.1. Based on the driving force, micropumps can be classified as non-mechanically
or mechanically actuated. As their name suggests, mechanical actuators convert mechanical energy
into the kinetic energy of the fluid, whereas non-mechanical actuators derive the energy from other
forms. For example, an electrochemical micropump, belonging to the non-mechanically actuated type,
transports fluid through the expansion and reduction of gas bubbles in a reversible aqueous electrolysis
electrochemical reaction [7]. Non-mechanically actuated micropumps mostly involve fluid properties to
generate force, therefore facing limitations in fluid choice. Additionally, the reaction with the fluid can
alter its properties, making non-mechanical actuators unsuitable for biomedical applications. Thus this
report focuses on the mechanical actuators. The piezoelectric actuator stands out in mechanical actua-
tors for its exceptional performance. According to different methods of controlling flow direction, piezo-
electric micropumps can be further divided into valve-based and valve-less pumps. Due to structural
differences, the types of micropumps are further subdivided and detailed explanations are provided
below. Finally, the current manufacturing methods for micropumps will be discussed.
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Figure 2.1: Categorization of micropump

2.1.1. Performance specifications
The significant specifications to evaluate the performance of the micropump include maximum flowrate,
maximum backpressure, pump power, and efficiency [8]. The pump efficiency refers to the ratio be-
tween the electric power consumption in actuator Pactuator and generated hydraulic power by pump
Ppump.

η =
Ppump

Pactuator
(2.1)

Where the maximum power generated by the pump relates to the maximum flowrate Qmax and
maximum pressure pmax as shown in the equation below.

Ppump(max) = Qmaxpmax (2.2)

The maximum flowrate Qmax here refers to the volume of fluid per unit time flowing pass through
the area A at zero backpressure as presented in equation 2.3. It can be calculated through the surface
integration of flow velocity v.

Q =
dV
dt

=

∫ ∫
A

v · dA (2.3)

The pressure exerted by the load device is referred to as the backpressure. The maximum back-
pressure Pmax is the highest pressure from the load device that the micropump can withstand. At this
pressure, the flowrate is zero. High backpressure ensures that no fluid backflow occurs when the pump
is shut down, thus protecting the system and maintaining the desired fluid distribution.

To achieve a higher pumping efficiency, a higher flowrate and backpressure and lower power con-
sumption are expected.
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2.1.2. Actuation types
According to the operation methods, the mechanical actuators can be further divided as electromag-
netic, electrostatic, thermo-pneumatic, shape memory alloy, and piezoelectric actuator [9].

Electromagnetic actuators
Electromagnetic actuators work through the principle that an energized coil produces a magnetic field.
In this kind of micropump, a permanent magnet is installed on the top of the membrane or embedded in
it and a solenoid (external magnet) with electronic assembly housing is put on top of the membrane as
shown in figure 2.2 [10]. When current flows through a solenoid, the interacting magnetic fields of the
permanent magnet and the magnetic field generated on the solenoid produce magnetic forces. The
force attracts or repels depending on the direction of the current, and this force causes the membrane
to vibrate, thus pumping the fluid in the channel.

Electromagnetic actuators can achieve a large deflection of the membrane. Additionally, since the
electromagnetic field appears and dissipates quickly, these actuators can operate with a fast response.
While this type of actuator requires an additional cooling structure to dissipate the generated heat, the
significant electromagnetic interference further limits its application in biomedical fields [10].

Figure 2.2: Electromagnetic actuation micropump [10]

Electrostatic actuators
Electrostatic actuators based on Coulomb force induce the displacement between two charged bodies
as shown in the equation 2.4, where ε0 is the permittivity of the air, A is the plate area, V is the applied
voltage, d is the air gap.

F =
ε0AV

2

2d2
(2.4)

According to this theory, there are two parallel charged plates used, one of which is stationary while
the other is movable as shown in figure 2.3. The magnitude of air gap d between two plates depends
on the applied voltage V . When the applied voltage disappears, the displaced membrane loosens and
returns to its initial position. Along the applied voltage switching periodically, the moving plate continues
to vibrate. The membrane of the micropump is fixed on the moving plate and follows its movement to
pump the fluid.

Figure 2.3: Electrostatic actuation micropump [10]

Electrostatic actuators are widely used in microdevices including micropump, microvalves, micro
motors, and micro mirrors with the advantages of lower power consumption, wide operating frequency
range, and convenient control. This type of actuator encounters a major limitation as a small deflection
stroke that under an applied voltage of 200V , the electrodes move only 5µm [10]. This characteristic
limits the potential to further increase the flowrate [11].
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Thermal actuators
Thermal actuators include thermopneumatic actuators and shape-memory actuators. Thermo-pneumatic
actuators utilize the thermally induced expansion caused by volume or phase changes in the liquid
sealed within the cavity, as illustrated in figure 2.4 [9]. The change in pressure ∆P with increasing
temperature ∆T can be expressed by the equation 2.5, where E is elastic modulus, β is the thermal
expansion coefficient and∆V /V is the volume change percentage. This pressure change in the cavity
periodically actuates the membrane motion.

∆P = E(β∆T −∆V /V ) (2.5)

The thermo-pneumatic actuators induce large deflections in the membrane, especially when the
thermal actuators operate through a liquid-gas phase change. However, their multiple shortcomings
limit the applications. Firstly, thermal actuators require high power consumption and suffer from slow
response times, as heat conduction and temperature changes take time. Furthermore, the amount of
generated heat can affect the media in the channel as well as the operating environment [9].

Figure 2.4: Thermopneumatic actuation micropump [10]

Shape Memory Alloy (SMA) material, illustrated in figure 2.5, can serve as a thermal actuator driven
by two solid-phase transitions: austenite and martensite. SMA material at low temperatures appears
as martensite, which has higher ductility than austenite, as well as withstanding higher deformation
[12]. Therefore, the material is deformed by applying a bias pressure and constrained at the two ends.
When the material is heated up and reaches the phase transformation temperature, it recovers to the
original flat shape. This phase-driven deformation causes the upward or downward movement of the
membrane. The commonly used SMA alloys include AuCu, InTi, and TiNi.

Figure 2.5: Shape memory alloy actuation micropump [12]

Although capable of generating a large stroke and possessing high damping capabilities, SMA ac-
tuators face a problem similar to that of thermopneumatic actuators, in that they require high power
consumption and are unable to operate at high frequencies due to low cooling efficiency. In addition,
the high-temperature sensitivity of SMA actuators makes it difficult to accurately control the deformation
they produce.
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Piezoelectric actuators
Piezoelectric actuators work on the principle that piezoelectric materials induce a strain under an ap-
plied voltage due to their polarized crystal structure. The structure of the piezoelectric actuation mi-
cropump is illustrated in the figure below. The magnitude of this induced strain relates to the coupling d
between the strain and the electric field as shown in equation 2.6. This piezoelectric coupling is a 6× 3
matrix in most of the piezoelectric materials, while d31 and d33 in this matrix are mainly used. In d31
mode, the electric field is applied in the vertical direction (3), and the strain forms along the horizontal
direction (1) as shown in figure 2.6. In contrast, d33 mode refers to the vertical direction (3) voltage
causes the vertical deformation (3) as shown in figure 2.7.

Figure 2.6: d31 mode Figure 2.7: d33 mode

Conventionally, micropumps operate in the d31 mode as shown in figure 2.8, fixing the bottom of the
piezoelectric material to the top of the membrane. When voltage is applied, the horizontal elongation
in the piezoelectric material causes the membrane a bending moment similar to a bi-morph, making
it move in the vertical direction. While micropump working on d33 is shown in figure 2.9. This kind of
piezoelectric micropump constrains the piezoelectric material from the top with a rigid plate.

ϵ = sEσ + dE (2.6)

Figure 2.8: Piezoelectric micropump working on d31 mode
[10]

Figure 2.9: Piezoelectric micropump working on d33 mode
[10]

Piezoelectric actuators are promising for MEMS applications because of their low power consump-
tion, accurate control, and quick response. [11]. However, the major shortcoming of the piezoelectric
actuator is its high driving voltage requirement. To produce sufficient deformation, the working voltage
of most piezoelectric actuators is higher than 100V, although its power consumption may be low [10].

Comparison of actuators types
Figure 2.10 summarizes the performance of previously reported micropumps driven by different kinds
of actuators [10]. Piezoelectric actuators stand out for achieving high backpressure and flowrate. In
addition, other actuators face specific limitations that hinder their applicability in biology, such as electro-
magnetic interference in electromagnetic pumps, thermal effects on the environment, and poor control
ability in either thermal-pneumatic or SMA pumps. Although electrostatic actuators are free from these
limitations, their low deformation capability limits the potential to achieve high flowrates in micropump.
Therefore, why not use piezoelectric micropumps in this project, which have the potential for high per-
formance in both high backpressure and large flowrate? The only minor issue to consider is the high
actuation voltage, which is acceptable compared to other types of actuators. Therefore, a piezoelectric
actuator is chosen.
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Figure 2.10: (a) Maximum flowrate and (b) maximum backpressure for micro pumps driven by different types of actuators [10]

2.2. Piezoelectric micropump
As previously mentioned, the piezoelectric micropump is driven by the coupling between electric energy
and mechanical energy of the piezoelectric material. This kind of micropump has two working modes,
suction mode and discharge mode, as illustrated in figure 1.1. The motion of the piezoelectric material
is controlled by changing the magnitude and polarity of the applied voltage. In the suction mode, the
membrane is actuated by piezoelectric material and forms an upward motion. Due to the increase in
the chamber volume, the chamber pressure becomes lower. The lower chamber pressure compared
with the atmospheric pressure pumping fluid in through two open channels. The existence of the valves
is to control the fluid direction. With the valve at the inlet open and at the outlet closed, fluid flows from
the inlet channel solely. Despite the use of valves, flow rectifiers serve as an alternative method for
controlling the direction of fluid flow, which will be further explained in the following chapter. In the
discharge process, the fluid is pumped out through the open outlet valve by the upward movement of
the membrane.

The flowrate, as one of the important performance indicators, depends mainly on the vertical defor-
mation of the membrane caused by the piezoelectric material. The d31 mode is preferred for its ability
to enhance vertical deformation and achieve greater deflection. Based on d31 mode, Linnemann et al.
conducted a simplified theoretical calculation of flowrate as shown following, not accounting for the ef-
fects of valves and membranes, and assumed that the stroke volume for each cycle of the micropump
is the spherical deformation volume of the circular piezoelectric material [13]. Also, the micropump was
assumed to work at its resonance frequency, where the vertical deflection in the piezoelectric actuator
is maximal at a specific applied voltage U .

Based on these assumptions, the longitudinal deformation in the piezoelectric material can be de-
scribed by the following equation, where represents the initial length of the piezoelectric material.

∆l

l
= sEσ + d31

U

t
(2.7)

The vertical deflection w(r) on piezoelectric material can be calculated by equation 2.8, where Rp

is the radius of a circular piezo disk.

w(r) = −3d31U

t2
R2

p(1−
r2

R2
p

) (2.8)

The maximum deflection is achieved at the center (r = 0) of the piezo disk as shown in equation
2.9.

wmax(r = 0) = −3d31U

t2
R2

p (2.9)

The stroke volume V0 can be achieved through the integrating of equation 2.9.

V0 = −3π

2

d31U

t2
R4

p (2.10)
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Therefore, the flowrate generated is calculated as follows, where V0 is the stroke volume and f is
the frequency (pumping cycles per unit time). This flowrate is based on a simplified calculation that only
considers the influence of the piezoelectric actuator and does not take into account the valve structure
and membrane dimensions.

Q = V0f (2.11)
From this rough estimation, it can be determined that the factors affecting the flowrate due to the

piezoelectric material include the magnitude of d31, the thickness t, and the radius Rp.

2.2.1. Piezoelectric material
Piezoelectric material possesses a non-centrosymmetric crystal structure. These materials have a
piezoelectric effect: under mechanical stress, the displacement in charge centers changes, thereby
generating an electric field. This material property can also be the reversed (inverse piezoelectric
effect), meaning that when a voltage is applied, the material deforms. Figure 2.11 takes the Aluminium
Nitride (AlN) as an example to illustrate the piezoelectric effect. This effect is modeled by 2.6.

Figure 2.11: Piezoelectric effect of AlN [14]

Table 2.1 summarizes the widely used piezoelectric materials in MEMS devices with their charac-
teristics and fabrication techniques.

Material Abbreviation d31 (pmV ) d33 (pmV ) CMOS
compatibility

Bio
compatibility Deposition Reference

Aluminum
Nitride AlN 1.28 3.15 yes yes Magnetron

sputtering [14]

Lead
Zirconate
Titanate

PZT 60 180 no no Pulsed laser
deposition [14]

Zinc Oxide ZnO 3.32 5.9 no yes

Chemical
vapor
deposition,
sol-gel,
Magnetron
sputtering

[14]

Lithium
Niobate LiNbO3 4.94 25.31 yes yes Film transfer [14]

Polyvinylidene
Fluoride PVDF 32 28 NA yes

Solution
casting, elec-
trospinning,
hot press

[15]

Table 2.1: Overview of piezoelectric material characteristics and fabrication techniques

Among them, Lead Zirconate Titanate (PZT) as a piezoelectric ceramic material has significantly
high piezoelectric coefficients, which surpass those of other materials by a factor of nine. The general
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chemical formula of it is PbZrxTi1−xO3 indicates that PZT is a composite material prepared from the
ferroelectric PbTiO3 and the antiferroelectric PbZrO3. Most existing piezoelectric micropumps use PZT
as the piezoelectric material. Table 2.2 lists some examples of existing piezoelectric micropumps and
verifies this.

Piezoelectric
material

Structure
material

Backpressure
(kPa)

Max flowrate
(mL/min) Media Reference

PZT silicon 2 0.122 water [16]
PZT silicon 4 0.7 NA [17]
PZT PMMA 15.25 16.4 water [18]
PZT PMMA 40.5 318 water [19]
PZT PLA NA 271 water [20]

PZT
Silicon and
photosensitive
resin

50 0.09 De-ionized
(DI) water [21]

Table 2.2: Examples of piezoelectric micropumps

Meanwhile, the CMOS compatibility and bio-compatibility of the material need to be considered
during fabrication along with the deposition methods. The fabrication of PZT thin film is a problem
since lead is a toxic material and causes contamination in the fabrication equipment. This property
is also reflected in its lack of compatibility with both CMOS and biology. Pulsed Laser Deposition
(PLD) is the main technique used to deposit PZT thin films. The ability of PLD to transfer materials
stoichiometrically from amulti-component target to the developing film sets it apart from other deposition
techniques. This property is especially important for complicated oxides such as PZT because the
precise proportional composition of PZT’s chemical constituents has a significant impact on its qualities
[22]. The sol-gel method is another technique for fabricating PZT, which uses propyl alcohol as a solvent
and lead acetate, zirconium n-propoxide, and titanium isopropoxide as precursors [23]. The resulting
solution contains PbZr0.53Ti0.47O3 compositions. Following extensive post-processing, this solution is
heated to produce the solidified PZT gel powder. The sol-gel method offers the advantage of easily
controlling the microstructure growth and the material composition. However, its shortcomings include
the need for high-temperature processing and associated costs [24].

The deposited thin film can be patterned through dry and wet etching. The dry etching methods
include ion beam etching (IBE) and reactive ion etching (RIE), offering a high detail retention in the
patterned shapes. However, dry etching has a significant shortcoming: it affects the electrical perfor-
mance of PZT thin films [25]. Specifically, the ion bombardment in IBE processing induces local stress.
and RIE processing is unable to achieve good surface roughness on the sidewalls. Therefore, dry
etching is seldom used in the PZT thin film fabrication. In contrast, wet etching is more widely used
due to its higher etching rates and lower costs. Wet etching uses HCl and HF solutions to etch PZT
thin film in one step. However, HF has different reaction rates with the Ti and Zr in PZT and limits the
etching accuracy. Performance loss in PZT patterning still presents a difficulty, notwithstanding Su et
al.’s concept of a two-step wet etching procedure to counteract these effects [25].

Among the rest piezoelectric materials, polyvinylidene fluoride (PVDF) as a thermoplastic, shows
great potential for MEMS applications due to its relatively high piezoelectric coefficients, environmental
friendliness, acid resistance, lightweight and biocompatibility [26]. Additionally, the low Young’s modu-
lus of PVDF (2.5−3.5GPa) enables it to deform in a large displacement as an actuator [27]. PVDF has
five phases: α, β, γ, δ, and ε, only β phase exhibits piezoelectric properties [15]. Since PVDF initially
exists in the α phase, it is essential to convert phase α to β through poling and stretching to enhance its
piezoelectric capabilities. However, current fabrication methods for PVDF thin films, such as solution
casting, electrospinning, and hot pressing, cannot achieve precise control for this phase transition.

Lithium niobate (LiNbO3) is mainly used in surface acoustic wave (SAW) devices. LiNbO3 need
high deposition processing temperature of up to 1525◦C during the fabrication process [14]. Difficulty
in precise control of orientation and texture during manufacturing limits the application of this material.
In terms of Zinc oxide (ZnO), its low piezoelectric properties, combined with possible contamination in
manufacturing lines and its reactivity with other materials, limits its usage in MEMS devices. Aluminium
Nitride (AlN) has emerged as a newmaterial choice for transducers owing to its low deposition tempera-
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ture range of 20◦C to 400◦C, along with its good CMOS and biological compatibility [14]. Also, it avoids
contamination during fabrication. However, an essential shortcoming of AlN is its lowest piezoelec-
tric coefficients. To address it, doping scandium into the AlN to form the Scandium Aluminum Nitride
(ScAlN) which doubles its d31 and d33 values compared with the AlN is a potential solution [28].

2.3. Flow rectifier type
For pumps lacking a flow direction component, fluid flows equally through both the inlet and outlet due
to identical resistance in the channels. Therefore, a flow rectifier is a necessary component in the
micropump for directing the flow. Flow rectifiers can be divided into two categories: one employs the
opening and closing of a valve to control flow direction, and the other utilizes the difference in flow
resistance between the forward and reverse directions. The former refers to valve-based pumps, while
the latter is known as valve-less pumps.

2.3.1. Valve-based pump
The structure of a valve-based pump is complex, involving the different layers of the pump’s external
structure, valve, membrane, and piezoelectric actuator. Figure 2.12 takes an example of a bridge-valve-
based micropump developed by Fan et al [29]. These seven layers assembled through the screw-nut
connection to form the micropump is the figure 2.13.

Figure 2.12: Exploded view of a valve-based micropump[29] Figure 2.13: Assembled valve-based micropump [29]

Depending on the valve’s state in its initial condition, valves can be categorized as normally open
(NO) and normally closed (NC). The figure below illustrates the schematics of these two types of valves.
In a NO valve, the channel is always open, allowing fluid to flow in its resting state. Only the movement
of the membrane, as illustrated by the dashed line, will close the channel and stop the flow. Conversely,
a NC valve keeps the channel closed in its resting state, and the movement of the membrane will open
it. NC valves are more suitable for media delivery since the amount of media can be controlled more
accurately since the media will not flow into the chip when the power is off [30].

Figure 2.14: (a) Normally Open (b) Normally Closed valve

Valve-based micropumps can be categorized into passive and active valves based on their control
methods. Active valves necessitate an external control system for operation, increasing the system’s
control complexity. In contrast, passive valves implement their open and closemodes through structural
design. Check valves are fabricated frommaterials with lower Young’s modulus for easy open over their
operation. Table 2.3 summarizes the common materials used in check valve fabrication. Polymers
such as PLA and PET, significantly more flexible than silicon and metals by an order of magnitude,
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are widely used in check valve production [8]. PDMS/PMMA is also chosen as valve material for its
biocompatibility and low stiffness. The PDMS check valve is fabricated using multilayer soft lithography,
while the PMMA check valve is produced through laser micromachining. Rubber, known for its softness,
is commonly used as an umbrella valve.

Material Young’s modulus (Gpa) Material Young’s modulus (Gpa)
stainless steel 240 PLA 4.107
beryllium brozen 131 PET 2.8
glass 51 PMMA 2.9
silicon 10 PDMS 0.0021

rubber 0.006

Table 2.3: Young’s modulus of different materials

Depending on the structure of the valve, passive valves can be classified as cantilever valves, two-
fixed ends valves, wheeled check valves, umbrella valves, ball valves, and other passive valves.

Cantilever valve
The cantilever valve is one of the simplest designs. As shown in figure 2.15, it consists of a structure
with one fixed/anchored end and a free opposite end. In the suction mode, fluid comes from the top
and opens the inlet valve. In the discharge mode, the fluid pushes the inlet valve upwards and closes
the channel due to the existence of the upper block. The cantilever valve requires low open pressure
but also results in the possibility of backflow and withstands low backpressure [31]. In addition, the
cantilever valve has a shortcoming, that fluid forms a rotation motion around the open cantilever valve
and induces the eddy flow at the end as shown in figure 2.16. The cantilever valve is always fixed
through gluing or clamping to the substrate.

Figure 2.15: Structure of cantilever valve [17] Figure 2.16: Illustration of the eddy flow around the cantilever
valve [17]

Two fixed ends valve
Figure 2.17 illustrates the structure of two fixed ends valves along with their open and close modes.
Two fixed valves using two valve seats sandwiched a rectangular thin plate valve in the middle. The
opening of the two fixed-end valves is based on the deformation of the middle thin plate valve. The
valve holes come in two shapes: rectangular and round. Valve holes are often circular since they have
lower hydraulic losses than rectangular ones. [31]. The two fixed-end valves can work under high
driving frequency and achieve good cut-off performance.
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Figure 2.17: Structure of two fixed-end valves with (a) rectangular holes, along with their (b) open mode and (c) closed mode,
is described. Additionally, (d) presents the structure of two fixed-end valves with circular holes, as well as their (e) open mode

and (f) closed mode.[31]

Bridge (wheeled) check valve
The bridge valve, also known as a wheeled valve, consists of valve arms and a middle valve plate, as
shown in Figure 2.18. When fluid flows from the top, the hydraulic pressure bends the four arms around
the middle plate, allowing fluid to flow through the gap between the arms. In the reverse flow direction,
the middle plate blocks the channel due to its larger dimension compared to the channel width. Some
bridge valve designs feature arms as compliant orthoplanar springs to further ease the opening of the
valve [32]. The bridge valve offers superior cut-off performance and flowrate compared to cantilever
valves. Additionally, the fluid flow through the valves is distributed symmetrically, producing a uniform
vertical force on the valves [17]. Its drawback lies in the complexity of fabrication.

Figure 2.18: Structure of bridge valve [17] Figure 2.19: Illustration of the symmetric flow
around the bridge valve [17]

Umbrella valve
Umbrella valve works through two principles. Figure 2.20 illustrates the first kind of umbrella valve,
which moves limited by the clamping ring. The umbrella valve is installed to the fixing hole at the
valve seat. The open mode is shown in figure 2.20 (b) as fluid moves the umbrella cover upwards and
flows through the gap between the umbrella cover and valve seat. The reverse fluid flow pushes the
umbrella cover in contact with the valve seat therefore closing the channel. Another type, showcased
in figure 2.21, is crafted from soft rubber, chosen for its exceptional flexibility and low density, enabling
rapid response of the umbrella valve [20]. Since rubber has tremendous flexibility and low density,
the umbrella valve responds quickly. The clamping ring is embedded in the micropump substrate [29].
The hydraulic pressure caused by the fluid deforms the umbrella cover and controls the opening and
closing of the channel through it. In the suction mode, the umbrella cover at the inlet moves upwards
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and opens the channel. In the discharge mode, the umbrella cover deforms downwards and touches
the substrate therefore closing the inlet channel. The valve at the outlet works oppositely. An umbrella
valve has better sealing capability and requires low static open pressure for the first kind of umbrella
valve. However, the complex structure of umbrella valves makes it unlikely that they can be scaled
down to micron sizes.

Figure 2.20: (a) Structure of umbrella valve with clamping ring at (b) open
mode and (c) close mode [31].

Figure 2.21: Structure of umbrella valve made of
rubber at (a)suction mode (b) discharge mode of

micropump [20]

Ball valve
The ball valve consists of a spherical particle and a conical valve channel. The open and close modes
are controlled by the movement of the ball. As illustrated in Figure 2.26, fluid flow from the left pushes
the ball towards the right [31]. Since the channel at the right end is designed to be larger than the
diameter of the ball, it allows fluid to flow through the gap, thus opening the valve. In contrast, fluid flow
from the left closes the valve. Ball valves are commonly used in traditional pumps due to their excellent
mechanical robustness and low manufacturing costs. Given that the spherical structure can tightly fit
into the round hole, ball valves can withstand high backpressure. Furthermore, the spherical structure
has minimal resistance, allowing for a potentially high flowrate. However, the efficiency of ball valves
decreases at high working frequencies.

Figure 2.22: Structure of ball valve [31]

Other passive valves
Despite the above commonly used check valves, there are other structure valves illustrated in the 2.24
including ring mesa, V-shape, membrane, float, and elastomeric membrane check valves but relatively
lack of use due to being worse performance and complex fabrication process.
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Figure 2.23: Passive check valves: (a) ring mesa, (b) membrane , (c) V-shape, (d) float and (e) elastomeric membrane. [8]

Summary of different passive check valves
Despite the research about micropump in the university, commercial companies such as Fraunhofer-
Gesellschaft [33] and Bartels mikrotechnik [34] also created some high-performance valve-based mi-
cropump. Table 2.4 reported the state of art passive check valves in terms of the type of valve, valve
material, backpressure, and flowrate over time.

First author Year Type of valve Valve material Backpressure
(kPa)

flowrate
(ml/min) Reference

Carozza 1995 Ball stainless steel 25 2.7 [35]
Nguyen 2004 Bridge SU-8 2 1 [32]
Feng 2004 Bridge silicon 4 0.7 [17]
Yamahata 2005 Ball glass 28 5 [36]
Shen 2008 Ball PMMA 35 6 [37]
Ma 2008 Cantilever PDMS 6.404 2.35 [38]
Kan 2008 Cantilever beryllium brozen 48.6 7.6 [39]
Park 2013 Cantilever stainless steel 14 3.7 [40]
Cheng 2013 Bridge stainless steel 32 1.82 [41]
Wang 2014 Two fixed ends PDMS 22.5 118 [42]
Chen 2015 Two fixed ends PDMS 85 1660 [43]
Ma 2015 Bridge silicon 1.96 6.21 [44]
Zhang 2016 Umbrella rubber 5.16 3.12 [45]
Zeng 2016 Umbrella PMMA 40.5 318 [19]
Dong 2017 Bridge beryllium brozen 4.08 1513.2 [46]
Dong 2017 Bridge PET 0.89 2184.7 [47]
Hwang 2018 Bridge NA 5171.25 205 [48]
Peng 2019 Umbrella silica gel 32.47 1845 [49]
Woo 2020 Cantilever PET 30.9 27.9 [50]
He 2020 Umbrella rubber NA 271 [20]
Dong 2020 Bridge PET 0.82 2034.7 [51]
Pan 2021 Ball polystyrene 23 99.6 [52]
He 2021 Bridge PLA 27.41 226.4 [53]
Fan 2022 Bridge PMDS and PI 33 162 [29]
Fraunhofer NA Bridge silicon NA 80 [33]
Bartels NA Cantilever PPSU 70 10 [34]

Table 2.4: Comparison of different valve-based micropumps
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Figure 2.24 summarized their performance. It can be found that bridge valves have a wide back-
pressure range, while other kinds of passive valves limit the backpressure to 100kPa. For the flowrate
performance, two fixed ends, bridge, and umbrella valves present a relatively high flowrate up to thou-
sands of flowrate. However, the main problem among these three valves is the complex fabrication
process, especially during assembly. Ball and cantilever valves require low manufacturing costs due
to their simple structure.

Figure 2.24: Performance of different types of passive check valve (a)Backpressure and (b) Flowrate

2.3.2. Valve-less pump
Unlike the valve-based pump, which uses a check valve to open and close the channel for directing
purposes, the channel in the valve-less pump is always open, allowing fluid to flow through both the
inlet and outlet during the working of the micropump. The direction of the fluid is determined by the
difference in flow resistance between the forward and reverse directions in the channel, effectively
performing the function of a valve [54]. The flow resistance coefficient reflects on the pressure loss
coefficient and is defined as equation 2.12, where ξ is the pressure loss coefficient, ∆p is the pressure
difference at the inlet and outlet around the flow rectifier structure, ρ is the fluid density, v is the average
flow velocity at the outlet [55].

ξ =
∆p

ρv2/2
(2.12)

The impedance ratio ζ is defined as follows. Where ξ− is the reverse flow resistance coefficient
and ξ+ is the forward flow resistance coefficient. For the pump to function effectively, ζ must be greater
than one. A higher value of ζ is preferred to achieve maximum pump efficiency and a high flowrate
[55].

ζ =
ξ−
ξ+

(2.13)

Valveless micropump can be mainly divided into two categories: external flow pipe type and built-in
structure type [54]. The valveless micropump with external flow pipe achieves the one-way flow through
the flow resistance difference in the special tubes such as diffuse/nozzle tubes, Y-shape tubes, and
tesla valve tubes. In contrast, the built-in structure places the flow rectifier inside the pump chamber;
examples include baffles of different shapes. The structure of the valve-less micropump is simpler
compared to that of the valve-based micropump. Figure 2.25 presents an example of an external flow
pipe type of valve-less micropump innovated by Lee et al. [56]. This micropump consists of two layers:
the top layer serves as the membrane and has a PZT disc glued on top of it to act as the actuator. The
bottom layer incorporates the chamber and flow rectifier structure. Here, an asymmetric obstacle acts
as the flow rectifier to direct to flow.
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Figure 2.25: Example of valve-less micropump structure [56]

External flow pipe type
Stemme and Stemme [55] proposed the first concept of valveless piezoelectric micropump with two
diffuser-nozzle channels to direct the flow in 1993. The structure of the diffuser and nozzle is illustrated
in the figure below, where ϕ is volumetric flow, equaling the cross-section area of the narrowest parts
of the channel times the fluid flow velocity.

ϕ = Av (2.14)

Since flow resistance in the diffuser direction is lower than the nozzle direction, fluid tends to come from
the diffuser channel. This indicates that a bigger amount of fluid is transferred to the chamber through
the inlet during the supply mode. The pump mode shows the opposite phenomenon. The channel
design of the diffuser/nozzle element consists of two types: conical and flat-walled, both of which have
almost the same diffuser capacity. The impedance ratio achieved as 1 < ζ < 5. This diffuser-nozzle
micropump performs 16ml/min flowrate and 19.6kPa backpressure. The diffuser-nozzle structure is
a commonly used flow rectifier in micropumps. Olsson et al. [57], Nguyen et al. [58], and Tseng et al.
[59] have optimized its geometry and broadened its application.

Figure 2.26: Structure of diffuser/nozzle based pump at (a) supply mode and (b) pump mode[55]

Based on the natural phenomenon that the fractal structure of a tree helps reduce flow resistance
during the transportation of nutrients and moisture, Huang et al. propose the treelike Y-shaped tube as
illustrated below [60]. When flowing through the Y-shape, the energy loss in the merged or divided flow-
ing direction is different, therefore inducing one-way directing. This valveless micropump is measured
at a maximum flowrate of 35.6ml/min and backpressure of 539Pa when applying 100V voltage to the
actuator. Huang et al. continued their study about the Y-shape tube and reported that an increase in
the number of branches decreases the performance of the micropump due to increased energy loss in
the channel [60].
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Figure 2.27: Treelike bifurcate Y-shape tubes [60] Figure 2.28: Valveless piezoelectric pump with Y-shape tubes
[60]

The Tesla valve, depicted in figure 2.29, is a widely-used flow rectifier invented by Nikola Tesla in
1920. It utilizes inertial forces and viscous losses to facilitate unidirectional flow. The bottom structure in
figure 2.29 illustrates the forward flow encountersminimal resistance, while the reverse flow in the upper
structure will be divided into channels therefore blocking the flow of each other. Based on this principle,
Yao et al used a tesla valve as a flow rectifier in the piezoelectric micropump and measured a maximum
flowrate of 79.26ml/min [61]. However, the effectiveness of the Tesla valve’s irreversibility is closely
related to the flow state (laminar or turbulent), showing better one-way directionality at higher Reynolds
numbers (Re) [62]. For Re = 300− 1500, the impedance ratio of the Tesla valve is approximately 2.

Figure 2.29: Schematic modified from Tesla’s patent [62] Figure 2.30: Valveless micropump with Tesla tubes [61]

Installing a baffle inside the channel to direct the flow is another option. The aerofoil-shaped struc-
ture is used as the direction-sensitive element to direct the fluid, innovated by Teng Yong Ng et al.[63]
as shown in figure 2.31. This micropump comprises a hollow pump chamber in the center, with aerofoil-
shaped structures at the inlet and outlet channels serving as flow rectifiers. (The individual numbers
in the figure identify the structure of the parts on the micropump; for more detail, refer to the original
patent document.) The working principle behind this design is that an aerofoil is a streamlined geo-
metric shape, ellipsoidal at the front and sharp at the rear. When fluid approaches the front and flows
along the shape in the laminar state, the flow resistance is small. In contrast, flow in the reverse di-
rection significantly increases disturbance at the rear, along with the pressure gradient. Consequently,
the boundary layer separates at the rear end, inducing eddy flow and thereby creating higher flow re-
sistance. Based on this principle, positioning the round end of an aerofoil baffle at the inlet and the
sharp end at the outlet causes the fluid to flow more smoothly during suction mode. Teng Yong Ng
further enhanced the difference in flow resistance through the varying drag coefficients of the aerofoil
at different angles of attack and by adding additional aerofoil-shaped structures.
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Figure 2.31: Valve-less micropump with aerofoil-shaped structure [63]

Wang et al [64] took advantage of the uneven flow resistance caused by airfoil baffles in both forward
and backward directions as well, as illustrated in the figure 2.32. Wang et al. tested three geometric
aerofoil structures (NACA 0015, NACA 63-412, and Clark Y) and found that the symmetric structure,
NACA 0015, performs the best with the impedance ratio as 1.063. The measured maximum flowrate
of the micropump with a NACA 0015 aerofoil baffle is 235.56ml/min, and the maximum output back-
pressure is 842.8Pa.

Figure 2.32: Working principle of micropump with aerofoil baffles [64]

Built-in structure type
In contrast, valveless miniature pumps with built-in structural types incorporate an asymmetric struc-
ture into the chamber. This structure directs flow through unequal resistance in forward and reverse
directions by creating an imbalance. Researchers Ji et al. introduced hemisphere segments within
the pump chamber as the implantable flow rectifier structure in 2014 [65]. The resistance to flow in
non-streamlined shapes within the fluid arises mainly from frictional resistance and pressure drag. For
instance, with a hemisphere, the drag coefficient (Cd) on the round surface is 0.42, but this coefficient
increases to 1.17 at the vertical end face. Ji et al utilized half of the hemisphere as the flow-rectifying
structure implanted in the micropump’s chamber. The working principle of this design is illustrated in
Figure 2.33, fluid tends to flow along the round surface. This micropump achieved a maximum flowrate
of 30ml/min and a maximum backpressure of 256.76Pa.
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Figure 2.33: Working process of micropump with hemisphere structure at (a) absorbing process (suction mode) (b) Draining
process (discharge mode) [65]

In 2019, Zhao et al. [66] proposed a crescent-shaped structure in the chamber to achieve a one-
way flow direction, as illustrated in the figure 2.34 (e). The working principle behind this is that fluid
flows smoothly around the external rounded angle of the crescent-shaped structure due to little energy
loss. While flow from the opposite direction is easily induced the vortex inside the crescent shape due
to the lower inner pressure. As a result, the fluid tends to flow from the left end to the right end either in
suction mode or discharge mode. This research studies the relationship between the flowrate and the
number of crescent-shaped structures. The maximum flowrate measured in this valveless micropump
is 286mL/min at 220V and 82Hz AC voltage.

Figure 2.34: Illustration of working principle of piezoelectric micropump during (a) and (b) suction mode, (c) and (d) discharge
mode. (e) presents the cross-section view of the pump body [66].

Summary of different types of valve-less micropump
Table 2.5 presents some examples of valve-less micropumps. It can be found that most valveless mi-
cropumps place the flow rectifier inside the external pipe. Compared with the valve-based micropump
listed in the table 2.4, the valve-less micropump has a lower performance either in flowrate or in back-
pressure. However, the fixed-flow rectifier structure simplifies the fabrication process and eliminates
the need for a multi-layer structure in the valve-based micropump.



2.4. Manufacture methods 21

First
author Year Pump type Flow rectifier Material Backpressure

(kPa)
flowrate
(ml/min) References

Stemme 1993 External pipe Diffuser/nozzle brass 19.6 16 [55]
Olsson 1997 External pipe Diffuser/nozzle silicon 74 2.3 [57]
Nguyen 2001 External pipe Diffuser/nozzle PCB 7 3 [58]
Tseng 2013 External pipe Diffuser/nozzle PMMA 2.9 0.4 [59]
Huang 2013 External pipe Y-shape NA 0.55 35.6 [60]

Ji 2014 Built in
Hemisphere
segment
structure

organic glass 0.257 30 [65]

Zhang 2019 Built in Fluid guiding
body PLA NA 167.8 [67]

Zhao 2019 Built in Crescent-shaped
structure PLA NA 286 [66]

Huang 2020 External pipe Y-shape and
diffuser/nozzle NA 0.38 3.6 [68]

Yao 2021 External pipe Tesla valve polymer NA 79.26 [61]

Wang 2023 External pipe Airfoil baffles photosensitive
resin 0.842 235.56 [64]

Table 2.5: Comparison of different types valve-less micropump

Comparison of valve-based micropump and valve-less micropump
Valve-based micropump shows better performance in flowrate and backpressure as shown in figure
2.35. The flowrate higher than 150ml/min is mostly achieved by valve-based pumps. In addition, a
valve-based pump manufactured by Lemke can withstand the highest backpressure as 50.5kPa [69].
The limitation of it is not able to work in a high-frequency region due to the phase lag of the valves
and pump [11]. In addition, valve-based micropump suffers from fatigue and wear problems at the high
working frequency [11]. In contrast, valve-less micropumps do not involve moving parts in fluid control;
therefore, high working frequencies are possible, allowing media-containing particles to flow without
the problem of clogging. While the difference in the forward and reverse flow direction for the flow
rectifier structure is limited, the valve-less micropump cannot achieve a high flowrate. Also, the lack
of a complete close condition for this kind of micropump causes relatively low backpressure. Typically,
the working flowrate of valve-less micropump is lower than 250ml/min, and backpressure is less than
40kPa.

Figure 2.35: (a) Maximum flowrate and (b) maximum backpressure for valve-based micropump and valve-less micropump [11]

2.4. Manufacture methods
Manufacturing methods for piezoelectric micropumps have evolved along with the development of tech-
nology. Piezoelectric micropumps were originally manufactured using MEMS technology, as demon-
strated by the micropumps made by Stemme and Stemme [55], Linnemann et al [13], Koch et al [16],
Nguyen et al [32], Feng et al [17], and Kim et al [70]. These micropumps were produced by lithography



2.4. Manufacture methods 22

of individual silicon wafers and then bonding them together. The lithography etch can achieve resolu-
tions at the nano-level. Figure 2.36 illustrates the fabrication process of the bridge valves micropump
as an example. The fabrication steps for micropumps are tedious and have limitations on the materi-
als and geometry. Therefore, with the advancement of technology, later micropumps tend to combine
micro-machining and 3D printing for fabrication.

Figure 2.36: Etch and deposition fabrication steps for the piezoelectric micropump [17]

Figure 2.37 presents some examples of micropumps fabricated using micro-machining techniques.
Kan et al. [71] fabricated a piezoelectric micropump with a cantilever valve in 2005, as shown in Figure
2.37(a). The pump body and upper cover are made of PMMA and were shaped by a precision-carving
machine. The cantilever valve was made of a beryllium bronze membrane, 0.05mm in thickness, and
was also fabricated using a precision-carving machine. The finished layers and PZT disk were stacked
and glued together. Ma et al. [72] fabricated a micropump with bridge valves in 2015, as shown in
Figure 2.37(b). This micropump was also made of PMMA, fabricated by milling each layer with a CNC
milling machine. Two check valves were made of 0.09 mm silicon film and were cut by a laser cutting
machine. Additionally, Ma et al. [44]created another type of micropump structure in the same year, as
shown in Figure 2.37(c). This micropump uses PDMS as the pump material. Initially, the liquid PDMS
was solidified in the mold through thermal curing. After that, a 3-axis CNC milling machine was used to
cut the material into the desired geometry. Micro-machining expands the range of materials available,
allowing bio-compatible materials PMMA and PDMS to be used as the material of choice for pump
production.

As additive manufacturing technology matures, 3D printing is gradually becoming the third choice
for micropump manufacturing due to its advantages in geometry-free and rapid fabrication. Wits et al.
[73] manufactured a micropump using Selective Laser Melting (SLM), as shown in figure 2.37 (d). He
et al. [20], manufactured two micropumps using a Fused Deposition Modeling (FDM) 3D printer in 2020
and 2021, as shown in figure 2.37 (e) and (f), respectively. Additionally, most valveless micropumps
are 3D printed to achieve their complex geometries. However, 3D printing applications in micropump
manufacturing have some shortcomings at the scale of hundreds of micrometers. Due to resolution
limitations, 3D-printed micropumps are relatively larger than those fabricated with MEMS technology
or micromachining.
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Figure 2.37: Piezoelectric micropump: (a) piezoelectric cantilever-valve micropump by Kan et al [71], (b) a piezoelectric-driven
miniature pump with rib structure pumping chamber by Ma et al [72] and (c) a piezoelectric micropump with novel separable
design by Ma et al [44] (d) Metal additive manufacturing micro-pump by [73], (e) micropump with straight arm bridge check

valve and [53] (f) micropump with umbrella check valve [20]

2.4.1. 3D printing
3D printing belongs to a set of additive manufacturing techniques, that involve converting digital com-
puter models into a solid 3D prototype through layer-by-layer forming [74]. The widely used addi-
tive manufacturing methods relevant to microfluidic device fabrication include Stereolithography (SLA),
Fused Deposition Modeling (FDM), Multi-jet molding (MJM) and Selective Laser Sintering (SLM). Ex-
cept for MJM, which uses metal powder, the other three 3D printers utilize polymers as raw materials.
Among these, SLA achieves the highest resolution around 100µm, while the resolution for MJM and
FDM are 300µm and 350µm respectively [75]. SLA prints the model by selective polymerization of the
liquid by laser or visible DLP light. Although SLA has very few topological restrictions in 3D geometry,
it still requires support for some overhanging structures. The figure below shows an example of a part
that needs a support structure to achieve its printability [76]. There are several slicer software options to
help automatically build up the support including Cura, Lychee Slicer, Chitubox, PrusaSlicer, etc. The
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build orientation also influences the geometry of the required support. Removing the support requires
manual work such as cutting, grinding, or milling. Additionally, the support-adding method can affect
the surface roughness after post-processing.

Figure 2.38: (a)Object (b)The support needed (blue part) to ensure the printability of object [76]

2.5. Research Approach
2.5.1. Research Gap
Chapters 1 and 2 have summarized the state-of-the-art in micropumps. Through the literature review,
two research gaps have been identified:

1) The fabrication methods used for ball check valves fabrication in the literature include stere-
olithography [35], powder blasting [36] [37], and micro-machining [52]. These fabrication processes for
pumps are complex in process. 3D printing technology has the advantage of free geometries. While
the feasibility of 3D-printed micropumps remains unexplored.

2) Ball valves have been verified to have a simple fabrication process and excellent backpressure
resistance in electro-magnetic micropumps, but their application in piezoelectric micropumps has been
minimally explored.

3) Current valve-based micropumps all generate flow rates in the ml/min range, which is not ideal
for OoC applications. Micropumps with flow rates in the μl/min range are mainly achieved through
micropumps with valveless rectification structures. However, valveless micropumps have issues with
low backpressure and significant backflow.

2.6. Research Question
Based on these research gaps, the research question is proposed:

How to manufacture a piezoelectric micropump with ball valves using rapid prototyping 3D
printing technology

This research question can be further divided into the following sub-questions:

1. How to achieve the flowrate between 1µl/min and 100µl/min for the OoC applications?
2. What is the flow rate performance of a piezoelectric micropump with ball valves in terms of fre-

quency, voltage, and backpressure?
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3D-printed piezoelectric micropump with ball valves

Abstract: Micropumps are essential for providing controlled fluid dynamics in Organ-on-a-Chip (OoC) devices. Additive
manufacturing builds up prototypes in several hours with a free-geometry advantage. Therefore, this master’s thesis inves-
tigates the utilization of additive manufacturing to produce a micropump with a flow rate in the range of several µl/min for
OoC applications. A ball valve-based piezoelectric micropump was fabricated with a mSLA 3D printer. This micropump
generates unidirectional flow through the reciprocating motion of the piezoelectric actuator and the movement of a ball within
the conical channel. The virtual mass due to the inertia of the fluid inside the chamber shifts the resonance frequency of the
piezoelectric actuator from the 1600 Hz to 43 Hz. The maximum flow rate of 26.5µl/min was generated when the applied
sinusoidal voltage was 240 Vpp at 5Hz and the maximum back pressure of 36.5 mbar was obtained under this power supply.
These results confirm that additive manufacturing provides a promising option for miniature pump manufacturing.

1 Introduction

Organ-on-a-chip (OoC) technology combines biology and
microtechnology to mimic human physiology in vitro [1]. To
achieve this replication, biological cells are cultured on the
chip, and microfluidics are used to mimic the in-vessel en-
vironment. Traditional model organisms and cell cultures,
as traditional biological tools, both have their limitations.
Although in vivo imaging has made significant advances,
direct studies in mammals such as mice and humans re-
main challenging. In 2D and 3D cell cultures, some in
vivo relevance must be sacrificed to facilitate experiments.
For example, these cell culture methods are typically per-
formed in static environments without fluid shear forces or
compressive mechanical stress. As a novel biological sys-
tem modeling tool, OoC compensates for the limitations of
these two approaches by providing a higher level of in vivo
relevance and allowing direct observation of cell and tissue
behavior.

The required peripheral systems for OoC devices in-
clude flow controllers, micropumps, microfluidic multiplex-
ers, and reservoirs [2]. Among these, the micropump func-
tions as the beating heart [3]. The first miniaturized pump
was developed by Thomas and Bessman in 1975 [4]. Sub-
sequently, Spencer and Lintel et al. proposed micropumps
with active and passive valves in 1978 and 1988, respec-
tively [5] [6]. Research on micropumps increased signif-
icantly and has continued to grow in the decades since.
Based on the external power source, micropumps can be
categorized as non-mechanical or mechanical [7]. Non-
mechanical micropumps have the advantage of generat-
ing low flow rates, typically ranging from 10 to 100 µl/min,
which suits most OoC device requirements (e.g., brain-on-
a-chip and liver-on-a-chip) [7]. However, the performance
of non-mechanical pumps is easily affected by external

pressure. In contrast, mechanical micropumps with valves
can withstand high backpressure, but the flow rates they
generate are commonly higher than 10 ml/min.

Based on the different actuation principles, mechanical
micropumps can be further classified into shape memory
alloy (SMA) actuation, electrostatic actuation, electromag-
netic actuation, thermal actuation, and piezoelectric actu-
ation [3]. Each of these actuation methods has its limita-
tions. SMA and thermal actuation methods struggle with
high-frequency operation and low cooling efficiency. Elec-
trostatic actuators have limited membrane deflection, re-
stricting the potential for high flow rate generation [8]. Elec-
tromagnetic actuators require additional cooling structures
to dissipate heat and have electromagnetic interference.
Although piezoelectric actuators require high voltage, they
are still preferred for their low power consumption, quick
response, and precise control. Piezoelectric micropumps
have a proven track record of excellent performance, pro-
ducing a wide range of flow rates and withstanding high
back pressures [3].

Aside from the actuator, the valve is another significant
component of the micropump, as it generates unidirec-
tional flow. Compared to active valves, which require an
additional control unit to open and close, passive valves
save power and simplify the pump structure. The ball
valve, which utilizes the movement of a ball to change flow
resistance in a conical channel, is an excellent choice for
directing flow. The ball valve demonstrated excellent per-
formance in Yamahata’s electromagnetic micropump pro-
totype [9]. However, the exploration of ball valves in piezo-
electric micropumps is rare. The first piezoelectric microp-
ump with ball valves was created by Carozza et al. in 1994,
and the second reported type was made by Pan et al. in
2021 [10] [11].
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While these developed micropumps with ball valves all
generate flow rates in the ml/min range, they fall far
short of meeting the flow rate requirements of µl/min

for organs-on-a-chip devices. In addition, Carozza et al.
used stereolithography, and Pan employed micromachin-
ing techniques, both of which involve tedious processes
and high fabrication costs [10] [11]. The advent of 3D print-
ing has introduced a novel technology capable of rapidly
fabricating prototypes with free geometry ability, offering a
promising option for the fabrication of micropumps.

Aiming to explore the feasibility of additive manufactur-
ing technology in micropump fabrication for organ-on-a-
chip applications, this work designed, fabricated and char-
acterized a micropump with a footprint of 40× 40× 16mm.
Analysis and simulation were carried out during the de-
sign phase. The micropump chamber, conical channel and
pump cover were 3D printed and assembled with the com-
mercial piezoelectric actuator and polypropylene sphere to
form this micropump prototype. A directional fluid flow is
achieved through the reciprocating vertical deformation of
the PZT film and the movement of the ball in the conical
channel. To demonstrate the generated flow rate range,
the micropump was tested at varying frequencies, voltages
and backpressures. The measured performance results
are in the table 1.

Table 1: Measured specifications of micropump

Specification Measured value
Maximum flow rate 26.5 µl/min
Maximum backpressure 36.5 mbar
Resonance frequency 5 Hz
Maximum operating voltage 240 Vpp
Fluidic diodicity 6.93
Dimension 40× 40× 16mm

2 Working principle and design

The components of a micropump are illustrated in Figure
1 (a). The piezoelectric actuator comprises a commercial
lead zirconate titanate (PZT) film and a brass membrane.
The ball valve is composed of two polypropylene balls and
conical channels. The diameter of the ball is larger than
the narrow end of the conical channel. A slotted hole at
the wide end of the conical channel prevents the ball from
moving into the chamber. The pump body was made by
a Masked Stereolithography Apparatus (mSLA) 3D printer.
Three O-rings were utilized at the chamber and valve parts
to ensure sealing. Figure 1 (b) shows the assembled mi-

cropump, with a small footprint of 40 × 40 × 16 mm. The
detailed parameters of each component are listed in Table
2.

Table 2: Parameters of the micropump prototype

Parameter Value (mm)
Piezoelectric film diameter 25
Piezoelectric film thickness 0.26
Brass membrane diameter 35
Brass membrane thickness 0.25
Chamber diameter 28
Chamber depth 0.3
Cylinder channel diameter 1.5
Conical channel narrow end diameter 1.5
Conical channel wide end diameter 3
Conical channel depth 3.5
Channel length 18.2
Ball diameter 2.4

2.1 Micropump working principle

The prototype is a reciprocating type micropump. Ap-
plying a sinusoidal voltage to the PZT film induces pe-
riodic horizontal elongation and contraction due to the
non-centrosymmetric crystal structure of the material. As
the PZT film is bonded to the brass membrane, horizon-
tal strain leads to vertical deformation due to the bend-
ing momentum. This cyclical vertical deformation drives
the micropump, alternating between suction and discharge
modes to pump fluid, as shown in Figure 1 (c). During the
suction mode, the upward movement of the PZT film cre-
ates an upward deformation in the membrane, increasing
the volume of the chamber and reducing internal pressure.
This pressure differential between the chamber and exter-
nal environments draws fluid into the micropump. In this
mode, balls located within the conical channel move up-
ward. In the inlet channel, the ball contacts the slotted
hole while moving upward, allowing fluid to flow through
the gap (Figure 1 (c) i). Meanwhile, in the outlet chan-
nel, the ball contacts the wall of the conical channel, ter-
minating fluid flow (Figure 1 (c) ii). Discharge mode is
the reverse phenomenon, where the fluid is expelled and
the ball moves downward. In this situation, the inlet valve
closes, and the outlet valve opens. Through this recipro-
cating motion within the micropump, fluid achieves unidi-
rectional flow from the inlet to the outlet.
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Figure 1: (a)Exploded view of the micropump structure, (b) Picture of the assembled 3D-printed micrompump, (c) The working principle
of a micropump with ball valves

2.2 Design criteria

2.2.1 Deformation analysis of piezoelectric actuators

This prototype utilizes the d31 mode of the piezoelectric
material for operation. The vertical electrical field induces
a horizontal strain in the piezoelectric film. While the
bottom surface of the piezoelectric film is bonded to the
diaphragm, the horizontal deformation constraint causes
a radial deformation by a bending moment. This phe-
nomenon is explained in the Equation 1, where d31 is the
piezoelectric coefficient and E3 is the electric field [3].

ϵ1 = d31E3 (1)

Using the piezoelectric working principle, as shown in
Equation 1 and Timoshenko thin plate theory, Mo et al. in-
vestigated the deflection behavior of an unimorph circular
piezoelectric actuator in an electric field [12]. When the
piezoelectric layer and substrate have different diameters,
the general solutions for the displacement w(r) are given
by:

w(r) =
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Where V is the applied voltage, r is the radial variable,
E11 is Young’s modulus of PZT film, SE

11 is the compliance
constant of PZT film, defined as 1/E11, ν is the Poisson’s
ratio of PZT film, hp is the thickness of PZT film, and r1 is
the radius of PZT film. Additionally, Em is Young’s modulus
of the membrane, Sm is the compliance constant of the
membrane, hm is the thickness of the membrane, and r2

is the radius.
The pump will be operated at low frequencies, so the

deformation field will be proportional to the first vibration
mode, where the maximum deflection is achieved in the
central point as shown in Equation 3.
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Since the vertical displacement has been calculated in

Equation 2, and its corresponding bottom area is rdθdr,
the stroke volume V0 can be obtained by integrating the
product of w(r) and rdθdr. The result is shown below:

V0 =

∫ Rp

0

∫ 2π

0

w(r)rdθdr (4)

Stroke volume is the amount of fluid a pump displaces
per cycle. Therefore, the theoretical volumetric flow rate
Qv equals the stroke volume multiplied by the number of
strokes in a unit of time f , as shown in Equation 3.

Qv = V0f (5)

The actual flow rate Q is also affected by the check effi-
ciency of the valve η:

Q = Qvη ≈ π × f × w × r2 × η (6)

The rough estimation of the flow rate pumped by the
micropump has been obtained in Equation 6 [13]. It pro-
vides valuable insight into the factors influencing the mi-
cropump’s performance. An increase in the applied volt-
age, radius of the piezoelectric film and frequency, valve
efficiency, and a decrease in the film’s thickness results in
a higher flow rate.

COMSOL Multiphysics was used for simulation to obtain
more accurate results in piezoelectric actuator deforma-
tion. A 3D model of the piezoelectric actuator is shown in
Figure 2. The simulation used multiphysics of electrostat-
ics, solid mechanics, and the piezoelectric effect to calcu-
late the results. The O-ring and the bottom pump body
were fixed. The piezoelectric actuator is applied with a si-
nusoidal electrical potential at the top and a ground at the
bottom.

2.2.2 Analysis of hydraulic system

To have a deeper understanding of how pump components
influence the resonance frequency of the device, the mi-
cropump is further simplified as a mass-spring oscillator
system as shown in Figure 3 [9]. The ball valves are con-
sidered here as ideal fluidic rectifiers. When a voltage is
applied, an external pressure Ps is exerted on the mem-

brane, resulting in a downward acceleration d2x
dt2 on the

membrane, as shown in the Equation 7.

(Ps − P2)A−Kx = M
d2x

dt2
(7)

Where P2 is the pressure in the chamber, A is the cham-
ber area, x is the vertical displacement of the diaphragm,
K is the spring constant of the diaphragm and M is the vir-
tual mass of the diaphragm and the piezoelectric actuator.

The Equation 8 shows that the fluid with mass m is
moved by the pressure in the chamber P2.

P2a = m
d2y

dt2
(8)

Since the volume of fluid pumped by the membrane is
equal to the fluid flowing out through the tubing, Equation
9 can be calculated.

Ax = ay (9)

Equation 9 can be further calculated as:

d2y

dt2
=

A

a

d2x

dt2
(10)

Integrating the Equation 10 into the Equation 7, this
mass-spring system can be rewritten as

PsA =

[
M +

(
A

a

)2

m

]
d2x

dt2
+Kx (11)

The resonant frequency of this second-order system is
calculated by Equation 12.

f0 =
1

2π

√
K

M +
(
A
a

)2
m

(12)

2.3 Equivalent RLC system

In the above mass-spring oscillator system, the damp-
ing effect caused by membrane deflection is not consid-
ered. Its performance can be analyzed through the equiva-
lent RLC (resistance, inductance, and capacitance) circuit.
Figure 4 shows the equivalent RLC model derived from the
hydraulic system of a micropump with two passive valves,
where the inlet valve is closed and the outlet valve is open.
Here, the ball valves act as ideal diodes. The flow rate Q

corresponds to the current I in the circuit. Fluid resistance
is analogous to electrical resistance. Since the function of
inductance is to resist changes in current, and fluid iner-
tia serves the same purpose by resisting changes in flow
velocity. Additionally, the membrane stores and releases
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Figure 2: (A) The 3D model build of Piezoelectric actuator (B) Deflection result of the piezoelectric actuator in COMSOL Multiphysics
6.1.

Figure 3: Schematic diagram of pump system in discharge mode
[14]

mechanical energy when deformation, plays the same role
as capacitance. The detailed calculation for each compo-
nent is shown below.

Figure 4: Equivalent RLC system of micropump with ball valves
[14]

Fluid resistance is caused by the viscosity of the fluid,
which results in a pressure drop as the fluid flows along the
pipe. For incompressible Newtonian fluids, this pressure
drop can be calculated using the Hagen-Poiseuille law, as
shown in the Equation 13, where R is the fluid resistance,
µ is the fluid viscosity, l is the channel length and r is the
channel radius.

R =
8µl

πr4
(13)

The inertial effect of the accelerated fluid along the pipe
contributes to the fluid inductance as shown in Equation
14, which is related to the fluid density ρ, the channel
length l and the cross-sectional area S.

L =
ρl

S
(14)

Combining the equation 14 with the density function ρ =
m
la , the inertia of the fluid can be rewritten as

L =
m

a2
(15)

The deflection of the membrane in a reciprocating pump
is caused by the applied pressure and influences the vol-
ume change in the chamber. The value of this equivalent
capacitance is related to the volume change ∆V and the
pressure change ∆P as shown in Equation 16.

C =
∆V

∆P
(16)

Since the volume change refers to the chamber area A

and the deformation occurs in the membrane x as ∆V =

Ax and this deformation x causes the pressure difference
between Ps and P2 as (Ps − P2)A = Kx, the capacity can
finally be calculated as:

C =
A2

K
(17)

The membrane is bonded to the PZT film, and they
share the same displacement. Therefore, the springs can
be regarded as connected in parallel and K is the sum of
Kbrass and KPZT−5H .

Table 3 summarises the correspondence between the
hydraulic micropump model and the electrical RLC model.

With known equivalent components, the voltage equa-
tion for the RLC system shown in Equation 18 can be con-
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Table 3: Converting hydraulic micropump model to electrical RLC
model

Fluidic parameter Electrical equivalence
Pressure P Voltage U
Flow rate Q Current I
Fluidic resistance R = 8µl

πr4 Resistance R

Fluid inertia L = ρl
S = m

a2 Inductance L

C = ∆V
∆P = A2

K Capacitance C
Valve Diode D

verted to the equivalent hydraulic system of the micropump
as shown in Equation

U(t) =
1

C

∫ t

0

I(t) dt+ L
d

dt
I(t) +RI(t) (18)

PS(t) =
K

A2

∫ t

0

Q(t) dt+
m

a2
d

dt
Q(t) +RQ(t) (19)

The resonant frequency of this system can be calcu-
lated from the Equation 20. In the RLC equivalent cir-
cuit analysis, the mass of the membrane M is not taken
into account. The remainder is the same as the resonant
frequency obtained from the spring-mass system analysis
(Equation 12).
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1
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K(

A
a
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m

(20)

Given a sinusoidal actuation Ps(t) = Pssinωt, the aver-
age flow rate Q can be calculated as a ratio of the average
flow rate Q0 at the angular frequency ω:

Q

Q0
= 2ξ

√√√√√√√
(

ω
ω0

)2

(
1−

(
ω
ω0

)2
)2

+
(
2ξ ω
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(21)

Where the damping ratio is ξ = R
2

√
C
L , the angular fre-

quency is ω = 1√
LC

.

3 Micropump fabrication

The pump cover, chamber, and base (as shown in Figure 1
(a)) were printed using the mSLA 3D printer (Prusa SL1S
SPEED 3D printer) with photosensitive resin (Prusament
Resin Tough Transparent Amber). This printer has an XY-
axis resolution of 50µm and a minimum Z-axis resolution
of 25µm. The prototype was first designed in SolidWorks,
and then its STL file was sliced with PrusaSlicer to gen-

erate the G-code for printing. As the surface close to the
platform needs to be supported, resulting in a lower sur-
face quality, and the upper and lower surfaces of the pump
cover, chamber and base need to be bonded to other
parts, a higher surface quality is required for this contact
surface. Therefore, the printing orientation for these three
components is from side to side (in Z direction), not from
top to bottom. The total time for printing the prototype was
approximately two hours. After printing was completed,
the prototypes were immersed in a Formlabs Form Wash
filled with isopropyl alcohol (IPA) to remove the uncured
resin. Afterward, the surface of the pump chamber and
base were blown dry using compressed air. Finally, the
three parts were cured under UV light at room temperature
for fifteen minutes to enhance stiffness. Due to the layer-
by-layer process of 3D printing, the stiffness of the printed
prototype varies along the XY and Z directions (Figure 1
a). As a result, cured printed parts have a Young’s mod-
ulus in the X or Y direction of 1.6GPa and a Z-direction
Young’s modulus of 1.2GPa.

Subsequently, the piezoelectric actuator (Huixin Elec-
tronic Piezo Ceramic Wafer Plate) was placed on the pump
chamber, and an epoxy adhesive (Loctite HYSOL 3421)
was injected at the contact edge between the piezoelec-
tric actuator and the chamber’s upper surface to enhance
the sealing efficacy. Subsequently, an O-ring (Outer di-
ameter: 35 mm, inner diameter: 28 mm) and the pump
cover were placed on top of the piezoelectric actuator. In
the valve assembly, two polypropylene balls were inserted
into the conical channels and two O-rings (Outer diameter:
10 mm, inner diameter: 6 mm) were placed around them.
Finally, four M3 screws and nuts were used to clamp the
three layers together.

4 Experiment set up

Figure 5 presents the experimental setup for the mi-
cropump performance characterization. A power supply
(DELTA ELEKTRONIKA HOLLAND) provides a 24V oper-
ating voltage to the amplifier (BD300 Dual-Channel 300V
Amplifier) and the signal generator (RS PRO Arbitrary
Waveform Generator) controls the magnitude and shape of
the output voltage, producing a sinusoidal voltage to drive
the piezoelectric actuator. This 100x amplifier requires an
input threshold voltage over 0 V. Therefore, the minimum
voltage of the sinusoidal voltage input to the amplifier for
the flow rate testing in the experiment is 0.1V and outputs
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Figure 5: Schematic diagram and actual experiment setup for micropump performance characterization: (A) flow rate measurement (B)
PZT film displacement measurement

10V to the micropump. The maximum voltage applied in
the experiment is 240 Vpp, as the piezoelectric actuators
are susceptible to damage if voltages above this value are
applied. The fluid used in this project is 99.9% IPA (iso-
propyl alcohol). As IPA has a similar density (786 kg/m3)
to the polypropylene sphere (895 kg/m3), the effect of the
orientation on the micropump performance can be ignored.

Figure 5 (A) shows the schematic diagram and exper-
imental setup for flow rate measurement. The inlet of
the micropump is connected to a reservoir and the out-
let is connected to the inlet of a flow sensor (ELVEFLOW
Microfluidic Flow Sensor MFS), which can measure flow
rates in the range between 2µL/min to 80µL/min in both

direction. The outlet of the flow sensor is connected to
another reservoir. This reservoir is connected to an inte-
grated air pressure controller of the ELVEFLOW Microflu-
idic Flow Controller aims to adjust pressure at the outlet
of the micropump. During the experiment, an IPA-DIW
(deionized water) mixture is used as the working fluid.

Figure 5 (B) presents a schematic diagram of the dis-
placement measurement of the PZT film as well as the
experimental setup. The Polytec PSV-400 Scanning Vi-
brometer is used to detect the velocity change of the laser
point on the PZT film. This vibrometer operates based on
the laser Doppler effect, where the frequency of the emit-
ted or reflected wave changes with the velocity of the mov-
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ing object. Through this velocity information, the displace-
ment of the piezoelectric actuator can be obtained. The
sinusoidal voltage can be generated within the vibrometer
machine to the piezoelectric film without the need for an
external signal generator and power supply, and the min-
imum voltage applied in the displacement experiment is
0V. During measurement, the inlet and outlet reservoirs as
well as the ELVEFLOW sensor are connected to the mi-
cropump to achieve the same fluidic resistance in the flow
measurement.

In the ball valve characterization experiment, the inlet
and outlet of the micropump are connected to reservoirs
respectively. The reservoir is subjected to varying exter-
nal pressures from 0 mbar to 100 mbar. As the generated
flow rate exceeds the measurement range of the flow sen-
sor, the flow rate generated is calculated from the weight
change in another reservoir. An electronic weighing scale
with a resolution of 0.1 g is used for weight measurement.

In addition, the surface roughness of the 3D-printed pro-
totype and polypropylene balls is also characterized by
Keyence Digital Microscope VHX-6000 and Bruker white
light interferometer respectively.

5 Results and discussion

5.1 Surface roughness characterization

The upper surface of the 3D printed pump base at 1000x
magnification is shown in Figure 6. The Figure demon-
strates the layering effect inherent to 3D printing, whereby
the object is constructed layer-by-layer. The measured
arithmetic mean roughness (Ra) is 2.29 µm and the max-
imum height of the profile (Rz) is 23.19 µm. This surface
roughness is lower than Ra = 2.3µm, and its effect on fluid
boundary transformation is negligible [15].

Figure 6: 3D printed prototype at 1000x magnification observed
with Keyence Digital Microscope VHX-6000

The surface of the conical channel of the pump base is
also shown in Figure 7. Some small cavities are noticed at
300x magnification. The conical channel also has a simi-
lar multi-layered structure and the edge of the layer is not
smooth.

Figure 7: 3D printed conical channel of pump base at 300x mag-
nification observed with Keyence Digital Microscope VHX-6000

Figure 8 shows the dome surface of a polypropylene ball
under Bruker white light interferometer. The Gaussian re-
gression filter removes the tilt and curvature in the mea-
surement software. The measured Ra is 0.848µm and Rz

is 19.15µm.

Figure 8: Polypropylene ball at 1000x magnification observed
with Keyence Digital Microscope VHX-6000
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5.2 Piezoelectric actuator characterization

The deformation observed by the vibrometer on a piezo-
electric actuator is shown in Figure 9, with upward motion
in suction mode and downward motion in discharge mode.
The highest displacement is observed at the central point,
with a decrease along with the radius. The displacement at
the same radius is distributed uniformly and the influence
of the soldering point is neglectable.

Figure 9: Piezoelectric actuator deformation in (A) suction mode
and (B) discharge mode at 43 Hz when a sinusoidal voltage (120
Vpp and 43 Hz) is applied.)

The displacement of the piezoelectric actuator is propor-
tional to the applied voltage, as illustrated in Figure 10. The
relationship is linear either in simulation, theory, or experi-
mental results, whereby an increase in the applied voltage
results in a proportional increase in displacement. While
the measured displacement in the experiment is slightly
lower than the simulation results, this discrepancy may be
due to the presence of ball valves, which increase the load
even when the chamber is filled with air. As the theoret-
ical results are based on Timoshenko’s thin plate theory,
which assumes the plate is moderately thick, the plate of
the piezoelectric actuator used in this project is closer to a
thin beam, which unavoidably causes slight differences in
the theoretical results.

Frequency is another key factor affecting piezoelectric
actuator displacement. Figure 11 illustrates the central
displacement of the PZT film concerning the voltage fre-
quency. The micropump is fully assembled and two con-
ditions inside the pump chamber are tested: air-filled and
IPA-filled. After being clamped by the O-ring, the resonant
frequency of the piezoelectric actuator is 1600 Hz. When
the chamber is filled with water, the resonance frequency

Figure 10: Central displacement-voltage characterization was
performed for the experimental, theoretical, and simulated results
of the piezoelectric actuator, along with their linear regression
lines, as the magnitude of the applied sinusoidal voltage varied,
while the frequency was held constant at 5 Hz. The theoretical
results were obtained using Equation 3. The R2 value is 0.99 for
the experimental results and 1 for the simulation results.

occurs at 43 Hz as the first mode (shown in Figure 9). This
phenomenon can be explained with Equation 12. The in-
troduction of liquid adds virtual mass to the system and
therefore lowers the resonant frequency. In addition, both
the ball valve and the liquid increase the load of the sys-
tem and dissipate the energy, reducing the amplitude of
deformation at a resonant frequency from 110 µm to 16.8
µm.

5.3 Ball valve characterization

The flow rectification efficiency of the ball valves is char-
acterized by the change in flow rate concerning the ap-
plied pressure as illustrated in Figure 12. The tubing for
connection also contributes to the fluidic resistance and
this value can be calculated by Equation 13, resulting in a
value of Rtubing = 2.8× 108Pa · s/m3. This fluid resistance
is neglectable compared with the fluid resistance of the
valve, which is estimated in opening mode as Ropening =

5.7 × 1010Pa · s/m3, and Rclosing = 1.5 × 1011Pa · s/m3

for the closing mode. Fluidic diodicity ηF is another signif-
icant parameter to characterize valve performance and is
defined by the ratio of pressure loss coefficients ξ in the
positive (valve opening) and negative (valve closing) direc-
tions [7]. The calculated η is 6.93.

ηF =
ξ−
ξ+

(22)

Where the pressure loss coefficient ξ is calculated from
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Figure 11: Displacement-frequency characterization of the piezo-
electric actuator in a micropump filled with air and IPA, respec-
tively. In all measurements, a sinusoidal voltage of 120 Vpp was
applied, while the frequency was varied.

the pressure loss p, fluid density ρ, and average flow ve-
locity u, as shown in Equation 23. The average flow ve-
locity u is related to the flow rate Q and the channel cross-
sectional area A as Q = uA.

∆p = ξ
ρu2

2
(23)

The flow rectification function of the ball valve is shown
in Figure 13. This flow ripple is measured at the outlet of
the micropump. The continuous switching between suc-
tion and discharge modes causes the flow rate to be dis-
played as ripples. Although there is some backflow, more
fluid tends to flow in the forward direction, with a maximum
positive flow rate of 28.7 µL/min, almost 4.7 times greater
than the minimum negative flow rate of 6.1 µL/min. The
low sealing ability may be caused by the cavities in the 3D
printed conical channel as shown in Figure 7. Additionally,
the poor roundness of the printed conical channel is an-
other possible factor contributing to backflow. Even when
the ball makes contact with the wall of the conical channel,
fluid can still flow through the gap, preventing the channel
from fully closing.

5.4 Micropump characterization

Figure 14 demonstrates the pumping ability of the microp-
ump through the movement of a bubble within the tubing.
This figure is intercepted from the video Youtube: microp-
ump working, and the video of the ball valve working is
stored at Youtube: ball valve movement.

Figure 12: Pressure-average flow rate characterization of the ball
valve. Vertical lines indicate the standard deviation of the flow
rate in three tests. The red line and yellow line represent lin-
ear regressions of the measured points at the valve opening and
closing modes, respectively. The R2 for linear regression is 0.99
for the red line and 0.88 for the yellow line.

The pumping flow rate is mainly influenced by the fre-
quency and voltage applied to the piezoelectric actuator
and backpressure.

5.4.1 Flow rate-frequency characterization

Figure 15 illustrates the flow rate change with increasing
frequency under 140 Vpp, 190 Vpp, and 240 Vpp sinu-
soidal voltage. The flow rate follows the same trend across
the frequency domain under these three applied voltages.
When the frequency is lower than 10Hz, the flow rate in-
creases with the rise in frequency. The maximum flow rate
is 26.5 µl/min when Vpp 240V sinusoidal voltage with 5Hz
is applied. The flow rate remains similar up to several fre-
quencies, which vary slightly according to the changing
voltage. At around 10 Hz, the flow rate decreases rapidly
until it reaches a low value at 20 Hz. After that, the flow rate
decreases slowly. This phenomenon also occurs when the
applied voltage is 140 Vpp and 190 Vpp. While the flow
rate generated by 240 Vpp shows a slight difference at 35
Hz, where a second flow rate peak is observed. This phe-
nomenon is specific and does not occur in other assem-
bled micropumps (the measured flow rate-frequency char-
acterization results of another two prototypes are listed in
the Appendix B: Flow rate - frequency characterization of
prototype 1 and prototype 4).

Four prototypes were successfully fabricated and their
flow rate-frequency characterization is shown in Figure 16.

10

https://www.youtube.com/watch?v=2162f32kYfY
https://www.youtube.com/watch?v=2162f32kYfY
https://www.youtube.com/watch?v=yw6uUBT2B_A


Figure 13: Flow ripple characterization of the micropump when a
240Vpp voltage at 1Hz frequency is applied

Figure 14: Movement of a bubble in the tubing under low voltage
and low-frequency conditions

All of them generate the highest flow rate between 5Hz
and 10Hz and have a similar decreasing trend in frequency
far away from 10 Hz. However, the flow rate generated
by each prototype varies. The standard deviation of the
maximum flow rate among these four prototypes is 2.692
µl/min. Since the device is assembled manually, human
error including the addition of different amounts of epoxy,
the application of non-uniform force to each clamping nut,
the manufacturing tolerances of the PZT film as well as
the 3D printed parts all contribute to the specification of
prototypes. Since prototype 3 has the best performance
among these four devices, the following experiments will
be performed with prototype 3.

The ripple frequency characterization measured under
190 Vpp sinusoidal voltage is shown in Figure 17. Vertical
lines represent the maximum and minimum flow rate of the
ripple compared with the average flow rate. The ripple in-
creases with the frequency and reaches a maximum value

Figure 15: Flow rate-frequency characterization of the microp-
ump at applied voltages of 140 Vpp, 190 Vpp, and 240 Vpp. The
data points show the average flow rate of flow ripple.

Figure 16: Reproducibility characterization of the micropump.
Four prototypes are tested for flow rate-frequency performance
when applied with a 140 Vpp sinusoidal voltage.

of 19.9 µl/min at 8 Hz. After 10 Hz, the ripple decreases
slowly while this slowing down is less than the rate of de-
crease of the flow rate. Therefore, the maximum backflow
of 6.79 µl/min appears at 19 Hz, where the flow rate has
decreased to 4.05 µl/min, but the ripple remains high at
10.84 µl/min.

Figure 18 compares the experimental results and the
theoretical analysis with an equivalent RLC model. The
resonance frequency calculated by Equation 20 is 7.16 Hz,
slightly higher than the 6 Hz in the experimental results.
This difference could be attributed to the ignorance of the
membrane mass M in the analysis and the assumption of
an ideal valve. However, the trend of the analytical results
closely aligns with the experimental data.
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Figure 17: Flow ripple-frequency characterization. The data
points are measured under 190 Vpp with sinusoidal voltage and
vertical lines indicating the flow ripple’s magnitude.

Table 4: Parameters for RLC model analysis

Parameters Values
Viscosity of IPA 2.43× 10−3Nsm−2

Density of IPA 785kg/m3

Young’s modulus of brass 100Gpa
Poisson’s ratio of brass 0.34
Young’s modulus of PZT-5H 60Gpa
Poisson’s ratio of PZT-5H 0.31
Flow rate at resonance frequency 18.83µl/min

In summary of the flow rate-frequency behavior of the
micropump, the peak flow rate happens around 5 Hz, while
theoretical analysis based on the RLC equivalent model
gives a close estimate of 7.16 Hz. The difference be-
tween these two values may be caused by simplifications
in calculating the fluid resistance in the conical channel as
well as from ignoring the effects of the membrane’s mass
and the spring constant generated by the piezoelectric
film. However, this frequency is significantly lower than the
measured resonant frequency of the piezoelectric actuator
as 43 Hz. Kan et al. have verified that valve check effi-
ciency influences flow rate behavior and this difference in
frequency is likely due to the check efficiency [16]. There-
fore, a hypothesis regarding the reason for the flow rate
peak and its rapid drop from 11 Hz is put forward.

As the ball valve operates by the movement of the ball to
make contact with the duct wall, and the designed travel is
1.1 mm, the ball valve operates differently at low and high
frequencies as shown in Figure 19. In the low-frequency
range (f < fv), the ball has sufficient time to move to the
closing point and make contact with the wall. The fluid

Figure 18: The comparison of flow rate-frequency characteriza-
tion. The red line is the theoretical calculation results using the
Equation 21 and parameters of Table 4. The data points are ob-
tained from the measured flow rate when the applied voltage is
190 Vpp.

in the reverse direction is stopped by the valve, thereby
generating a positive average flow rate. However, in the
high-frequency range (fv < f ), the ball cannot respond
quickly enough, staying nearly stationary within the chan-
nel, which compromises its rectification function. Under
this condition, the ball loses its function and the flow rate
profile becomes symmetric, resulting in a zero average
flow rate. The rapid drop observed at 11 Hz in figure 18
of the experimental data confirms this possibility. Due to
fluid inertia, a small positive average flow rate persists in
the high-frequency range.

Figure 19: Schematic representation of the state of the ball mov-
ing at different frequencies. The dotted line shows the position of
the ball after movement.

The displacement-frequency behavior of the piezoelec-
tric actuator when filled with liquid has been measured in
figure 11 and is simply illustrated in figure 20 (a). Before
fv, the valve maintains excellent check efficiency to alter-
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nate between closing and opening modes. While this effi-
ciency rapidly decreases after fv, as shown in figure 20(b),
where the ball cannot respond in time. This decreasing
trend becomes more gradual when the check efficiency
approaches zero, with the ball becoming almost station-
ary, as illustrated in figure 19 for fv < f . The product
of check efficiency and frequency results in a peak at fv.
Since flow rate is proportional to frequency, the displace-
ment of the piezoelectric film, and check efficiency (refer
to Equation 6), the reduction trend in displacement shifts
the frequency of peak flow rate to the lower f0. Addition-
ally, since the piezoelectric actuator generates a large dis-
placement at its resonance frequency fa, this may lead to
the appearance of a second flow rate peak. This is pos-
sibly the reason why a second peak is observed in figure
15 around 35 Hz when a 240 Vpp voltage is applied. The
second peak is only observed at the maximum voltage ap-
plied because the check efficiency is already very close to
zero at fa. Since the displacement is proportional to to the
applied voltage, at lower voltages, displacement increase
is not sufficient to produce a significant flow rate due to the
effect of the low check efficiency and thus the second peak
is not observed in other applied voltage conditions.

5.4.2 Flow rate-voltage characterization

The relationship between flow rate and voltage is shown
in the Figure 21. The flow rate is measured at sinusoidal
voltages of different frequencies. These results show a
similar trend that the flow rate increases as the applied
voltage increases. However, the rate of the increase varies
with frequency. The gradient is largest at the flow rate peak
frequency of 5 Hz and decreases away from this frequency.

Figure 22 shows the change in ripple as the voltage in-
creases. As the voltage increases, the magnitude of the
ripple increases with the average flow rate. Note that the
minimum flow rate of ripple is almost the same and the
maximum flow rate increases. This means an increased
closing force on the ball valve failed to achieve an in-
creased closing efficiency. This further confirms the hy-
pothesis that the 3D-printed conical channel wall is not fully
in contact with the ball due to the presence of voids, not be-
cause the pumping force is insufficient to bring the ball to
the closed position.

Figure 20: Schematic diagram of the operating frequency’s effect
on (a) displacement of the piezoelectric actuator (b/c) check ef-
ficiency of the valve and (d) flow rate, where f0 is the frequency
of flow rate peak, fv is the frequency of valve with ideal check
efficiency and fa is the resonance frequency of actuator

5.4.3 Flow rate-backpressure characterization

The flow generated by the micropump is affected by the
pressure at the outlet. This pressure is called backpres-
sure. As shown in Figure 23, the introduction of pressure
at the outlet does not change the waveform of the gener-
ated flow ripple but causes a backflow to the initial zero
flow rate. For example, a backpressure of 30 mbar applied
at the outlet of the micropump causes a backflow of 24.79
µl/min, while no backpressure results in a zero flow rate.

Figure 24 illustrates the relationship between the back-
pressure and flow rate. To eliminate the backflow caused
by pressure, the micropump’s maximum backpressure
must occur at the power setting that delivers the maximum
flow rate. Therefore, this maximum back pressure is mea-
sured at a threshold voltage of 240 Vpp with the 5Hz. As
the backpressure increases, the flow rate decreases lin-
early. From the linear regression of the measured data
points, 36.5 mbar is the maximum backpressure of this
unit, at this point the flow drops to zero and further in-
creases in backpressure result in negative flow. Theoret-
ically, applying a backpressure larger than the maximum
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Figure 21: flow rate-voltage characterization of the micropump
when voltage with different frequencies is applied. The data
points show the average flow rate of flow ripple. The solid line
for each frequency represents the linear regression of the data
points. The R2 values for 5 Hz, 15 Hz, 50 Hz, and 100 Hz are
0.99, 0.95, 0.89, and 0.96, respectively.

backpressure should not cause negative backflow but keep
the flow rate at zero, as no valve failure occurs. The reason
this phenomenon occurs here is that there are still gaps al-
lowing liquid to flow through when the ball is in contact with
the channel wall. The complete sealing is not achieved for
the closing mode. Small cavities and the low roundness of
the 3D-printed channel are two possible reasons for this.
As a result, further increases in backpressure lead to an
increase in backflow.

Figure 22: Flow rate-voltage characterization of the micropump
when the sinusoidal voltage at 5Hz is applied. The data points
show the average flow rate of flow ripple and vertical lines indi-
cate the magnitude of flow ripple compared with the average flow
rate. The solid line represents the linear regression of the data
points, with an R2 value of 0.99.

5.5 Micropump Performance comparison

Table 5 lists reported micropumps with ball valves and
compare their performance with my prototype. All exist-
ing micropumps produce flow rates in the ml/min range,
which does not meet the µl/min requirements of organ-a-
chip devices. In addition, Yamahata et al. and Shen et al.
used an electromagnetic actuator to provide power, which
increases the external dimension due to the presence of
an electromagnet [9] [17]. Carroza et al. utilized stere-
olithography for fabrication and tedious steps were needed
including mask design and complex etching [10]. Pan et al.
assembled thirteen layers to form the micropump, the pro-
cess is rather inconvenient [18]. Whereas the proposed
design in this work, the generated flow range matches the

Table 5: Performance comparison of reported micropump with ball valves

First
author Year Type of actuator Fabrication method

Maximum
backpres-
sure (kPa)

Maximum
flow rate
(ml/min)

Pressure effect
on flow rate
(Kpa · min/ml)

Carozza
[10] 1995 Piezoelectric

actuator Stereolithography 25 2.7 9.26

Yamahata
[9] 2005 Electromagnetic

actuator Powder blasting 28 5 5.6

Shen [17] 2008 Electromagnetic
actuator

Powder blasting,
precision milling and

casting
35 6 5.83

Pan [11] 2021 Piezoelectric
actuator NA 23 99.6 0.2309

This work 2024 Piezoelectric
actuator mSLA 3D printing 3.65 0.0265 137.7358
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Figure 23: Flow ripple comparison with and without 30 mbar back
pressure, where the blue line is the flow ripple with no pressure
at the outlet and the orange line is with 30 mbar back pressure.

Figure 24: Backpressure-flow rate characterization of micropump
when 5Hz, 240 Vpp sinusoidal voltage is applied. The red line is
the linear regression result with an R2 value of 0.99.

flow range of OoC devices. Additionally, the pump’s ad-
ditive manufacturing and assembly can be completed in
three hours. Although the maximum backpressure is lower
than other reported devices due to the lower maximum flow
rate generated. Lower flow rates inevitably result in a lower
maximum backpressure that can be withstood compared
to a high flow rate pump, as there is not as much forward
flow to resist the backflow. Defining the ratio of backpres-
sure versus flow rate as the effect of air pressure on flow
rate, it can be seen that the micropump of this work has
the highest withstanding capacity of 137.74 KPa · min/ml.

5.6 Optimization discussion

Up to this section, all measured results have been reported
and discussed. This section focuses on reviewing the op-
timization made during the project.

The project started with the fabrication of a monolithic
micropump. However, after several attempts at 3D print-
ing and testing, this design had been evidenced to suffer
from performance issues. Specifically, the low sphericity
of the ball as it was removed from the support and the in-
ertial deformation in the membrane led to the low overall
performance of the micropump. Further details on these
issues can be found in Appendix A: Additive manufacture
of a monolithic micropump.

After that, a new design was proposed. It involves
assembling three 3D printed layers with the commercial
piezoelectric disk to form a micropump as shown in Figure
1. Failure modes occured during the experiment and some
of them were resolved:

5.6.1 Leakage

The pump was initially sealed with four O-rings. The piezo-
electric actuator was clamped by two o-rings from top and
bottom. However, during the experiments, leakage was
still observed as water escaped from the connection of lay-
ers as shown in Figure 25 A. This leakage affected the
measurement results. Firstly, the flow generated some-
times became a symmetric flow, meaning that the valve did
not function, even though the ball had been inserted into
the conical channel. Secondly, the measured resonance
frequency when the chamber is filled with IPA is almost
the same as when it is filled with air.

Figure 25: (A) Leakage occurs between clamped 3D printed lay-
ers. (B) Printable support is required for printing of the pump
chamber part (C) the actual printed support.
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Although 30% of the O-ring thickness was reserved as
its deformation allowance during the design process, leak-
age still occurred. The possible reason for the leak is that
the 3D-printed surface in contact with the O-ring does not
seal. The upper part of the circular chamber is an over-
hanging structure during printing and requires support to
make it printable. Supports are automatically generated in
the slicer software. After printing is finished and the sup-
ports are removed, small cavities or tips are left at the sup-
port points, making the surface not completely flat. There-
fore, when the O-ring is placed on the chamber surface
and sealed with clamping force, the sealing in these points
is weak, making it prone to leakage when the piezoelectric
actuator vibrates. Also, To address this problem, epoxy is
added to the edge of this joint and remove the rubber under
the piezoelectric actuator. To prevent leakage between the
pump chamber and the pump base, epoxy is also added
to the cavity around the conical channels.

5.6.2 Fluid type

Water was first chosen as pumping fluid, while the flow rate
generated was not stable. The maximum ripple in each cy-
cle at the same frequency and voltage applied had a high
difference. This was caused by the bubble observed in
the water. In addition, the surface tension of water is as
high as 72.8 mN/m, which reduces liquid lubrication per-
formance and increases the friction force for the ball move-
ment. Compared with water, IPA has three times lower
surface tension at 21.7 mN/m. In addition to reducing fluid
friction in the ball valve, it also reduces the tendency for air
bubbles to form. The generated flow rate became stable
after changing the pumping fluid to IPA.

5.6.3 Crack of piezoelectric actuator

While there is still a problem that can not be solved is about
the short lifetime of the piezoelectric actuator. There are
summarised reasons for the failure mode of the piezoelec-
tric actuator. Applying a voltage exceeding 240 Vpp and
a frequency over 1000 Hz when the chamber is filled with
liquid, will result in noticeable cracks on the piezoelectric
film, as shown in Figure 26. An electric spark is observed
when the crack occurs and the sound emitted by the piezo-
electric actuator in the audible frequency range (over 500
Hz) becomes muffled. Even if this critical voltage and fre-
quency are not applied, the piezoelectric actuator will still
lose its function after several tests. This problem causes

each micropump to have a rather short lifetime, resulting in
tens of micropumps being manufactured while only a few
of them can successfully be measured. This may be since
piezoelectric ceramic is brittle and the higher forces gener-
ated can cause it to break during the deformation process.

Figure 26: Crack occurs on the piezoelectric film

6 Conclusion

In conclusion, a piezoelectric micropump was fabricated
using additive manufacturing in this project. The actuation
elements include a piezoelectric film and a brass mem-
brane. The pump cover, chamber, and base were fabri-
cated with an mSLA 3D printer. Several research goals
have been achieved:

1. The performance of the micropump is analyzed using
equivalent RLC electrical modeling, and a simulation
is carried out for the displacement of the piezoelectric
actuator.

2. The performance of the micropump is characterized
by either its resonance frequency of the piezoelectric
actuator or flow rate concerning frequency, voltage,
and back pressure. This micropump produces the
maximum flow rate of 26.5 µl/min when the applied
sinusoidal voltage is 240 Vpp at 5 Hz. The maximum
back pressure of 36.5 mbar is reported at the power
condition.

3. This work confirms the possibility of a valve-based mi-
cropump to produce a µl/min flow rate and provides
a new pump option for OoC applications.

7 Future recommendation

The theoretical analysis of this micropump is limited, as
several assumptions are made in both the mass-spring
analysis and the RLC equivalent circuit analysis.
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Furthermore, the performance of micropump has been
characterized and obtained several results. However,
there are still some unsubstantiated explanations for cer-
tain phenomena. The reason why the flow rate peak oc-
curs at 5 Hz instead of the resonance frequency of the
piezoelectric actuator at 43 Hz could be due to the check
efficiency of the valve. While this is merely speculation,
with no method to verify it. If the check efficiency profile
of the ball valve could be obtained, this hypothesis could
be further checked and give guidance to expand the work-
ing frequency range. Additionally, the rapid drop in flow
rate at 11 Hz might be caused by the valve losing its func-
tion, suggesting that reducing the ball’s moving distance or
changing to another type of check valve may address this
issue.
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A
Additive manufacture of a monolithic

micropump

This project starts with a monolithic methodology to fabricate a micropump with a ball valve as a single
part using 3D printing. However, this method has been shown to fail due to poor performance in either
flow infusion or membrane surface quality. The following section will explain the reasons.

The Prusa SL1S SPEED 3D printer is used to produce parts using Prusament resin (Tough Prusa
Orange). The mechanical properties of this resin are shown in table A.1.

Property Uncured XY Cured XY Uncured YZ Cured YZ
Young’s modulus (Gpa) 0.6 1.6 0.7 1.2
Tensile strength (Mpa) 24.3 41.6 22.4 28.5

Table A.1: Mechanical properties of Prusament Resin Tough Prusa Orange

A.1. Fabrication challenge in monolithic ball valve
One of the major challenges in monolithic manufacturing is the printing of ball valves. The ball must
be a moving part of the ball valve. While 3D printing produces layer-by-layer solidification, it cannot
directly produce a floating part. Supports are automatically generated in the slicer software to make
the designed model printable. The support generated is related to the printing direction of the model.
To find a feasible way to print the sphere, half of a ball valve with a support is attempted. Four support
generation methods as well as their print results and descriptions are shown in the table A.2. The
ball has a radius of 0.62mm and the cylindrical support has a radius of 0.12mm. One side cylindrical
support printed from the channel wall (Method No.3) can be found to be the least supported but printable
solution for the ball.
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Table A.2: Support generation methods for ball

No. Method Printed figure Description

1

As shown in the circled area,
the lower support cracked dur-
ing removal and could not be
removed from the ball.

2
Ball is successfully printed with
this type of support. Support is
removed with the needle tip.

3

Ball is successfully printed with
this type of support. Applying
an air pressure of 3200 mbar
did not remove the support. Fi-
nally, a needle tip is used to re-
move the support.

4

The support is to be printed
in the form of a low stiffness
spring to allow the ball to move.
However, the spring support is
not sufficient to support the ball
and failed to print the ball in-
side the channel.

After that, the complete ball valve is printed with a varied ratio between the ball radius and gap
radius. The model of the designed ball valve is shown in figure A.1. The ball has a 0.6 mm radius, the
channel has a 0. 5mm radius and the varied ratios are 1.5, 2, 3, 4, 5 and 6. After printing is finished,
the support is removed by the needle tip.
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Figure A.1: Cross section view of monolithic ball valve

The schematic diagram of the experiment set up for flow rate measurement is shown in the figure
A.2. An external pressure is added to the pressure of the server connected to the inlet of the ball valve
and this pressure is controlled by the ELVEFLOW microfluidic flow controller. With applied pressure,
water is pumped into the inlet of the ball valve, and its outlet flow rate is measured with a flow sensor.
As the flow ranges that can be measured by the ELVEFLOW flow sensors are ±90µl/min, the external
valve is added between the ball valve and the flow sensor to proportionally reduce the flow generated
to bring it within the measured range.

Figure A.2: Schematic diagram of flow measuring experiment set up

The results that were measured are given in the table A.3. In the opening state, the flow rate shows
an increase along with the applied pressure in a proportional way. While when it is closing, the flow rate
is supposed to drop down rapidly when the ball is in contact with the conical channel wall. However,
this reduction trend is not found and there is some unsteadiness in the flow rate. Two possible reasons
might cause this phenomenon. First, the broken support inside the channel affects the movement of
the ball. Second, since the valve was printed using a material that is not transparent, observing if the
ball has been fully detached from the support is not possible. Though transparent resin (Clear Resin
V5) can be used in printing, the issue of over-exposure will lead to a ball that does not maintain a round
shape.
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Table A.3: Measured flow rate of monolithic ball valve with varied ratio

Ratio Flow rate in opening mode Flow rate in closing mode

1.5

2

3

4
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Ratio Flow rate in opening mode Flow rate in closing mode

5

A.2. Fabrication of two-part 3D printed ball valve
Because of the unsatisfactory outcomes, the ball valve is fabricated in two distinct components, as
illustrated in figure A.3 (A). Formlabs Clear Resin V5 is used to manufacture the valve body as the
transparency makes it easier to observe the movement of the ball. Table A.4 lists its mechanical prop-
erties. The assembly of this valve comprises the introduction of a ball into the upper component 1 and
the subsequent bonding of this component with the lower component 2 via an epoxy adhesive. The
epoxy adhesive layer has a uniform thickness of 73.5 µm as illustrated in figure A.3 (B).

Figure A.3: (A) Cross-section view of a two-part valve and their printed prototypes. (B) The layer of epoxy adhesive under the
x200 KEYENCE microscopy

Property Post-cured at room temperature Post-cured at 60◦C
Young’s modulus (Mpa) 2575 2750
Ultimate tensile strength (Mpa) 51 60

Table A.4: Mechanical properties of Formlabs Clear Resin V5

As the generated flow rate is far from the flow sensor measuring range, the scale is used. Figure
A.4 illustrates the schematic diagram for flow sensor measurement. An external pressure is added to
the inlet reservoir to pump the fluid into the valve. The scale is used to measure the weight of the fluid
in a certain pumping time and by this fluid mass to calculate the flow rate.
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Figure A.4: Schematic diagram of flow measurement

The ball valve is measured with different groove angles and ball materials. Figure A.7 shows the
measurement results of the ball valve with different groove shapes and angles. The valve is measured
three times at each applied pressure and the error bar shows the sample standard deviation of this
repeatability. In opening mode, where the applied pressure is greater than 0 mbar, the flow rate trend
is almost the same in different groove types. While in the closing mode, there is a significant difference,
where a sharper conical channel results in lower leakage. Although the spherical channel has a similar
low leakage as the 10-degree conical groove, it has a higher flow fluctuation between the three tests.

Figure A.5: Flowrate-pressure characterization of valve performance of valves with the different groove types. Error bars
indicate the sample standard deviation of three repeated tests at the same applied pressure.

With the known flow rate and applied pressure, the fluid resistance of the valve can be calculated
with the equation A.1 where ∆P is a pressure differential, R is the fluid resistance and Q is the flow
rate. This fluid resistance includes the resistance caused by the connecting tubing.

R =
∆P

Q
(A.1)

Due to the laminar flow, the fluid resistance caused by the tubing can be calculated by Poiseuille’s
law as shown in the equation A.2, where r is the radius of the cylindrical channel, η is the viscosity and
L is the channel length. The tubing contributes to 2.925× 1010 Pas

m3 fluid resistance.

Q =
∆Pπr4

8ηL
(A.2)

The calculated flow resistances of the ball valve without tubing fluid resistance are listed in the table



A.2. Fabrication of two-part 3D printed ball valve 58

Ball groove Groove with 10
degree

Groove with 20
degree

Groove with 30
degree

Opening mode fluid
resistance (Pas

m3 )
8.45× 109 1.15× 1010 9.45× 109 9.55× 109

Closing mode fluid
resistance (Pas

m3 )
3.97× 1012 2.58× 1012 8.94× 1011 6.48× 1010

The micropump is also tested for performance with the 3D-printed, steel, and plastic ball. The
groove angle for the ball valve in the designed model is 10 degrees. The measured flow rate results
are shown in figure A.6 and the calculated fluid resistance without tubing contribution is shown in the
table below. Among them, the steel ball performs best as it has the highest flow resistance in the
closing mode and the lowest flow resistance in the opening mode. In addition, the flow fluctuation
is quite stable in repeatability. Meanwhile, the 3D-printed ball has the worst behavior. It has a high
flow fluctuation in closing mode and its flow resistance ratio in closing and opening mode is only 4.81.
This may be because the 3D-printed ball is detached from the support and has low sphericity at that
detached position. The performance of the polystyrene plastic ball is in between. In opening mode, its
flow resistance is close to the 3D printed ball as 1.86× 1010 and the ratio between the flow resistance
in closing and opening mode is 7.9. Due to the effect of gravity, the valve is set in a vertical direction
and changes direction during the mode change. Therefore, the above-measured results get rid of the
pressure above result eliminate the need for additional force to move the ball to the closed or open
position due to its gravity. These three types of balls are also measured to investigate their opening
pressure. The opening pressure for the 3D printed ball and the plastic ball are both as low as 50 mbar
and 40 mbar respectively. While the required opening pressure for steel ball is above the pressure
generation range of 3000 mbar.

Figure A.6: Flowrate-pressure characterization of valve performance of different ball types. Error bars indicate the sample
standard deviation of three repeated tests at the same applied pressure.

3D printed ball Steel ball Plastic ball
Opening mode fluid resistance (Pas

m3 ) 1.99× 1010 1.15× 1010 1.86× 1010

Closing mode fluid resistance (Pas
m3 ) 9.58× 1010 2.58× 1012 1.47× 1011

Table A.5: Valve performance of different ball types
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A.3. 3D printed membrane
Another problem with a monolithic micropump is the low surface roughness of a printed membrane. As
shown in figure A.7, there is a noticeable unevenness at the bottom edge of the membrane. This prob-
lem occurs when the printed membrane has a radius greater than 15mm and results in poor contraction
between the piezoelectric actuator and the membrane, as the piezoelectric actuator will be bonded to
the top of the membrane. In addition, the uncured resin in the chamber is difficult to clean.

Figure A.7: Schematic diagram of flow measurement

A.4. Conclusion
In conclusion, due to the low unidirectional performance of the 3D printed valve and the surface rough-
ness of the 3D printed membrane, the proposal of monolithic 3D printed micropump is finally chosen.
The 3D-printed diaphragm and ball are replaced by a brass diaphragm and polystyrene plastic ball in
the micropump prototype.
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Supplementary Material

The supplementary material discussed the following topics.

1. Fabrication process
2. Flow rate - frequency characterization of prototype 1 and prototype 4
3. Raw data of flow rate measured with prototype 3 micropump concerning frequency, voltage, and

backpressure
4. Matlab code for equivalent RLC model analysis
5. Simulation results of piezoelectric actuator central displacement in COMSOL Multiphysics

B.0.1. Fabrication process

Step No. Image Description

1

The designed model is saved
as an .STL file in SolidWorks
then opened in the PrusaSlicer
software. The support on the
build plate is automatically gen-
erated in the software to en-
sure the model is printable. As
shown in this figure, the grey
part is the support and the
orange part is the designed
model. After that, the model is
sliced in the software and ex-
ported as a .sl1s file.

60
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2

Upload this .sl1s file to the
Original Prusa SL1S SPEED
3D Printer. Fill the tank with
Prusament Resin tough trans-
parent amber. Then start print-
ing. Wait about 2 hours, the
successfully printed parts are
shown as white circles in the
picture. (Here I printed both
the micropump part and the
other stuff).

3

As shown in the figure, the
printed parts are stuck to the
print head. The printed parts
are then removed from the
print head.

4

Place the printed parts in the
Form Wash for 10 minutes to
clean the uncured resin. The
Form Wash is filled with IPA.
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5 Blow away the liquid on the 3D
printed parts with an air gun.

6
Place 3D printed parts in Form
Cure and cure for 15 minutes
using UV light.

7 Removed supports from 3D
printed parts.

8

Apply epoxy to the outer edge
of the chamber. Be careful not
to add epoxy inside the cham-
ber.
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9

Glue the piezoelectric actua-
tor to the top of the chamber
and add epoxy adhesive to the
joints.

10

Add epoxy adhesive into the
cavity around the conical chan-
nel of the pump base and
pump chamber. Be careful not
to add epoxy to the channel.

11

Place polypropylene balls in
the tapered channels and two
10mm O-rings on top of the
cavity around the channels.
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12

Place a 35mm O-ring on top
of the brass diaphragm, then
insert four M3 screws into the
through holes and use nuts to
clamp the three 3D printed lay-
ers together.

Table B.1: Fabrication process steps

B.0.2. Flow rate - frequency characterization of rest prototypes

Prototype No. Image

1

4
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B.0.3. Raw data of flow rate measured with micropump prototype 3
Flow rate - frequency characterization
The following results were measured with 140Vpp voltage applied. An overshoot is observed at the
beginning of the flow rate at t0. This occurs because the voltage applied at time t0 sometimes reaches
the maximum or close to the maximum of the sinusoidal voltage. This voltage induces a high verti-
cal displacement and a large fluid volume change ∆V . Since the time change at that moment ∆t is
infinitesimal, and the flow rate Q = ∆V

∆t , the resulting flow rate becomes extremely large.

Frequency Image
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The following results were measured with 190Vpp voltage applied.

Frequency Image
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The following results were measured with 240Vpp voltage applied.
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Flow rate - voltage characterization
The following results were measured with applied sinusoidal voltage with 5Hz frequency.

Peak to peak voltage (V) Image
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Flow rate - Backpressure characterization
The following results were measured with 240 Vpp applied sinusoidal voltage with 5Hz frequency.

Backpressure (mbar) Image
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B.0.4. MATLAB code for equivalent RLC model analysis
1 % Parameters
2 mu = 2.04e-3; % Viscosity of IPA (Pa·s)
3 L = 9.1e-3 * 2+14e-3; % Channel length (m)
4 r = 0.75e-3; % Channel radius (m)
5 rho = 785; % IPA density (kg/m^3)
6 Dchamber = 28e-3; % Chamber diameter (m)
7 Dbrass = 28e-3; % Brass diameter (m)
8 DPZT = 25e-3; %PZT film diameter(m)
9 E_brass = 100e9; % Young's modulus of brass (Pa)

10 t_brass = 0.25e-3; % Thickness of brass membrane (m)
11 v_brass = 0.34; % Poisson's ratio of brass
12 E_PZT = 60e9; % Young's modulus of PZT-5H (Pa)
13 t_PZT = 0.26e-3; % Thickness of PZT film (m)
14 v_PZT = 0.31; % Poisson's ratio of PZT-5H
15

16 % Channel and Chamber Calculations
17 Dchannel = r * 2; % Channel diameter (m)
18 Schannel = pi * r^2; % Channel cross-sectional area (m^2)
19 A = pi * (Dchamber / 2)^2; % Chamber area (m^2)
20 Q0 = 18.83; % Flow rate achieved at resonance frequency (uL/min)
21

22 % Flexural Rigidity and Structural Calculations
23 D_Bending_brass = E_brass * t_brass^3 / (12 * (1 - v_brass^2)); % Flexural rigidity (N·m)
24 K_brass = 8 * D_Bending_brass / (Dbrass / 2)^2; % Spring constant of brass membrane (N/m)
25

26 % Piezoelectric film
27 D_Bending_PZT = E_PZT * t_PZT^3 / (12 * (1 - v_PZT^2)); % Flexural rigidity (N·m)
28 K_PZT = 8 * D_Bending_PZT / (DPZT / 2)^2; % Spring constant of brass membrane (N/m)
29 K = K_brass + K_PZT;
30

31 % Fluid Resistance and Inductance
32 R = 128 * mu * L / (pi * Dchannel^4) + 2.8e8; % Fluid resistance (Pa·s/m^3)
33 L_fluid = rho * L / Schannel; % Fluid inductance (kg/m^4)
34

35 % Compliance Calculation
36 C = A^2 / K; % Capacitance (m^5/N)
37

38 % Resonance Frequency Calculation
39 omega0 = 1 / sqrt(L_fluid * C); % Natural frequency (rad/s)
40 f0 = omega0 / (2 * pi); % Natural frequency in Hz
41 disp(['Resonance␣frequency:␣', num2str(f0), '␣Hz']);
42

43 % Frequency Range for Plotting
44 omega = 0.1:0.01:700; % Frequency range (rad/s)
45 ratio = omega / omega0; % Frequency ratio
46

47 % Damping Factor Calculation
48 xi = R / 2 * sqrt(C / L_fluid); % Damping factor
49

50 % Flow Rate Calculation (Analytical Oscillator Model)
51 Q = Q0 * 2 * xi .* sqrt(ratio.^2 ./ ((1 - ratio.^2).^2 + (2 * xi * ratio).^2));
52

53 % Plotting Results
54 f = omega / (2 * pi); % Convert omega to frequency in Hz
55 hold on;
56 plot(f, Q, ':'); % Plot flow rate vs frequency
57 xlabel('Frequency␣(Hz)');
58 ylabel('Average␣flowrate␣(\mu{}l/min)', 'Interpreter', 'tex');
59 set(gca, 'XScale', 'log'); % Set X-axis to log scale
60 legend('Experimental␣results', 'Equivalent␣RLC␣system␣model');
61 xlim([0.1 100]); % Limit the x-axis range

Listing B.1: MATLAB Code for Flow Rate vs Frequency
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B.0.5. MATLAB code for theoretical PZT film displacement
1

2 % PZT Material Parameters (from the table)
3 E11 = 60e9; % Young's Modulus of PZT (Pa)
4 S11 = 1/E11; % Compliance constant of PZT (m^2/N)
5 d31 = -350e-12; % Piezoelectric constant of PZT (V/N)
6 v = 0.31; % Poisson's ratio of PZT
7 hp = 0.26e-3; % Thickness of PZT layer (m)
8 r1 = 25e-3 / 2; % Radius of PZT layer (m)
9 V = 100:1:240; % Applied voltage (V), from 100 to 240 with a step of 1

10

11 % Membrane Material Parameters (from the table)
12 Em = 100e9; % Young's Modulus of the membrane (Pa)
13 Sm = 1/Em; % Compliance constant of the membrane (m^2/N)
14 hm = 0.25e-3; % Thickness of the membrane (m)
15 r2 = 28e-3 / 2; % Radius of the membrane (m)
16

17 % Calculation of constants C1, C2, and C3 for theoretical displacement
18 C1=3*d31*hm*S11*Sm*(hm+hp);
19 C2=4*S11*hp*hm^3*Sm+6*S11*hm^2*hp^2*Sm+4*S11*hm*hp^3*Sm+1/2*hp^4*Sm^2*(1+v)+2*hm^4*S11^2/(1+v

);
20 C3=4*S11*hp*hm^3*Sm+6*S11*hm^2*hp^2*Sm+4*S11*hm*hp^3*Sm+hp^4*Sm^2*(1+v);
21

22 % Theoretical central displacement calculation w(r)
23 w=(C1*(2*r1^2*log(r1/r2))*V)*1e6/(C2-C3*(r1/r2)^2+1/2*hp^4*Sm^2*(1+v)*(r1/r2)^4); %um
24

25 % Plotting the voltage-displacement curve
26 plot(V, w)

Listing B.2: MATLAB code for theoretical PZT film displacement
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B.0.6. Simulation results of piezoelectric actuator central displacement in COM-
SOL Multiphysics

The following results were achieved when the frequency of the sinusoidal voltage was 5 Hz.

Peak to peak voltage (V) Displacement field, Z-component (mm)
100 0.030186584775277796
110 0.03318098252423664
120 0.036198748182521154
130 0.03921328725035082
140 0.04224025857375002
150 0.04524696955731602
160 0.048312363452420876
170 0.051280265788819515
180 0.05432805238949205
190 0.05734627752242129
200 0.06032722807226581
210 0.0634042761042264
220 0.06640224336926005
230 0.06940959347663839
240 0.07240515045636202


