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Abstract
Acoustic wave-based manipulation of cells and particles in microfluidic channels has gained wide popularity in the past 
decade since it provides label-free and contact-less manipulation of them in a microfluidic environment using a very simple 
microfluidic structure and experimental setup. In bulk acoustofluidics, an acoustic resonance field that generates an acoustic 
standing wave within a microfluidic channel creates acoustic pressure nodes and anti-nodes, to which particles migrate to 
or migrate away from. However, in a given straight microfluidic channel, the position of the acoustic pressure nodes and 
anti-nodes are fixed and cannot be changed along the channel, limiting more diverse capabilities in moving particles and 
cells to a desired location within a microfluidic channel. Here, an acoustic echo-channel where its width changes along the 
flow direction was created right next to the main flow channel separated by a thin wall that minimizes the disturbance of 
the acoustic wave. This allows the location of the acoustic pressure nodes and anti-nodes to be controlled in the main flow 
channel depending on the width of the echo-channel, hence providing more flexibility in manipulating particles and cells to 
a certain position within a given microfluidic channel. The capability to more freely manipulate particles and cells within a 
microfluidic channel further expands the application areas of bulk acoustofluidics.
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1 Introduction

To date a variety of particle and cell manipulation tech-
niques and applications have been developed using bulk 
acoustic wave (BAW)-based acoustofluidic systems (Antfolk 

and Laurell 2019; Park et al. 2016). The principle of these 
systems lies on the phenomena that particles passing through 
an acoustic resonance field, namely the acoustic standing 
wave created between two side channels of a microfluidic 
channel functioning as transversal resonators, move towards 
positions in the microfluidic channel called acoustic pres-
sure nodes and/or anti-nodes, depending on the polarity of 
their acoustic contrast factors. Depending on the frequency 
applied through the piezoelectric transducer generating the 
acoustic wave, these acoustic pressure nodes are generated 
in the ½ position, ¼ and ¾ positions, and so on of the micro-
fluidic channel width. The major benefits of bulk acousto-
fluidic technology is that it allows contactless and label-free 
manipulation of particles, including cells, in microscale with 
an extremely simple microstructure and instrument setup. 
Thanks to these benefits, this technology has been widely 
used in applications ranging from cell separation (Antfolk 
et al. 2015; Lenshof et al. 2012), oil droplet separation 
(Wang et al. 2014), cell property analysis (Ding et al. 2012; 
Wang et al. 2018; Wiklund et al. 2014), and cell trapping 
(Evander and Nilsson 2012), to name a few. Additionally, 
this technology has been combined with other available 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1040 4-020-02356 -0) contains 
supplementary material, which is available to authorized users.

 * Younghak Cho 
 yhcho@seoultech.ac.kr

 * Arum Han 
 arum.han@ecen.tamu.edu

1 Department of Electrical and Computer Engineering, Texas 
A and M University, College Station, TX 77843, USA

2 Department of Biomedical Engineering, School of Medicine, 
Tsinghua University, Beijing 100084, China

3 Department of Mechanical System Design Engineering, 
Seoul National University of Science and Technology, 
01811 Seoul, Republic of Korea

4 Department of Biomedical Engineering, Texas A and M 
University, College Station, TX 77843, USA

http://orcid.org/0000-0002-9223-8301
http://crossmark.crossref.org/dialog/?doi=10.1007/s10404-020-02356-0&domain=pdf
https://doi.org/10.1007/s10404-020-02356-0


 Microfluidics and Nanofluidics (2020) 24:52

1 3

52 Page 2 of 10

microfluidic technologies, such as droplet microfluidics 
(Destgeer et al. 2016; Fornell et al. 2015) and electropho-
resis (Wiklund et al. 2006), for more complex assays to be 
performed in a microfluidic format.

To actuate bulk acoustofluidic microdevices, a piezo-
electric transducer typically attached to the bottom of a 
microfluidic channel is excited at the resonant frequency 
that matches the acoustic wavelength of the width of the 
microchannel. At this resonant frequency, particles pass-
ing through the acoustic resonance field move towards the 
acoustic pressure nodes or anti-nodes based on their density 
and compressibility in comparison to those of the surround-
ing media. If the particles have a positive acoustic contrast 
factor, they move towards the acoustic pressure node where 
the amplitude of motion is zero. On the other hand, if par-
ticles have a negative acoustic contrast factor, they move 
towards the acoustic pressure anti-node where the ampli-
tude of motion is maximum. This allows particle and cell 
manipulation to be conducted very easily. However, one of 
the biggest limitations of this technology is that the loca-
tions of the acoustic pressure nodes are fixed, in a sense 
that they can only be formed at the ½ (primary harmonic 
resonance) or ¼ & ¾ (secondary harmonic resonance) posi-
tions (or even 1/6 in the case of tertiary pressure nodes, but 
not commonly used as the force is quite weak) in a given 
microfluidic channel when the primary, secondary, and ter-
tiary acoustic resonance frequencies are applied. Thus, this 
technology cannot be used to manipulate cells and particles 
freely to any position desired within a microfluidic channel, 
thus somewhat limiting its flexibility and application areas. 
More flexible capability in controlling the location of the 
acoustic nodal positions will enable changing the location 
of particles and cells inside a microchannel more freely, and 
make applications that require better control over the loca-
tion of particle and cell migration in a given microchannel 
easier to be implemented.

The possibility of moving particles and cells to a position 
other than the fixed acoustic nodal lines through decoupling 
the physical microfluidic boundary from the acoustic wave 
boundary has been demonstrated previously (Leibacher 
et al. 2014). In that study, an acoustically transparent thin 
sidewall was created within the silicon microfluidic channel 
by filling part of the microfluidic channel with a polydi-
methylsiloxane (PDMS) structure, removed by laser cutting, 
so that the fluidic boundary created by the PDMS sidewall 
could be decoupled from the acoustic boundary created by 
the silicon microfluidic channel sidewall. This was possible 
because PDMS is relatively transparent to acoustic wave. By 
adjusting the width of this PDMS structure inside the silicon 
microfluidic channel, the effective position of the acoustic 
nodal position could be adjusted within the flow channel, 
where the actual acoustic nodal position is fixed by the two 
sidewalls of the silicon microchannel but the microfluidic 

channel width is reduced by the width of the PDMS struc-
ture within the microfluidic channel. Another reported 
method is the use of a bypass channel (also called echo-
channel) adjacent to the main flow channel that allowed the 
acoustic pressure nodes and anti-nodes to be dynamically 
tuned depending on the property of medium filling the echo-
channel (Jung et al. 2015). Here, the main flow channel was 
physically separated from the echo-channel by a thin side 
wall (less than 20 μm in width), making it almost transparent 
to the acoustic wave. Thus, the combined width of the main 
channel and the echo-channel becomes the effective channel 
width from acoustic wave perspective, while the flow chan-
nel width is defined by the walls of the main flow channel. 
By filling this echo-channel with medium having different 
densities, and thus changing the speed of sound wave, it was 
possible to create an acoustic pressure node in any location 
within the main channel. Although overcoming many limi-
tations of conventional bulk acoustofluidics, changing the 
location of cells and particles along the flow direction of the 
channel is still not possible, as the locations of the acoustic 
pressure nodes are still fixed and cannot change along the 
flow direction of a microfluidic channel.

Here, we present a bulk acoustofluidic device where the 
echo-channel has different widths along the flow direction of 
the main channel, essentially changing the effective acous-
tofluidic channel width along the flow direction. This allows 
the position of the acoustic pressure node to change along 
the flow direction, enabling the location of particles and 
cells to change laterally as they flow through the main flow 
channel. This new method provides the first bulk acoustoflu-
idic method that allows the position of particles and cells to 
change laterally as they move along the flow direction, and 
has the potential to further broaden the application areas of 
bulk acoustofluidics-based particle/cell manipulation.

2  Methods

2.1  Working principle

In wave theory, wavelength equals to the speed of wave 
times the frequency of the wave. In acoustofluidics, if the 
wavelength of the acoustic wave is adjusted to be equal to 
the microchannel width or multiples of the channel width, 
an acoustic resonance field is generated. If the channel width 
is equal to half of the acoustic wavelength, it means that 
the channel is in its fundamental (λ/2) resonance mode, and 
there will be one nodal plane created in the middle of the 
microchannel. Similarly, if the channel width is equal to the 
wavelength, the channel is in its first harmonic (λ) mode, and 
in this case, there will be two pressure nodal planes gener-
ated, one at the ¼ position and the other at the ¾ position 
within the channel (Fig. 1a).
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If an echo-channel is added next to the main fluidic chan-
nel separated by a thin wall, the thin wall functions as a 
physical boundary for the flow itself but almost transparent 
to the acoustic wave. This makes the width of the combined 
main channel and the echo-channel as the effective channel 
width of the acoustic full wavelength resonator. Thus, from 
acoustofluidics perspective, the effective channel width Weff 
can be defined by the following Eq. (1), which can be used to 
calculate the needed resonance frequency (Fong et al. 2014).

In this equation, Weff stands for the effective channel 
width from the acoustic wave perspective and as being the 
sum of the main channel width, Wmain, and the scaled ver-
sion of the echo-channel width, Wecho, and the scaled version 
of the thickness of the wall that separates the echo-channel 
and the main channel, Twall. Cw is the speed of sound in the 
main flow channel and set as 1531 m/s (Haynes 2014). Cecho 
is the speed of sound inside the echo-channel, and set as 
1496 m/s since deionized (DI) water was used in the echo-
channel (Cushing et al. 2017). CSi represents the speed of 
sound in silicon and the value was set to 8433 m/s (Hopcroft 
et al. 2010). The resonant frequency in the first harmonic 
mode was represented as f1 and calculated by dividing the 
speed of sound in the microfluidic channel by the effective 
channel width. COMSOL Multiphysics™ software was also 
utilized to examine the effect of echo-channel width on the 
positions of the acoustic pressure nodes. The details of the 
numerical model are shown in the supplementary section. In 
that numerical study only 2D models have been employed. 
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Here it might be considered that 3D models could be a bet-
ter approach to characterize the nodal positions inside the 
microfluidic channel. However, it is thought that it will be a 
preliminary examination to provide an illustration for further 
studies. Further research can be implemented to understand 
the effect of boundaries and sharp edges of the microfluidic 
channel.

When the width of the echo-channel increases, the effec-
tive channel width also increases, which causes the nodal 
positions in the main channel to shift towards the echo-chan-
nel. If this device is actuated in its first harmonic (λ) mode, 
there will be two acoustic pressure nodal planes. The loca-
tion of these planes can be adjusted using the echo-channel 
so that one nodal plane is formed inside the main flow chan-
nel and the other one formed inside the echo-channel, result-
ing in effectively only one pressure nodal plane to exist in 
the main flow channel. This phenomenon is very useful since 
in many applications, having two nodal planes that results 
in particles or cells moving to two different locations inside 
the flow channel is not desired. This concept is summarized 
in Fig. 1. It might be considered that solid partition might be 
unnecessary since laminar flow can be used in microfluidic 
channels since there are plenty of immiscible fluids. How-
ever, there has been studies showing that immiscible fluids 
can be mixed by the help of acoustofluidics (Yeo and Friend 
2009; Pothuri et al. 2019). At certain frequencies the laminar 
flow can be distorted, and this situation is not desirable in 
most of the microfluidic experiments. To keep two fluids 
separated a solid partition is very advantageous by moving 
the particle/cells to nodal positions while keeping the two 
different fluids separated.

Fig. 1  a Nodal positions in a microfluidic channel when excited at the 
first harmonic mode. b Nodal positions in the microfluidic channel 
having a relatively narrow echo-channel separated by a thin wall and 

excited at the first harmonic mode. c Nodal positions in a microflu-
idic channel having a relatively wide echo-channel separated by a thin 
wall and excited at the first harmonic mode
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To test this proposed concept, microfluidic devices with 
different main channel and echo-channel widths were tested. 
In the first design, the main channel width was 1600 μm and 
the echo-channel widths varied from 678 μm to 2678 μm, 
giving an expected acoustic resonance frequency range 
between 350 and 660 kHz. In the second set of designs, the 
main channel width was reduced to 800 μm to increase the 
frequency range to be tuned between 840 kHz and 1.31 MHz 
to avoid possible overlapping of the resonant frequencies. 
For example, when the echo-channel width is 1078 μm, the 
expected resonant frequency is 0.56 MHz, which is very 
close to 0.55 MHz, the resonant frequency when the echo-
channel width is 1478 μm. In these two sets of design, the 
wall thickness that separates the main flow channel and the 
echo-channel was fabricated to be ~ 10 μm. Finally, an echo-
channel where the width changed from 1800 to 1000 and 
then to 300 μm, shaped like a staircase along the flow direc-
tion, was designed. In this design, the wall thickness was 
increased to 20 μm to avoid potential liquid leakage issue 
between the two adjacent channels.

2.2  Microdevice fabrication

The acoustofluidic microdevices were fabricated by the fol-
lowing steps. First, the microfluidic channel designs were 
patterned by photolithography to define the 1 µm thick etch 
mask on a silicon wafer and then etched into the silicon 
substrate using deep reactive ion etching (DRIE) to a depth 
of 105 µm. Fluidic access holes were drilled in a 500 µm 
thick borosilicate glass layer using a diamond-plated drill 
bit mounted on a bench top drill press (DP101, Ryobi Ltd, 
SC). The glass and silicon layer were anodically bonded at 
400 °C by applying 700 V of DC voltage for 40 min. After 
the bonding process, ferrules were glued onto the holes of 
the glass layer using epoxy for fluidic access. Tygon tubings 
(VWR, USA) were inserted inside the ferrules and sealed 
with epoxy. The PZ26 type PZT (Ferroperm, Denmark) was 
bonded to the bottom of the microfluidic chip with cyanoacr-
ylic glue (Loctite, USA), and wires were soldered to the PZT 
for electrical interconnect. Photograph of one of the fabri-
cated devices can be seen in the supplementary information 

where the PZT transducer is attached onto the back of the 
microdevice.

2.3  Acoustofluidic device testing

Acoustofluidic device testing was conducted under an 
upright microscope (Eclipse LV100D, Nikon, Inc.) and 
microparticles suspended in fluids were flown through the 
microchannels by a 4-barrel syringe pump (Fusion 400, Che-
myx, Inc., MA). The flow rate was chosen to be 500 μL/h. 
Fluorescent polystyrene microspheres (Thermoscientific, 
CA, USA) mixed with de-ionized (DI) water was used for all 
experiments for easy visualization of particle movement. For 
devices with the straight echo-channel design (single width 
throughout the length of the microchannel), a function gen-
erator (DG4202, Rigol Technologies Inc, USA) was utilized 
to generate a sinusoidal signal that was amplified through 
a 50-dB power amplifier (2100L, E&I, Ltd.) and applied to 
the PZT. For the chip with changing echo-channel width, a 
LabVIEW™ (National Instruments, TX, USA) program was 
developed to generate sums of two sinusoidal signals from a 
function generator (AFG3021B, Tektronix Inc, USA). This 
signal was then applied to the PZT through a 50-dB power 
amplifier (2100L, E&I, Ltd.).

3  Results and discussion

3.1  Straight echo‑channel devices

The first attempt was to determine whether the acoustic pres-
sure and anti-pressure nodal positions can be successfully 
changed in a microfluidic channel using echo-channels hav-
ing different channel widths. For this purpose, two different 
designs of acoustofluidic devices were tested. In the first set 
of chips, the main channel width was selected to be 1600 μm 
and the wall thickness was microfabricated to be 10 μm. In 
Table 1 all the results of experiments done with the first set 
of chips are summarized.

In all cases, the width of the main channel is 1600 μm 
and wall thickness is 10 μm. Overall, as the echo-channel 
becomes wider, it can be seen that the particle focusing 

Table 1  Summary of the 
various echo-channel widths 
and corresponding parameters 
tested. In all cases, the width of 
the main channel is 1600 μm 
and wall thickness is 10 μm.

Channel characteristics (μm) Calc. freq 
(MHz)

Real freq (MHz) & Vpp

Wmain Wecho Weff Calc.x1 Real x1 f1 f1

1600 678 2280 570 527 0.66 0.68 (130 mV)
1600 1078 2680 670 676 0.56 0.60 (460 mV)
1600 1478 3080 770 751 0.49 0.55 (64 mV)
1600 2278 3880 970 873 0.39 0.42 (400 mV)
1600 2678 4280 1070 921 0.35 0.37 (400 mV)
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positions can be successfully controlled from the 527 μm 
position to the 921 μm position (Fig. 2a). At the same time, 
it can also be seen that as the echo-channel becomes wider, 
the discrepancy between the calculated nodal position and 
the actual nodal position becomes larger. The error between 
the calculated and real resonance frequencies required to 
focus the particles to the nodal position is between 3 to 7% 
compared to the calculated values for the 1600 μm-wide 
acoustofluidic device (Fig. 2b).

Despite this success in proof of concept demonstration, 
as the echo-channel width increased, the frequency range 
that needs to be applied to focus the microparticles became 
narrower, and this narrow frequency range causes easy mis-
matching of the resonant frequencies. For example, when 
the echo-channel width is 1478 μm, the applied frequency 
that is needed to focus the particles was 16% off from the 
expected result. This analysis resulted in the realization that 
the frequency range should be broadened so that overlap-
ping of corresponding frequencies for different echo-channel 
widths could be avoided. Overall, of the first set of chips 
tested, when the echo-channel widths were smaller than 
1478 μm, the discrepancy between the expected and actual 
nodal positions was less than 50 μm. However, for larger 
echo-channel widths such as 2278 and 2678 μm, the dis-
crepancy was much bigger (97 and 149 μm, respectively). 
In addition, as can be seen from Table 1, the expected and 
real resonant frequencies are very close to each other when 
the echo-channel widths are 2278 μm and 2678 μm, causing 
challenges in properly tuning the resonance frequency.

To overcome these challenges, in the second design the 
main channel width was reduced to 800 μm. By reducing 
the main channel width, the frequency range that can be 
used was broadened so that better frequency tuning, and 
hence nodal position tuning, could be achieved. Figure 3a 
shows the scanning electron microscopic (SEM) image of 
the microfabricated straight echo-channel device having a 
main-channel width of ~ 800 μm and echo-channel width 
of ~ 785 μm before the silicon channel was sealed with glass 
by anodic bonding. Following the sealing of the channel, this 
800 μm-wide main-channels were tested using polystyrene 
microparticles. The brightfield images of different particle 

positions for the varying echo-channel widths are shown 
in Fig. 3b. As an example, a focused stream of polystyrene 
microspheres flowing ~ 302 μm away from the lower wall 
boundary when the echo-channel width is 450 μm can be 
seen in this figure. In this experiment, the frequency of the 
sinusoidal signal applied to the PZT was 1.26 MHz, and Vpp 
was set to 120 mV going into the power amplifier. When 
the echo-channel width increased to 975 μm, the location 
of the acoustic pressure nodal position moved to ~ 426 μm 
away from the lower wall boundary as shown in the same 
figure. For this case, the frequency of the applied signal 
was 0.83 MHz and Vpp going into the power amplifier was 
180 mV.

One aspect to note here is that while running the experi-
ments, some microparticles seem to be flowing into the side 
of the echo-channel in particular locations of the micro-
channel, suggesting that there are some leakages between 
the main channel and the echo channel. Therefore, some 
flow perturbations seem to be occurring in some part of the 
channel. This is most likely due to the fact that the wall 
separating the main channel and the side echo-channel to 
decouple the acoustic boundary is only 10 μm wide, thus not 
sufficient to completely seal the channel through the anodic 
bonding process. Due to this reason, for the subsequent step-
shaped echo channel design, a wider wall thickness will be 
considered.

Overall, as shown in Fig. 3c, changing the echo-channel 
width from 975 μm to 343 μm when the main channel width 
is kept at 800 μm makes the acoustic pressure nodal posi-
tions to change from ~ 426 μm to ~ 276 μm. For instance, 
increasing the echo-channel width from 450 μm to 605 μm 
almost results in ~ 70 μm change in the acoustic pressure 
nodal position. When main channel width is closer to the 
echo-channel width, the calculated and actual resonant fre-
quencies become closer to each other. This phenomenon can 
be seen in Fig. 3d.

The calculated and experimental nodal positions and their 
corresponding resonant frequencies for the different echo-
channels are summarized in Table 2. Overall, it can be seen 
that this second set of devices (compared to that summa-
rized in Table 1) provides a better predictability of the actual 

Fig. 2  a A graph showing the 
calculated and actual nodal 
positions when having different 
echo channel width. b. A graph 
of the expected and actual 
resonant frequencies. In all 
cases, the main channel widths 
remained constant (1600 µm 
wide)
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Fig. 3  a Cross-sectional SEM image of the etched silicon microchan-
nel before anodic bonding with a glass cover substrate. The 10  µm 
wide thin wall that separates the main channel from the echo-chan-
nel can be clearly seen. b Bright field microscopic images (exposure 
time: 10  ms) showing particle positions within the main channel 
when the echo-channel width changes from 1075 μm to 343 μm (left 

to write, conditions summarized in Table 2). c A graph showing the 
expected and actual nodal positions. d A graph showing the expected 
and actual resonant frequencies that had to be applied to focus the 
particles in the main channel. In all cases, the main channel width is 
800 μm and the separation wall thickness is 10 μm

Table 2  Summary of the 
various echo-channels tested 
and the corresponding 
parameters tested

In all cases, the width of the main channel is 800 μm and the separation wall thickness is 10 μm

Channel characteristics (μm) Calc. freq 
(MHz)

Real freq (MHz) & Vpp

Wmain Wecho Weff Calc.x1 Real x1 f1 f1

800 343 1148 287 276 1.31 1.42 (180 mV)
800 450 1257 314 302 1.20 1.26 (120 mV)
800 605 1413 353 364 1.06 1.06 (370 mV)
800 785 1595 399 402 0.94 0.94 (250 mV)
800 975 1787 447 426 0.84 0.83 (180 mV)
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nodal positions and required resonance frequencies com-
pared to that of the calculated values. Another observation 
is that when the echo-channel width is equal to 450 μm, the 
minimum peak-peak voltage required to successfully focus 
the microspheres at one nodal plane is 120 mV and its reso-
nant frequency is 1.26 MHz. When compared to the volt-
age required to focus particles in the other echo-channels, 
this voltage requirement is significantly lower. This is most 
likely due to the fact that the impedance of the PZT at that 
frequency is lower than the impedances at other frequencies.

In all cases, the width of the main channel is 800 μm and 
the separation wall thickness is 10 μm.

Adding an adjacent microfluidic echo channel next to the 
main microfluidic channel require that the separation wall 
thickness should be kept at minimum to reduce the loss of 
the acoustic waves traveling between the acoustic bounda-
ries while avoiding leakage between two microfluidic chan-
nels. On the other hand, as seen from Table 2, when the 
width of the echo-channel is close or similar to the width of 
main microfluidic channel, the resonant frequencies match 
best with the expected values. However, as seen from both 
Table 1 and Table 2 there are some discrepancies between 
the expected and the actual values when the width of the 
echo-channel is very different from the width of main micro-
fluidic channel. There can be multiple reasons why there 
is a discrepancy between the calculated nodal position and 
the real nodal position observed. One of the reasons could 
be that the wall thickness between the main fluidic channel 
and the echo-channel is uneven, or even though a fairly thin 
separation wall was utilized, some acoustic loss is still inevi-
table. Another reason could be the mismatch between the 
acoustic resonance frequency needed for the acoustofluidic 
device and the natural resonant frequency of the PZT used. 
But most importantly, the calculation does not account for 
the requirement of the voltage level to successfully move 
particles to the nodal positions. Different level of voltage 
applied may have different effect on the thin separation wall, 
and thus may affect the nodal position. Increased tempera-
ture level due to higher voltage applied can also affect the 
nodal position. Even though a cooling fan was successfully 
employed to limit the rise in temperature, a voltage beyond 
about 300 mV (applied to the amplifier) can easily result 
in more than 20 °C increase in temperature, which affect 
the sound velocity, thus the actual acoustic pressure nodal 
position.

Second, this discrepancy may be also attributed to the 
PZT transducer characteristics. PZT has its intrinsic elec-
trical impedance, which is highly dependent on the applied 
frequency. The frequency at which the discrepancy between 
calculation and actual result is minimum (e.g., 878 and 
2678 μm wide echo-channels), those frequencies were in line 
with the reported resonant frequencies of the PZT we used in 
our experiment (Arnold et al. 2015). If the driving frequency 

is away from this PZT resonance frequency, a higher voltage 
will be required to overcome the impedance of the trans-
ducer, thus affecting the nodal position as described in the 
previous paragraph. As summarized in Table 1 and Table 2 
at some frequencies the PZT needed a higher voltage to 
actuate the acoustofluidic chip when compared to the other 
frequencies. This shows that the impedance of PZT might 
affect the acoustic actuation.

Through the experiments with the straight echo-channel 
devices, it was realized that as the driving frequency changes 
the electrical impedance of the PZT varies, which has a sig-
nificant impact on the acoustophoretic force since the voltage 
level required to focus microparticles is an important factor 
on the acoustophoretic force. For instance, while testing 
one of the 1600 μm main flow channel devices, the applied 
frequency to the PZT was 0.6 MHz and the peak-to-peak 
voltage required to focus the microbeads was 460 mV, which 
was much higher than the voltage needed at 0.55 MHz where 
the echo-channel width was 1478 μm (Table 1). Similarly, 
when the applied frequency was 1.06 MHz, it required a 
peak-to-peak voltage of 370 mV, which is almost three times 
of the voltage required to focus the microbeads when the 
applied frequency was 1.26 MHz. This analysis shows that 
the required voltage to generate acoustic resonance is highly 
dependent on the applied frequency and the impedance of 
the PZT, as has been mentioned that electrical impedance 
of the PZT is dependent on the frequency (Cushing et al. 
2017). To be able to generate an acoustic resonance with-
out applying too high of a power that causes overheating 
issue, it is essential to overcome the impedance of the PZT 
with relatively low voltage. By taking this into account, a 
third design was created where the main channel width was 
700 μm. While designing the echo-channels, some frequen-
cies were avoided since they require high voltage to gen-
erate acoustic resonance based on the experimental results 
of straight echo-channel devices. Since those frequencies 
required higher voltages to generate acoustic resonance for 
particle focusing as shown in Table 1 and Table 2.

3.2  Staircase echo‑channel device

The staircase echo-channel device was designed con-
sidering the acoustic resonance frequency mismatch-
ing issues identified through the first two devices. Two 
strategies were adopted. First, certain frequencies that 
require relatively high voltage to generate acoustic reso-
nance based on the experimental results of straight echo-
channel device were avoided. The PZT specification sheet 
showing the impedance of PZ26 piezoelectric transducer 
was utilized in selecting the frequency, and thus the echo-
channel width. Taken together, the frequencies where 
the PZT impedance is relatively low, such as 1.49 MHz, 
0.88 MHz, and 0.60 MHz were chosen as reference point 
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to design the staircase echo-channel device. In addition, 
the resonant frequencies were selected where they could 
be applied as the sum of sinusoidal signals without requir-
ing the dynamical change of frequency and applied volt-
age, so that multi-frequency acoustic field could be applied 
simultaneously easily. Based on these considerations, an 
echo-channel where its width changes step-wise along the 
flow direction as to change the nodal positions along the 
flow direction in a single acoustofluidic chip was designed. 
Figure 4a shows the illustration of a main flow channel 
(width: 700 μm) that has a neighboring staircase echo-
channel composed of 3 different steps (i.e., echo-channel 
width: 300 μm, 1000 μm, 1800 μm). As seen from Fig. 4b, 

the location of the fluorescent microparticles flowing suc-
cessfully changed from the upper part of the microflu-
idic channel towards the middle part of the microfluidic 
channel as the echo-channel width reduced along the flow 
direction.

Even though the frequency values matched well with the 
expected values as seen from Fig. 4d for the 700 μm-wide 
chip, the nodal position for the 300 μm-wide channel had 
a large difference compared to the other steps as shown in 
Fig. 4c. Since a significantly higher voltage of 800 mV had 
to be applied (Table 3), this may have resulted in overheat-
ing during the course of the experiment, requiring frequent 
re-tuning to maintain the microparticles.
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Fig. 4  a Illustration of the 3-step staircase echo-channel acoustic 
microfluidic device. b Microscope images showing fluorescent PS 
particles being focused to different pressure node positions when the 
echo-channel width changed from 1800 to 1000 and 300  μm (from 
left to right). Bright field images (10 ms exposure time) showing the 
microchannels were overlaid with the fluorescent images (400  ms 

exposure time) showing the fluorescent microbeads (white dots and 
white lines) to make visualization easy. The wall thickness separating 
the main microchannel from the echo-channel is 20  μm. c A graph 
showing the expected and actual nodal positions. d A graph showing 
the expected and actual resonant frequencies that had to be applied to 
focus the particles in the main channel. Main channel width = 700 μm

Table 3  Parameters and testing 
conditions for the staircase 
echo-channel device

The width of the main channel is 700 μm and the wall thickness is 20 μm for all cases

Channel characteristics (μm) Calc. freq 
(MHz)

Real freq (MHz) & Vpp

Wmain Wecho Weff Calc.x1 Real x1 f1 f1

700 300 1004 251 356 1.49 1.50 (350 mV)
700 1000 1704 426 425 0.88 0.89 (230 mV)
700 1800 2504 626 638 0.60 0.61 (500 mV)
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The width of the main channel is 700 μm and the wall 
thickness is 20 μm for all cases. Overall, the nodal posi-
tion change was ~ 280 μm, which is almost 40% of the main 
channel width. Even though the nodal position change when 
using the 1600 μm-wide channel was ~ 394 μm, this was less 
than 25% of the main channel width. Thus, for maximum 
tunability in terms of percent change of particle position in 
the main channel, the 700 μm-wide devices is ideal. How-
ever, if a particular application requires that the degree of 
position change in terms of absolute distance is important, a 
larger main channel width may be ideal. Besides that, foot-
ages with 500 μm-wide staircase acoustofluidic platform 
are provided as supplementary material. To provide further 
tunability to the nodal position in the main flow channel for 
a given microfluidic device already fabricated with a fixed 
echo-channel width, different liquid having different acoustic 
properties can be utilized as to change the speed of sound 
traveling through the echo channel medium. Such a concept 
has been previously demonstrated by Weinberger et al. (Jung 
et al. 2015). Thus, combining these two design aspects can 
provide further flexibility in tuning the acoustic nodal posi-
tion in microfluidic channels.

In the present study, it was observed that the impedance 
of the piezoelectric transducer has an effect on actuation 
since the voltage required to overcome the electrical imped-
ance of the transducer is strictly dependent on the frequency. 
First set of devices the main channel width was chosen as 
1600  μm. However, this made frequency range narrow 
through different echo-channel widths. Because of that, 
second set of devices channel dimensions are reduced so 
that frequency range to be tuned to focus the microparticles 
was broadened. It is important to note that while actuating 
the acoustic microfluidic chips frequency selection needs to 
be considered so that overheating of acoustic microfluidic 
chips can be decreased by reducing the electrical impedance. 
As a summary, the idea of adding echo-channel next to the 
main fluidic channel was implemented and it was tried to 
optimize addressed how the problem of fixed-nodal position 
can be decreased by designing the channel geometries with 
appropriate parameters. Finally, a staircase echo-channel 
was designed, and this chip provided better capability in 
terms of changing the positions of acoustic pressure nodal 
positions inside the main fluidic channel.

4  Conclusion

Being contactless, label-free, and high-throughput, acousto-
fluidics particle and cell manipulation is preferable in many 
microfluidic applications as opposed to the other manipula-
tion methods. However, because of their fixed acoustic nodal 
positions, cell and particle manipulation is also fixed to those 
nodal positions, somewhat limiting its applications. Some 

techniques are available that can provide more freedom to 
the particle manipulation location within a given channel, 
but none can change the position along the flow direction. To 
overcome this issue, here a staircase-shaped echo-channel 
located adjacent to the main channel and separated by a thin 
wall was designed. As the echo-channel width determines 
the location of the acoustic nodal position in the main flow 
channel, hence the position to which particles are focused to, 
the location of particles could be successfully tuned along 
the flow direction. It is expected that this new capability can 
open up additional application areas for acoustofluidic-based 
particle and cell manipulation.
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