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the nuanced nature of their assembly present sig-
nificant hurdles for other researchers attempting to 
reproduce these pumps in resource-limited environ-
ments (Akkoyun et al. 2021). There is a need for 
the development of an easy-to-reproduce microflu-
idic pump that is not only simple and efficient but 
also addresses the current limitations, facilitating 
broader accessibility and accelerating progress in 
microfluidics research.
Over the years, the significance and potential of 
miniaturized bioanalytical systems have become 
increasingly evident, particularly in the context of 
their crucial role in addressing urgent and time-
sensitive scenarios such as disease outbreaks and 
rapid disease screening (Cai et al. 2021; Ao et al. 
2022; Lu et al. 2022; Wu et al. 2023b). These sys-
tems, often integrated into lab-on-chip platforms, 
offer unprecedented advantages in terms of porta-
bility, efficiency, and rapidity of analysis (Lin et al. 
2019a; Gao et al. 2020b; Cai et al. 2021; Ozcelik 
and Aslan 2022; Wu et al. 2023a, c). Their ability 
to perform complex biological assays and diag-
nostic tests within compact and automated frame-
works makes them invaluable tools for on-the-spot 

1 Introduction

In the realm of microfluidics, the relentless pursuit 
of miniature and cost-effective pumping solutions 
has been a driving force behind advancements in 
various fields, from biomedical diagnostics to chem-
ical analysis (Xu et al. 2020; Cook et al. 2022; Li et 
al. 2023b). The inherent challenges associated with 
developing efficient microfluidic pumps that bal-
ance performance, affordability, and simplicity have 
fueled the exploration of various actuation mecha-
nisms (Hossan et al. 2018; Li et al. 2019). However, 
the microfluidic pumps developed thus far have cer-
tain limitations such that the intricate designs and 
complex fabrication processes involved make these 
pumps less than ideal for widespread adoption. Fur-
thermore, the lack of standardized protocols and 
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testing, significantly reducing the time required for 
obtaining critical results (Gandotra et al. 2023; Li 
et al. 2023a). However, the seamless functionality 
of these lab-on-chip systems heavily relies on the 
development of efficient and simple microfluidic 
pumps (Iverson and Garimella 2008). These pumps 
are essential for precisely manipulating fluid flow 
within the microscale environment, enabling accu-
rate and controlled sample transport and analysis. 
As technological advancements continue, the inte-
gration of efficient microfluidic pumps becomes 
pivotal in harnessing the full potential of miniatur-
ized bioanalytical systems for swift and reliable 
diagnostics in critical situations.
Researchers have strived to enhance the perfor-
mance, efficiency, and versatility of microfluidic 
pumps, addressing issues such as flow control, reli-
ability, and integration with complex microscale 
systems. In this endeavor, both passive and active 
fluid actuation mechanisms have been integrated 
into microfluidic pumps to achieve controllable 
fluid flow manipulation (Berthier and Beebe 2007; 
Resto et al. 2012; Gao et al. 2020a; Ozcelik and 
Aslan 2021; Zhao et al. 2021; Gucluer 2021). Pas-
sive microfluidic pumps, driven by capillary forces, 
surface tension, and other inherent properties of flu-
ids, have emerged as promising tools for achieving 
continuous flow within microscale systems (Chao 
and Meldrum 2009; Jeong et al. 2014; Guo et al. 
2018). These pumps are simpler in terms of actua-
tion mechanisms and device fabrication compared 
to externally powered micropumps, but they are 
limited in terms of flow rate control. As opposed 
to the passive micropumps, various external fields 
have been implemented in active microfluidic 
pumps including magnetic, electric, optic, peristal-
tic, and acoustic pumps (Bart et al. 1990; Leach et 
al. 2006; Iverson and Garimella 2008; Wang et al. 
2017; Li et al. 2019; Binsley et al. 2020; Akkoyun 
and Ozcelik 2022). For example, various techniques 
have been employed to employ magnetic fields for 
microfluidic pumping, encompassing cilia actua-
tion, magnetohydrodynamics, ferrofluidic actua-
tion, and membrane actuation (Zhang et al. 2007; 
Hanasoge et al. 2018; Chen et al. 2020). In general, 
magnetic field-based micropumps rely on a rotating 
magnetic field and micro-actuation mechanisms that 
result in a relatively complex device architecture. 
Electrokinetic-based micropumps such as dielectro-
phoresis, electroosmosis, induced charge electroos-
mosis, and electrophoresis enable miniaturized fluid 
manipulation mechanisms through various electrode 

geometries (Vafaie et al. 2016; Hossan et al. 2018). 
While these micropumps have been shown to pro-
vide precise flow manipulation capabilities, their 
fabrication process is fairly complex, and they usu-
ally depend on medium conductivity.
Acoustically driven micropumps have also been 
widely explored for microfluidic flow manipulation 
applications (Wang et al. 2010; Tovar et al. 2011; 
Wu et al. 2019). The driving force of attention for 
these systems arises from their non-invasiveness 
and label-free characteristics (Neild 2016; Ao et 
al. 2021). Acoustofluidics relies on two fundamen-
tal forces which are the acoustic radiation force 
and the drag force induced by acoustic streaming. 
Acoustic radiation forces primarily result from 
gradients due to scattering, reflection, dampen-
ing, interference, or absorption of acoustic waves 
(Bruus 2012; Karlsen et al. 2016), while acoustic 
streaming emerges from the viscous attenuation of 
acoustic waves within a fluid medium (Friend and 
Yeo 2011). Various mechanisms, such as surface 
acoustic wave-based localized streaming (Wu et 
al. 2019), trapped microbubble-based microstream-
ing (Tovar et al. 2011; Gao et al. 2020a), and sharp 
edge-based acoustic streaming (Huang et al. 2014; 
Nama et al. 2014; Doinikov et al. 2020), have been 
explored to generate acoustic streaming and facili-
tate fluid pumping. Even though acoustofluidics 
micropumps are versatile in terms of their function-
alities, they usually still require expensive clean-
room fabrication facilities. Therefore, there is still 
a need for a simple, low-cost, and efficient micro-
pump that can easily be replicated in any labora-
tory with only 3D-printed parts and off-the-shelf 
components.
This manuscript introduces a new approach to 
microfluidic pumping, presenting a low-cost acous-
tofluidic nozzle diffuser microfluidic pump that 
leverages the controlled vibrations of micro nozzles 
to induce unidirectional fluid flow. All the electronic 
and mechanical parts implemented in this pump can 
easily be acquired and casing can be 3d printed. 
The demonstrated pumping mechanism relies on 
fluid flow resistance through an oscillating nozzle 
and could generate flow rates exceeding 515 µl/
min at only 12 volts applied voltage. In addition 
to its pumping function, the demonstrated system 
also provides efficient filtration of the pumped fluid 
eliminating any particles larger than the diameter of 
the nozzle-end. Overall, the demonstrated system is 
low-cost, simple, and versatile which can be applied 
to sample processing and bioanalyses.
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2 Experimental methods

2.1 Device fabrication and assembly

The presented device is designed to have three main parts 
including a top reservoir, an acoustic transducer, and a lower 
channel for fluid collection. The top reservoir and the bot-
tom channel were designed to have three symmetric through 
holes for metric 3 screws that pressed the transducer in a 
silicone case for liquid-tight assembly. The reservoir and 
fluid collection parts were printed using a consumer-grade 
3D printer (Ender 3 S1, Creality, Shenzhen, China). The 
parts were printed using 100% infill, 50 mm/s print speed, 
0.8 mm retraction, -0.18 mm layer height, 210 °C nozzle 
temperature, and 60 °C print bed temperature. The STL files 
for these parts are provided as supplementary material for 
reproducing the micropump (Online Resource 1). The trans-
ducer and control board are off-the-shelf items commonly 

used for ultrasonic mist generation (113 kHz, TaiMi, Guan-
dong, China). The transducer is ring-shaped and contains a 
0.15 mm thick metal sheet with an array of conical holes. 
In the device assembly, the transducer was placed in a way 
that the larger holes (that are barely visible to the naked eye) 
on the metal cover sheet were facing toward the pumping 
channel. The controller board features an on-off switch and 
a 3 mm barrel jack for DC input. The controller can drive 
a 113 kHz transducer and can be powered by a simple DC 
power source such as a battery or power bank with voltages 
up to 12 Volts. The assembled device, the controller board, 
and device schematics are shown in Fig. 1.

2.2 Experimental setup

For pumping behavior visualization, a solution of filtered 
bottled water and a mixture containing 5 μm and larger 
(between 20 and 40 μm diameter) polystyrene microparticles 

Fig. 1 Acoustic nozzle diffuser 
micropump picture and sche-
matics. (a) Actual picture of the 
pumping device and electronic 
board. (b) Schematic depiction of 
the assembled device. (c) Sche-
matic depiction of the acoustic 
transducer. (d) Exploded view of 
the device assembly showing top 
reservoir, metal sheet, transducer 
and bottom channel
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Figs. 2 and 3) that is attached to the center of a ringed-shaped 
transducer oscillates at about 113 kHz. When the water res-
ervoir is placed at the nozzle side that has 6 μm diameter 
orifices, a net flow occurs towards the diffuser direction that 
has an array of holes with a diameter of 50 μm. This mecha-
nism is frequently used in nozzle-diffuser-type microfluidic 
pumps, but they implement an elastic membrane and an 
intermediate chamber (Singhal et al. 2004; Ahmadian and 
Mehrabian 2006; Nisar et al. 2008; Li et al. 2013; Zhao et 
al. 2017). In traditional nozzle-diffuser pumps, the chamber 
is first supplied with fluid by diffuser action during a cham-
ber volume expansion, and then the fluid is pumped through 
the second diffuser during the chamber volume contraction. 
In both volume expansion and contraction of the chamber, 
nozzle directions provide fluid resistance thus a net flow 
can be obtained in the diffuser direction. In our micropump, 
the micro diffuser array that is on the metal sheet rapidly 
travels back and forth towards and away from the fluid res-
ervoir. This motion provides a stable directional pumping 
effect with controllable flow rates by tuning the amplitude 
of the oscillations. It is also important to note that vibrating 
boundaries can generate acoustic streaming within a fluid 
domain due to viscous damping. In our device, since the 
metal sheet oscillates in the fluid medium, acoustic stream-
ing flows are expected to contribute to fluid manipulation. 
We observed movement of small dust particles due to the 
acoustic streaming within the pumped fluid in an experiment 
using an open system with only the transducer and metal 
sheet in contact with a fluid container (Online Resource 2) 

(Sigma Aldrich, MO, United States) was used. For visual 
observation of fluid pumping, food dye and water were used. 
For characterization of the flow rates, the micropump outlet 
is connected to a 0.5 mm by 0.5 mm inner cross-section 
rectangular glass capillary (Vitrocom, NJ, USA) using sili-
cone tubing. Motion of microparticles was captured using 
an inverted optical microscope (OX.2053-PLPH, Euromex, 
Arnhem, Netherlands) equipped with an HD camera (HD-
Ultra, Euromex, Arnhem, Netherland) and a portable cam-
era (Note 10 Pro, Xiaomi, Beijing, China). The flow rates 
at different applied voltages were calculated by tracing the 
particles using ImageJ and calculating the velocities. Then, 
the channel cross-section is multiplied by the particle veloc-
ity to obtain volumetric flow rates. The surface of the thin 
metal sheet was imaged using an inverted metal microscope 
(XJP-6 A, Soif, Guangzhou, China) equipped with a CMOS 
camera (MS60, M-Shot, Guangzhou, China). A DC power 
supply (SPD-3606, GW-Instek, Taiwan) was used to char-
acterize pumping performance as a function of applied DC 
voltage.

3 Results and discussions

3.1 Working mechanism

The proposed device is a valveless micropump based on a 
nozzle-diffuser mechanism (Fig. 2). For this, a thin metal 
sheet with approximately conic-shaped holes (as shown in 

Fig. 2 Schematic depiction of 
the dimensions and the work-
ing mechanism of the acoustic 
nozzle-diffuser micropump. (a) 
Cross-sectional view of a micro-
hole with the actual diameters. 
(b) Water reservoir is placed on 
the nozzle side and a net flow 
occurs during membrane vibra-
tion. (c) Diffuser action provides 
less fluid resistance and a net 
flow while nozzle action restricts 
the flow by higher flow resistance
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Online Resource 5 in which an initially empty microchan-
nel is filled with a continuous fluid medium through pump-
ing action. The pumping flow rate at different voltages was 
calculated through particle tracing analysis. The tracking of 
microparticles inside the channel is shown in Fig. 4b. Start-
ing with the smallest applied voltage of 2 volts that could 
generate a net flow, the pumping flow rates of water were 
characterized as shown in Fig. 5. With the current device 
design and geometry, a pumping rate over 515 µl/min was 
achieved at 12 volts applied voltage. At the highest volt-
age, the system drew only 0.15 Amps of current resulting 
in approximately a power value of 1.8 watts. At lower volt-
ages, the flow rate could be decreased as desired. It is also 
important to note that some bio applications with delicate 
cell samples may require flow rates lower than the ones 
shown in Fig. 5. In the current device, off-the-shelf compo-
nents were used which had fixed hole dimensions and num-
bers in the arrays. With customization of the geometry of 
these hole arrays, it can be possible to decrease or increase 
the achievable flow rates. For example, with smaller diam-
eter holes, a much lower flow rate can be obtained. Another 
approach would be adding flow restricting features to the 
3D printed parts to limit the flow rates for achieving much 
lower flow rates.

Compared to the previously shown acoustically driven 
micropumps as shown in Table 1 (Tovar et al. 2011; Huang et 
al. 2014; Wu et al. 2019; Yen et al. 2019; Ozcelik and Aslan 
2021), this system can provide a much higher flow rate at 
a minimal input power. This is a very important advantage 

which is occurring mostly due to the oscillating boundaries 
of 50 μm holes on the metal sheet.

For this microfluidic pump, we took advantage of a com-
mercially available and low-cost mist generation unit. For 
mist generation, the water reservoir is placed on the diffuser 
side that has the larger diameter holes, and water moves 
through the nozzle to a lower pressure side and turns into 
mist (Zhang et al. 2018; Guerra-Bravo et al. 2021). In our 
system, we designed a pumping channel for the diffuser 
direction (Fig. 3a and b) and a fluid reservoir for the noz-
zle direction (Fig. 3c and d). When no voltage is applied 
to the controller, the transducer does not oscillate, and no 
fluid flow occurs through the micro-hole array. By applying 
increasing values of voltages up to 12 volts, the transducer 
oscillates, and a controllable fluid flow is provided toward 
the diffuser direction.

3.2 Pumping characterization

The developed pumping system was shown to provide 
directional fluid pumping using both visual demonstration 
(Fig. 4a) and microscopic analysis (Fig. 4b). In the visual 
demonstration, red food dye mixed with water is clearly 
shown to rise through a clear pipette tip in Fig. 4a (See 
Online Resource 3). It was also shown that the fluid flow 
could be stopped and started by switching the transducer on 
and off as shown in Online Resource 4. This demonstrates 
the on-demand characteristic of the micropump. A smooth 
and bubble free pumping characteristic is also shown in 

Fig. 3 Microscope images of the 
nozzle and diffuser sides of the 
metal sheet (membrane). a and 
b) Diffuser side of the membrane 
featuring 50 μm holes. c and d) 
Nozzle side of the membrane 
with 6 μm diameter holes
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Table 1 Pumping performance comparison of some of the existing acoustofluidic micropumps
Working mechanism Max flow rate Required input Reference
Valveless flow manipulation using a nozzle-shaped actuation chamber with acoustic 
resonator profile.

80 µl/min 60 volts (Wang et al. 2010)

Acoustically driven, angled lateral air cavities 4.6 µl/min 25 volts (Tovar et al. 2011)
Selective actuation of different sized microbubbles for bidirectional pumping 1.2 µl/min 7 volts (Gao et al. 2020a)
Acoustofluidic stick-and-play micropump built on foil 0.42 µl/min 4 volts (Lin et al. 2019b)
Acoustically driven tilted sharp-edge structures 8 µl/min 50 volts (Huang et al. 2014)

Fig. 5 Characterization of 
pumping flow rate as a function 
of applied voltages. Error bars 
represent the standard deviation 
of at least 5 measurements

 

Fig. 4 Demonstration of fluid 
pumping. (a) Visual demonstra-
tion of the water colored with red 
food dye pumped through a clear 
pipette tip. (b) Image sequence 
of tracing of particles pumped 
inside a glass capillary
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microparticles and microparticles between 20 and 40 μm in 
diameter that were available in our lab. It was observed that 
only 5 μm particles passed through the device and larger 
particles were filtered out as shown in Fig. 6. A full reservoir 
of water mixture which was more than 6 ml was pumped 
through the device without any significant change in flow 
rate which showed that the larger particles did not cause 
any device clogging. It is possible that the high frequency 
(113 kHz) vibration of the metal membrane prevented 
clogging of the holes of the device and enabled continu-
ous flow pumping. This feature of the micropump can be 
highly useful for biomedical applications where larger 
debris and unwanted impurities can be prevented from 
entering the microfluidic device. It can potentially even be 
used for separating larger cells and pumping only smaller 
ones into a microfluidic device for bioanalysis. We directly 
implemented commercially available standard transducers 
with metal sheet cover but it is also possible to optimize 
the dimensions of the conic-shaped holes to enable different 
filtration needs in addition to microfluidic flow control.

4 Conclusions

The field of miniaturized on-chip sample preparation and 
analysis systems has long needed compact and affordable 
fluid handling solutions. Despite the development of mul-
tiple microfluidic pumps, the search for a simple and cost-
effective option has proven to be a difficult task. However, 
our study presents a simple micropump that meets these cri-
teria and more. With the ability to achieve a wide range of 
flow rates, with a maximum of 515 µl/min, using a modest 
power input of 12 volts and 1.8 watts, this micropump is 
versatile. The underlying operating principle of this micro-
pump revolves around an acoustic nozzle-diffuser mecha-
nism. Notably, the entire fabrication and assembly process 
can be accomplished without the need for a cleanroom 
environment, enhancing accessibility for researchers and 
practitioners. Furthermore, the micropump demonstrates an 
additional capability for selective filtration of microparti-
cles. This is achieved through the conic-shaped micro-holes 
that inhibit the passage of particles larger than the nozzle 
opening diameter, set at 6 μm in this study.

It is noteworthy that off-the-shelf components were 
exclusively utilized for the transducer and the controller in 

that shows the potential of the presented pump for a vari-
ety of lab-on-chip applications. In addition, this micropump 
is extremely simple, assembled with no microfabrication 
requirement, and can be replicated in any lab with a low-
cost consumer-grade 3D printer. As compared to the majority 
of the 3D printed micropumps, the developed system also 
shows superiority in terms of performance (Table 2).

3.3 Filtration effect of the micropump

The presented micropump implements conic-shaped micro 
holes on a metal sheet that drive fluid from one side to the 
other in the diffuser direction through 113 kHz oscillations. 
Thanks to the very small size of the nozzle outlet, only par-
ticles larger than the diameter of the smaller hole can pass 
through the device. In this case, the hole is about 6 μm in 
diameter, and it should not let larger particles pass through 
the micropump. We tested this by using a mixture of 5 μm 

Table 2 Comparison of some of the existing 3D printed micropumps
Working mechanism Max flow rate Required input Reference
3D printed Quake-style valve-based micropump 120 µl/min 5 volts (Lee et al. 2018)
Electro-magnetically actuated diffuser/nozzle pump 2.2 µl/min Not reported (Thomas et al. 2016)
Acoustic streaming within glass capillaries attached to 3D printed adaptors 12 µl/min 40 volts (Ozcelik and Aslan 2021)
3D printed valve-based micropump 40 µl/min Pressure-driven (Gong et al. 2016)

Fig. 6 Demonstration of particle filtration effect using the acoustic noz-
zle diffuser microfluidic pump. (a) A sample image of the fluid mixture 
containing 5 μm and larger polystyrene microparticles between 20 and 
40 μm diameter. (b) The image of the sample fluid collected from the 
micropump
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ing produced by sharp-edge structures in microfluidic devices. 
Microfluid Nanofluidics 24:32. https://doi.org/10.1007/
s10404-020-02335-5
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driven via acoustics and ultrasonics. Rev Mod Phys 83:647–704. 
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aptamer-sandwich assay for detection of HNP 1 as a biomarker for 
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this research. However, the micropump’s potential for cus-
tomization is highlighted, encouraging further exploration 
into the impact of varying the size and shape of the noz-
zle-diffuser microstructure on pumping performance. This 
can be achieved by tailoring the metal sheet cover on the 
transducer, providing a pathway for optimization based on 
specific application requirements. For wider accessibility, 
we encourage other researchers to replicate and assemble 
the micropump using the provided STL files, in conjunc-
tion with a readily available, low-cost control board and 
transducer kit. The simplicity in design, combined with its 
cost-effectiveness and versatility, positions this micropump 
as a valuable tool for on-chip applications. As we share this 
innovation with the community, we envision its potential 
to significantly contribute to advancements in various fields 
owing to its user-friendly attributes and practical utility.
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supplementary material available at https://doi.org/10.1007/s10404-
024-02722-2.
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