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Abstract
Simple and low-cost solutions are becoming extremely important for the evolving necessities of biomedical applications. 
Even though, on-chip sample processing and analysis has been rapidly developing for a wide range of screening and diag-
nostic protocols, efficient and reliable fluid manipulation in microfluidic platforms still require further developments to be 
considered portable and accessible for low-resource settings. In this work, we present an extremely simple microfluidic 
pumping device based on three-dimensional (3D) printing and acoustofluidics. The fabrication of the device only requires 
3D-printed adaptors, rectangular glass capillaries, epoxy and a piezoelectric transducer. The pumping mechanism relies on 
the flexibility and complexity of the acoustic streaming patterns generated inside the capillary. Characterization of the device 
yields controllable and continuous flow rates suitable for on-chip sample processing and analysis. Overall, a maximum flow 
rate of ~ 12 μL/min and the control of pumping direction by frequency tuning is achieved. With its versatility and simplic-
ity, this microfluidic pumping device offers a promising solution for portable, affordable and reliable fluid manipulation for 
on-chip applications.
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1  Introduction

The ability to drive and control fluid flow in microfluidics is 
a vital precursor for lab-on-a-chip applications. While con-
ventional fluid manipulation methods, including benchtop 
syringe pumps and complex pressure-driven setups, provide 
convenient on-chip experimentation in a well-equipped labo-
ratory, they are not suitable for less than ideal conditions 
with limited infrastructures that miniaturization and lab-on-
a-chip platforms actually target. Considering the increasing 
importance of point-of-care diagnostics and large-scale dis-
ease screening (Nasseri et al. 2018; Zhu et al. 2020), precise 
and practical control of micro- to femtoliters of fluids using 
simple and cost-effective approaches is even more desired.

Microfluidics is a thriving research field applied in sam-
ple processing (Liu et al. 2017), bioanalysis (Ni et al. 2019), 
diagnostics (Wang and Lee 2020), and therapeutics (Pollet 
and den Toonder 2020). There have been numerous studies 
demonstrating miniaturized microfluidic pumps to facilitate 
more suitable and applicable on-chip functions for point-
of-care applications and low-resource settings (Iverson 
and Garimella 2008; Gong et al. 2012; Iwai et al. 2014; Li 
et al. 2019). In this endeavor, various designs and actuation 
mechanisms have been employed including surface ten-
sion (Berthier and Beebe 2007), electric field (Hossan et al. 
2018), magnetic field (Malouin Jr et al. 2011; Zhang et al. 
2018), optical tweezing (Maruo and Inoue 2007), thermal 
effects (Tan et al. 2019), periodic volume displacement 
(Yang et al. 2009; Liu and Lee 2014), and acoustic streaming 
(Wu et al. 2019b). Surface tension has been explored in vari-
ous capillary-based microfluidic pumping devices to drive 
fluid flow in a passive manner (Zimmermann et al. 2007; 
Chao and Meldrum 2009). A recently presented microfluidic 
device architecture has been shown to perform capillary-
based pumping independent of the surface energy and vis-
cosity of the sample liquid (Guo et al. 2018). They achieved 
this using the capillary movement of a known working liquid 
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located downstream of the microfluidic channel pulling 
the unknown sample liquid. Another passive microfluidic 
pumping mechanism has been demonstrated using yarn flow 
resistance to control the flow rate in a siphon-based micro-
fluidic device (Jeong et al. 2014). They achieved stable flow 
rates in the range of hundreds of microliters per hour applied 
in a microfluidic cell incubator. While passive microfluidic 
pumps are relatively simpler in design and do not usually 
require complex fabrication and actuation schemes, flow rate 
metering and control is limited in these systems.

Precise control of flow rates in microfluidics is frequently 
desired for flexibility and complex sample-handling require-
ments (Lee et al. 2018). For this reason, various external 
fields have been labored to achieve fluid pumping and flow 
rate adjustability by tuning the input field parameters. Due to 
this pliability and control, this group of microfluidic systems 
is generally referred as active pumps (Au et al. 2011; Huang 
et al. 2014). A commonly used mechanism within this group 
is manipulating fluids by externally applied electric fields 
also known as electrokinetics (Studer et al. 2002; Li et al. 
2019; Yen et al. 2019). Some of the important subcatego-
ries of electrokinetic effects are dielectrophoresis, electroos-
mosis, induced charge electroosmosis, and electrophoresis 
(Hossan et al. 2018). Electrokinetic methods are well suited 
for miniaturization and system integration. However, apart 
from complex fabrication requirements, there are some 
technical challenges associated with these systems. For 
instance, one of the main limitation of the these pumps is 
their dependence on the conductivity of the liquids which 
may sometimes oblige sample medium modifications to 
control pumping performance (Vafaie et al. 2016). Another 
challenge especially encountered in electroosmosis-based 
micropumps is the generation of bubbles during ionization 
process which generally affects the device performance 
adversely (Wang et al. 2009).

Magnetic field has been harnessed for microfluidic 
pumping in various means including cilia actuation, mag-
netohydrodynamics, ferrofluidic actuation and membrane 
actuation (Zhang et al. 2007; Hanasoge et al. 2018; Chen 
et al. 2020) These approaches generally involve a moving 
external magnetic field and internal actuation mechanisms 
which result in more complex device architectures. Simi-
larly, optically driven microfluidic pumps rely on mov-
ing parts and fairly complicated laser setups (Leach et al. 
2006; Maruo and Inoue 2007; Jung et al. 2014). Thermal 
gradient-based pumps employ a temperature difference to 
induce fluid transport in microfluidics (Salari et al. 2019). 
Flow rate control in such pumps is achieved through 
adjusting the temperature gradient within the fluid which 
may not be suitable for biomedical applications due to 
potential thermal damage to biomaterials (Das et al. 2008). 
Although peristaltic microfluidic pumps, which have been 

widely explored for on-chip fluid handling, provide rela-
tively cheaper alternatives that are generally capable of 
higher flow rates, they have various drawbacks including 
potential detrimental effects to cells due to pulsatile flows 
(Li et al. 2013), poor long-time durability due to constant 
deformations, and limited flow profiles (Stewart 2019).

The field of acoustofluidics, has spawned numerous 
applications in the last 2 decades from single cell studies 
to fluid and organism manipulation (Ozcelik et al. 2018; 
Wu et al. 2019a). The versatility of these systems stems 
from their non-invasive, low-cost, and label-free attrib-
utes (Neild 2016). There are two fundamental forces used 
in acoustofluidics: acoustic radiation force and acous-
tic streaming-induced drag force. While acoustic radia-
tion forces mainly arise from a gradient due to scatter-
ing, reflection, dampening, interference or absorption of 
acoustic waves (Bruus 2012; Karlsen et al. 2016), acous-
tic streaming results from viscous attenuation of acous-
tic waves inside a fluid medium (Friend and Yeo 2011). 
Acoustic radiation forces have been conveniently used to 
manipulate single cells and organisms in various modes 
(Devendran et al. 2014; Guo et al. 2015; Ayan et al. 2016; 
Sesen et al. 2017), whereas acoustic streaming has been 
primarily applied in fluid manipulation in microfluid-
ics (Phan et al. 2016). Different mechanisms have been 
explored to generate acoustic streaming and fluid pumping 
including surface acoustic wave-based localized stream-
ing (Wu et al. 2019b), trapped microbubble-based micro-
streaming (Tovar et al. 2011; Gao et al. 2020), and sharp 
edge-based acoustic streaming (Huang et al. 2014; Nama 
et al. 2014; Doinikov et al. 2020). Even though acoustoflu-
idic methods provide reliable, continuous and controllable 
microfluidic pumping, they require complex and expensive 
cleanroom fabrication steps which is a limiting factor for 
low-resource settings and widespread adoptability. There-
fore, there is still a need for a simpler and more practical 
microfluidic pump to address the current challenges.

Herein, we present a new method of acoustofluidic 
pumping using glass capillary-induced acoustic stream-
ing and 3D-printed architectures. In this work, we address 
various limitations and challenges of the existing micro-
fluidic pumping platforms by developing an extremely 
simple fabrication and assembly approach as well as the 
actuation mechanism. The acoustic streaming profiles gen-
erated at various frequencies within the glass capillaries 
have been studied to achieve flow rate control via tuning 
the amplitude of the applied acoustic waves. Furthermore, 
frequency-dependent fluid pumping direction reversal is 
demonstrated for the first time by employing different 
eigenmodes of the capillaries. With its simplicity, low-cost 
and versatility, the presented system carries great potential 
to be adopted for various on-chip biomedical applications.
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2 � Experimental methods

The proposed microfluidic pumping device is comprised 
of a glass capillary tube with a rectangular cross-section, 
3D-printed fluidic channels (adaptors), a top connector, and 
a piezoelectric transducer (Fig. 1a). A fused deposition mod-
eling (FDM) type 3D printer (i3 Mega, Anycubic, Shenzhen, 
China) is used for 3D printing the plastic parts of the system. 
The following printing parameters are set in the slicing soft-
ware; print speed: 50 mm/s, infill: 100% with zigzag pattern, 
cooling: 100%, retraction: enabled, layer height: 0.1 mm, 
and wall line count: 3. Standard 1.75-mm diameter polylac-
tic acid (PLA) filament is used with 210 °C at the print-head 
and 60 °C at the print bed. Two adaptors are printed to form 
a closed-loop complete microfluidic channel geometry. The 
adaptors are designed to have a top inlet port and a fluidic 
channel embedded inside that can be connected to two rec-
tangular cross-sectioned capillary tubes (Fig. 1).

For the device assembly, two adaptors are positioned to 
have their capillary ports facing to each other, and two rec-
tangular glass capillaries (5010, Vitrocom, NJ, USA) with 
50 mm length, 0.1 mm height, 1 mm width and 0.07 mm 
wall thickness are inserted to each adaptor as shown in 
Fig. 1b. Afterwards, a 5-min epoxy (E340, Akfix, Istanbul, 
Turkey) is carefully applied around the edges of the ends of 
the capillaries to provide liquid-tight sealing. The micro-
fluidic path is completed through the channels embedded 
inside the adaptors. Subsequently, a piezoelectric transducer 
(SMPL26W8T07111, Steminc, FL, USA) is bonded on top 
of one of the capillaries as depicted in Fig. 1. Polyethylene 
tubes (10793527, Smith’s Medical, USA) are inserted into 
the top inlet and outlet of the adaptors. Finally, the top con-
nector is glued onto the adaptors to provide a robust device 
assembly.

To actuate the acoustofluidic device, a sine wave is 
applied to the piezoelectric transducer through a function 
generator (AFG1062, Tektronix, OR, USA) and amplified 
using a simple TDA7293 100-W audio amplifier circuit 

powered by a DC power supply (SPD-3606, GW-Instek, 
Taiwan). Output signals are measured using a digital 
oscilloscope (TBS2104, Tektronix, OR, USA). The audio 
amplifier circuit can amplify sine waves with frequencies 
around 70 kHz up to 60 VPP with minimal distortion of 
the waveform. The function generator can output 20 VPP 
maximum voltage for waveforms up to MHz frequencies. 
As a method of resonance frequency characterization, S11 
parameters of the piezoelectric transducers are measured 
using a portable vector network analyzer (NanoVNA, 
Huayang, Guangdong, China). Experiments are conducted 
under an inverted optical microscope (OX.2053-PLPH, 
Euromex, Arnhem, Netherlands). Still images and videos 
are recorded using a high-definition CMOS camera (HD‐
Ultra, Euromex, Arnhem, Netherlands) and a high-frame-
rate portable camera (Exilim EX-FC100, Casio, Tokyo, 
Japan). For acoustic streaming and flow characterization, 
1- and 5-μm diameter polystyrene microparticles (Sigma 
Aldrich, MO, USA) are used in deionized water. Fluidic 
channels are initially flushed with ethanol to prevent bub-
ble entrapment inside the device. For microfluidic pump-
ing experiments, once filled with the bead solutions, the 
inlet and the outlet of the device are blocked with solid 
needles to ensure that the fluid is still in the absence of 
acoustic excitation. Flow rate characterizations are per-
formed on the bare glass capillary to capture laminar flow 
for easier bead tracking and analysis.

3 � Results and discussions

3.1 � Acoustic streaming inside glass capillaries

Acoustic actuation of the rectangular glass capillary 
induces various acoustic streaming profiles within the 

fluid domain due to the attenuation of the acoustic energy. 
As the frequency of the applied acoustic field varies, the 
streaming patterns inside the capillary change shape, size 
and location which is visualized using 1- and 5-μm sized 

Fig. 1   Demonstration of the acoustofluidic pump assembly and architecture. Schematic depiction of the a assembled and b side views are shown. 
c Photograph of an assembled device
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polystyrene particles (Fig. 2a–f). Frequency sweeping 
between 55 and 70 kHz and the resulting acoustic stream-
ing patterns in the capillary are shown in Online Resource 
1. As illustrated by the red-colored rectangle in Fig. 2g, 
these streaming patterns are recorded in the same capil-
lary that the transducer is bonded. For microfluidic fluid 
pumping applications, directional displacement of the liq-
uid is required. Therefore, streaming patterns generated 
between 60 and 70 kHz are particularly interesting and 
potentially useful for this goal because of the fluid stream-
ing directionality observed in these patterns. At higher 
frequencies such as 187 kHz and 220 kHz, rotating vorti-
ces are observed in different planes which may be useful 
for micro-mixing or rotational manipulation applications 
(Online Resource 2). Characterization of the piezoelectric 
transducer used in these experiments yields negative peaks 
in the S11 parameter around 60 kHz and 200 kHz indicat-
ing minimum power reflection which can be correlated to 
resonance frequency of the transducer (Online Resource 3 
Fig. S1) (Wang et al. 2020). The strongest acoustic stream-
ing flows are also observed around these frequencies. It is 
also worth mentioning that the dimensions of the capil-
lary used in the device influence the generated acoustic 
streaming patterns. For example, when another capillary 
with thicker walls is used with the same frequency and 
amplitude, the acoustic streaming is observed as weaker 

compared to the presented data. It is expected that as the 
wall thickness increases, the glass capillary becomes more 
rigid, and also its resonance behavior changes.

3.2 � Numerical analysis

In addition to the resonant frequency of the transducer, 
the eigenmodes of the glass capillaries are also critical in 
understanding the capillary displacements at different fre-
quencies (Ozcelik et al. 2016). For this purpose, numerical 
simulations are performed using the COMSOL Multiphysics 
software. To elucidate the experimentally observed acoustic 
streaming behavior, first, modal analysis of the glass capil-
lary with the bonded transducers is completed. Since the size 
and the mass of the transducer is relatively bigger than the 
glass capillary, eigenmodes of the combined mass of the cap-
illary and the transducer is more realistic and relevant to the 
experiments. Due to the strong epoxy bonding between the 
two, we consider the transducer and the capillary as a single 
body. Some of the different modes are shown in Fig. 3. The 
same modes with repeating higher orders are also observed 
within this frequency range. As a comparison, the eigen-
modes of the single capillary are shown in Online Resource 
3 Fig. S2. For the combined geometry, flexural (Fig. 3a, b, 
and e), flexural–torsional (Fig. 3c and f), and axial (Fig. 3d) 
modes are observed from the numerical analysis. From this 

Fig. 2   Acoustic streaming 
profiles inside the rectangular 
glass capillary are visualized 
using streak images. At lower 
frequencies, more specifically 
at a 61.7 kHz, b 62.5 kHz, 
c 63.7 kHz and d 67.3 kHz, 
acoustic streaming flows 
results in more directional fluid 
displacement within the capil-
lary. At higher frequencies of e 
220 kHz and f 187 kHz, acous-
tic streaming-induced flows 
yield rotating vortices at dif-
ferent planes. In f—i and f—ii, 
two adjacent vortices are shown 
side by side because they could 
not fit in the same frame due 
their larger spatial distribution 
in the capillary. Yellow arrows 
are used to indicate the stream-
ing directions. g The streaming 
profiles are recorded from the 
region of interest (ROI) shown 
with a red rectangle (color 
figure online)
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numerical study, displacement of the glass capillary can be 
visualized, which is believed to be the driving mechanism 
of the experimentally observed acoustic streaming profiles.

In the next step, the acoustic streaming profiles in the 
glass capillary are numerically studied. For this, the oscilla-
tions occurring at different eigenmodes are considered as the 
harmonic forcing in the fluid. The response of the fluid can 
be analyzed by employing the well-known Navier–Stokes 
equations for a Newtonian, compressible and viscous fluid:

Here, v, ρ, p, μ, and μb are velocity of the fluid, mass den-
sity, pressure of the fluid, shear dynamic viscosity, and bulk 
dynamic viscosity, respectively. Equations (1) and (2) express 
the conservation of the mass and momentum, correspond-
ingly. It is also convenient to write a linear relation between 
the fluid pressure and the density as p = co

2 ρ, where co is given 
as the speed of the sound in the stationary fluid (Nama et al. 
2014). Even though the Navier–Stokes equations used with the 
constitutive relation associating the density and the pressure 
can fully reveal the fluid response, straightforward numeri-
cal simulation of this set of equations with the non-linearity 
is computationally demanding and also expensive due to the 
large discrepancy in the typical wavelengths of the acoustic 
waves compared to the characteristic geometrical dimensions 

(1)
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+ ∇ ⋅ (�v) = 0,
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3
�)∇(∇ ⋅ v).

of the system, and time scales of typical oscillation periods 
compared to the time scale governed by the streaming speed 
(Nama et al. 2014). Therefore, the set of equations are lin-
earized by a separation order which is a valid conversion in 
the limit of small amplitude oscillations. That is, the response 
of the fluid can be analyzed computationally using a perturba-
tion method to expand the flow variables in the Navier–Stokes 
equations. In this process, the flow variables are divided into 
the first-order time harmonic and the second-ordered (steady 
and time-averaged fluid flow; namely acoustic streaming) 
components. Thus, Nyborg’s perturbation method is adapted 
assuming the following equations for the velocity, density and 
the pressure of the fluid (Nyborg 1998):

Here, ε is a dimensionless smallness parameter (Nama 
et al. 2015). Rewriting Eqs. 1 and 2 with the new forms of 
the velocity, pressure and density which are given by Eq. 3 
results in a first-order equation system:

v = v0 + 𝜀ṽ1 + 𝜀2ṽ2 + O(𝜀3) +⋯

p = p0 + 𝜀p̃1 + 𝜀2p̃2 + O(𝜀3) +⋯

(3)𝜌 = 𝜌0 + 𝜀𝜌̃1 + 𝜀2𝜌̃2 + O(𝜀3) + ....

��1

�t
+ �0(∇.v1) = 0,

Fig. 3   a–f Eigenmode analysis of the transducer and the glass cap-
illary for the range of frequencies used in the experiments. Due to 
the geometry of the single body, exposed section of the glass capil-

lary generally shows larger displacement for the frequencies used 
(blue and red color indicates minimum and maximum displacement, 
respectively) (color figure online)
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After repeating this step one more time, the second-order 
equations are obtained as the following:

The first-order system of Eqs. (4 and 5) are solved for 
time harmonic solutions, and the second-order Eqs. (6 and 
7) are solved for steady solutions yielding the time-averaged 
response of the fluid (acoustic streaming).

Based on the displacement modes in Fig. 3, different 
oscillation geometries are applied to the fluid in the capil-
lary. For example, when one end of the capillary oscillates 
along the y-axis symmetrically (Fig. 4a), direction verify 
that an asymmetric forcing appliedal fluid streaming occurs 
in the open-end capillary. Similarly, if the same regions of 
the capillary oscillate along the x-axis, directional acoustic 
streaming is generated with slightly recirculating flows close 
to the top and bottom walls. The oscillation frequency for 
these cases is chosen as 60 kHz which is relevant to the low-
frequency experimental streaming profiles. If the oscillations 
are applied only from top or bottom for Fig. 4a and b, similar 
directional streaming simulations are also generated (Online 
Resource 3 Fig. S3). In the simulations, an asymmetric forc-
ing is applied close to the ends of the capillary to induce 
directional acoustic streaming (Fig. 4a and b). These types 
of directional acoustic streaming profiles are observed in the 
experimental acoustic streaming flows shown in Fig. 2b and 

�0
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= −∇p1 + �∇2v1 + (�b +

1

3
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c. Considering the resonance frequency of the transducer, 
the mode shown in Fig. 3b or a close variation can exert an 
asymmetric forcing close to the end of the expose capillary. 
It is important to note that the shape modes shown in Fig. 3 
can be drastically changed with a slight shift in the applied 
frequency. Therefore, in the experimental conditions, we 
expect shape modes that are distorted to some degree. Nev-
ertheless, simulations in Fig. 4 verify that an asymmetric 
forcing applied to the capillary can generate directional 
acoustic streaming which is also experimentally observed 
at distinct frequencies.

To simulate the recirculating acoustic streaming vortices 
as shown in Fig. 2e and f, harmonic foresembling the experi-
mentalrcing to the fluid is applied from only one side in 
the middle section of the capillary as highlighted in Fig. 4c 
and d. Two acoustic streaming vortices are simulated in 
x–y plane as experimentally observed in Fig. 2e, when the 
oscillations are applied from the 100-μm-high side of the 
capillary. This mode of oscillations can be applied by the 
flexural modes occurring in x–y plane as shown in Fig. 3e. 
If the oscillations are applied from the 1-mm-wide side of 
the rectangular capillary, two vortices are generated in x–z 
plane (Fig. 4d) which is experimentally acquired in Fig. 2f 
as out-of-plane vortices observed from x–y plane. The oscil-
lation frequency for generating the counter-rotating vortices 
is chosen as 200 kHz which is around the experimental fre-
quencies applied for Fig. 2e and f. Overall, the simulated 
counter-rotating vortices in Fig. 4c and d are resembling the 
experimental data in Fig. 2e and f. It should also be noted 
that when both the top and bottom faces are oscillated in 
Fig. 4c and d, four symmetric vortices are resulted (Online 
Resource 3 Fig. S3). From the comparison of the simulated 
acoustic streaming (Fig. 4) and experimental streaming pro-
files (Fig. 2), it can be inferred that the location and the 
geometry of the harmonic forcing applied to the fluid is 

Fig. 4   Numerical simulations of the acoustic streaming patterns in 
the glass capillaries. Oscillations are applied from the regions high-
lighted by the red bars. The acoustic streaming velocity field for 
a vertical (in y-axis) and b horizontal (in x-axis) oscillations of the 

glass capillary. In a different configuration, oscillations are applied 
from one side of the capillary resulting in two streaming vortices c on 
x–y plane and d on x–z plane
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critical in generating desired fluid actuation behavior inside 
the glass capillaries.

3.3 � Pumping characterization

After comparing the acoustic streaming profiles at various 
frequencies and transducer-binding positions on the glass 
capillaries, a stable, continuous and controllable fluid pump-
ing behavior is achieved for a particular transducer posi-
tion at specific excitation frequencies. Directional fluid 
pumping is characterized in the bare glass capillary that 
no acoustic excitation is applied. Excitation frequency and 
oscillation amplitude-dependent fluid pumping behavior 
is observed when the transducer is bonded on one side of 
the capillary adjacent to one of the adaptors as shown in 
Fig. 1. If the transducer is shifted to the center of the cap-
illary (not shown), reproducible directional fluid pumping 
is not observed in the bare capillary even though acoustic 
streaming is induced in the capillary that is driven by the 
transducer. Therefore, it is interpreted that the asymmetrical 
bonding of the transducer on the rectangular capillary is a 
required condition in generating controllable and continuous 
fluid pumping. This can possible be due to the asymmetri-
cal pressure generation inside the capillary at this particular 
geometry for specific excitation frequencies.

Time series of directional pumping is demonstrated in 
Fig. 5 for the acoustic parameters of 63.73-kHz excitation 
frequency and 20 VPP applied voltage (Online Resource 
4). At 63.73 kHz, maximum fluid pumping performance is 
achieved in one direction. This frequency is obtained by tun-
ing the frequency from 1 to 300 kHz, which also includes 
the range of the resonant frequencies measured for the trans-
ducer, and comparing the generated pumping performances. 
For this device design and the geometry, another distinct 
excitation frequency (61.71 kHz) is identified that can gen-
erate significant net directional fluid flow in the opposite 
direction (Online Resource 5). As it can be observed from 
the Online Resource 5, pumping behavior in both of these 
frequencies is stable and can be turned on and off by con-
trolling the applied acoustic power. This behavior can be 
attributed to the variations of the displacement modes by 
the frequency that in turn can change the harmonic forcing 
location in the glass capillary.

Fluid pumping performance of the system is character-
ized at 63.73-kHz and 61.71-kHz driving frequencies result-
ing in fluid pumping in opposite directions as shown in 
Fig. 6. For better visualization and tracking, 5-μm diameter 
polystyrene particles are used in flow rate characterization 
instead of 1-μm particles that are used for acoustic stream-
ing visualization. It is known that as the particle diameter 
gets larger, the Stokes’ drag force also increases which slows 
down the particles compared to the actual flow rate of the 
fluid. Therefore, larger than 5-μm particles are not preferred 

for flow rate measurements. Theflow rates are measured at 
increasingly varying applied voltage amplitudes starting 
from 5 VPP and reaching up to 40 VPP. For the flow rate 
characterization, particles are tracked for a certain distance 
under the microscope using the slow motion camera. The 
travel time for each particle for the measured distance is 
acquired from the frame count from the start to the end of 
the distance. Then, the speed of the particle is calculated 
and multiplied by the inner cross-sectional area of the glass 
capillary to obtain the volume flow rate. Finally, the flow 
rate is converted to the more relevant unit of microliters per 
minute. For each applied voltage, three different experiments 
are conducted, and minimum 20 particles are tracked from 
each experiment to calculate the flow rate for one voltage 
value. While at 63.73-kHz driving frequency, a maximum 
flow rate of ~12 μL/min is achieved at 40 VPP, at 61.71-kHz 
frequency around 2 μL/min flow rate can be generated at the 
same driving voltage. Even though the flow rates induced 
in the opposite direction are much smaller compared to the 
flow rates occurring at 63.73 kHz, the microfluidic pumping 
system presented here can achieve frequency reversible fluid 
pumping behavior. In the work of Gao et al., flow reversibil-
ity is also demonstrated but the overall maximum flow rate 

Fig. 5   a–e Time series of directional pumping behavior recorded in 
the bare glass capillary. The red-colored circle traces a single 5-μm 
diameter polystyrene particle. Black arrow indicates the flow direc-
tion (color figure online)
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is reported as 1600 nL/min (1.6 μL/min). In the other recent 
examples of acoustic-based microfluidic pumps, maximum 
flow rates of 420 nL/min (Lin et al. 2019), 41.5 nL/min (Wu 
et al. 2019b), 8000 nL/min (Huang et al. 2014), and 250 nL/
min (Tovar and Lee 2009) are demonstrated. Compared to 
the existing acoustic-based microfluidic pumps, our device 
can achieve higher flow rates (12000 nL/min) and versatility 
as well as simplicity in terms of fabrication and assembly. 
Overall, this system enables adjustable flow rate through 
controlling the input voltage of the transducer, and flow 
direction selection by switching the applied frequency.

4 � Conclusions

Providing rapid and accessible on-chip biomedical analysis 
including disease diagnostics and testing has been proven to 
be a crucial step in fighting outbreaks including the COVID-
19 pandemic that we are experiencing today (Udugama et al. 
2020). Therefore, a simple and practical microfluidic pump, 
which is based on 3D printing and acoustofluidics, is pre-
sented that does not require complex and expensive clean-
room fabrication. 3D printing has proven itself as a reliable 
prototyping platform (Tasoglu and Folch 2018; Kim et al. 
2019) even for basic hospital equipment such as ventilators 

(Tino et al. 2020). We have also adopted 3D-printing tech-
nology to rapidly print and assemble the microfluidic pump 
using simple glass capillaries and piezoelectric transducers. 
In addition, we have harnessed the acoustofluidics, which 
enable non-invasive and label-free manipulation capabilities, 
in this practical fluid manipulation system.

The characterization of the device yielded precise and 
active control of flow rates via adjusting the applied volt-
age to the transducer. A maximum flow rate of ~ 12 μL/
min is demonstrated at 40 VPP input voltage. Furthermore, 
control of the flow direction is achieved by exploiting the 
complex nature of the streaming flows inside the glass cap-
illaries through frequency tuning. Thanks to its simplicity, 
this microfluidic pump can be integrated to other on-chip 
platforms to realize truly portable operations. Overall, a ver-
satile platform holding important potential for lab-on-a-chip 
biomedical applications is demonstrated.
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