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Abstract
Bubbles locating in microfluidic chamber can produce acoustic streaming vortices by applying travelling surface acoustic wave
oscillation in an ultrasonic range, which can be used to drive bio-samples to movewithin the flow field. In this paper, a strategy of
bubble array configured in a large number of regularly arranged horseshoe structures is proposed to capture and rotate cells
simultaneously. By modifying the geometric parameters of the horseshoe structure and microfluidic setting, high bubble homo-
geneity and cell trapping percentage was achieved. The simulation and experimental results of the bubble-induced streaming
vortices were confirmed to be consistent. Through experiments, we achieved both in-plane and out-of-plane rotation of arrayed
HeLa cells trapped by the bubbles. Out-of-plane rotation was used to reconstruct the 3D (three-dimensional) cell morphology,
which was demonstrated to be useful in calculating cell geometry related parameters. We believe that this bubble array based cell
rotation method is expected to be a promising tool for the investigation of bioengineering, biophysics, medicine, and cell biology.
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1 Introduction

Controlled manipulation of micro- and nano-scaled bio-sam-
ples like nematodes, cancer cells and exosomes in a
microfluidic chamber is a current research hotspot in biotech-
nology (Ding et al. 2012; Gupta and Rezai 2016; Perez-
Gonzalez et al. 2016; Zhu et al. 2018; Johari et al. 2013;
Ghanbari et al. 2012; Qiu et al. 2015) and has attracted great
attention in the field of modern bioscience (Hu et al. 2013;
Khoo et al. 2016; Kimura et al. 2018; Villone et al. 2018).
Diverse methods for capturing, transporting, rotating, and sep-
arating numerous bio-samples with different shapes and sizes
have been developed based on magnetic, dielectrophoretic,

optical, acoustophoretic, and hydrodynamic principles
(Huang et al. 2018b; Lee et al. 2006; Ozkan et al. 2003;
Torino et al. 2016; Urbansky et al. 2017; Jin et al. 2015; Mi
et al. 2016; Cheng et al. 2016; Cheng et al. 2017; Tu et al.
2019; Zhang et al. 2019). Among these methods, acoustic
streaming produced by ultrasonically oscillating bubbles is
often considered to have the merits such as little physiological
damage or invasion to manipulated bio-samples, low depen-
dence on electromagnetic and optical properties of samples,
simple and low-cost microfluidic platform, and so on (Marin
et al. 2015; Wang et al. 2012). When travelling surface acous-
tic wave acts on a bubble in a microfluidic chamber, the gas-
liquid interface can obviously enlarge vibration displacement
and aggravate ultrasonic dissipation, leading to a nonlinear
acoustic effect and inducing several vortices around the bub-
ble, which is usually called bubble-induced acoustic streaming
(Chen et al. 2017; Liu et al. 2002; Marmottant et al. 2006; Cui
et al. 2019).

In the past decade, there have been numerous applications
of bubble-induced acoustic streaming including fluid mixing,
micro-object sorting and separation, propulsion of acoustic
micro-motors, controlled precise rotational manipulation of
bio-samples in lab-on-a-chip devices, to name just a few.
One of the most commonly used functions of bubble-
induced acoustic streaming is microfluidic mixing. Ahmed
et al. (2009) and Xie et al. (2012) used a single acoustically-
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driven bubble anchored in a horseshoe structure to achieve
fast mixing of two kinds of aqueous solutions in tens of mil-
liseconds. Wang et al. (2013) achieved different mixing pat-
terns by using a side-wall-trapped oscillating bubble modulat-
ed at different driving frequencies in a T-junction mixer.
Ahmed et al. (2013) successfully realised the generation of
spatial-temporal and tunable chemical gradient profiles using
two or more acoustically driven oscillating bubbles positioned
in a ladder-like arrangement by changing the applied voltage
or frequency. Based on the effect that the smaller the size or
density of a micro-object is, the larger its revolution radius in a
vortex is, Wang et al. (2011), Zhou and Wang (2015),
Thameem et al. (2016) sorted multiple micro-scaled particles
of different sizes from different outlets by using a side-wall-
trapped oscillating bubble. Patel et al. (2014), Garg et al.
(2018) realised enrichment of larger targeted cells and separa-
tion of smaller unwanted cells simultaneously in a lateral cav-
ity acoustic transducer device with a sequence of bubbles
obliquely anchored in side walls. The propulsion force in-
duced by asymmetric bubble-induced acoustic streaming dis-
tribution can be creatively applied in the design of acoustic
micro-swimmers. Ahmed et al. (2015), Bertin et al. (2015)
designed semi-enclosed bubble capsule and propelled bubble
micro-swimmers in controlled 2-dimensional motions. Steady
acoustic streaming vortices created by the oscillation of bub-
bles can stably rotate bio-samples. Ahmed et al. (2016) pro-
vided an acoustic, on-chip manipulation method that can re-
alise in-plane or out-of-plane rotation of single polystyrene
microparticles, HeLa cells and organisms like C. elegans.
Läubli et al. (2017) also successfully demonstrated non-
invasive trapping and controlled in-plane and out-of-plane
rotational manipulation of Lilium longiflorum and
Arabidopsis thaliana pollen grains using acoustically excited
micro-bubbles.

Single cell analysis has attracted great attention recently
due to the cell heterogeneity (Alberdi and Méresse 2017;
Buettner et al. 2015; Tellez-Gabriel et al. 2016). It opens a
new door for people to investigate into life sciences at single
cell level through so called omics (genomics, transcriptomics,
proteomics and metabolomics) assay (Mannello et al. 2012;
Merrick et al. 2011; Wang and Bodovitz 2010). The upstream
processing of single cell analysis includes cell sample prepa-
ration manipulations such as sorting, isolation, capture, trans-
fer, rotation, and lysis (Benhal et al. 2014; Di Carlo et al. 2003;
Gossett et al. 2012; Huang et al. 2017; Liu et al. 2011; Yu et al.
2014; He et al. 2019). During this course, it is also common to
characterize the biophysical properties of single cells (Darling
et al. 2007; Mohammadi et al. 2018; Rocha and Mesquita
2007; Feng et al. 2019; Tu et al. 2017; Wang et al. 2019;
Pan et al. 2017). Cell rotation (Huang and Wang 2019;
Huang et al. 2018a; Huang et al. 2016; Benhal et al. 2015;
Benhal et al. 2014) is one such operation that works for pre-
omics manipulation and analysis. To our knowledge, the

reported rotation works have yet made sufficient efforts to
improve the throughput. That is, only one rotation unit has
been configured in the existing devices for demonstration
purpose.

In this paper, we describe an ultrasonically actuated,
bubble-array-based method to rotate a large number of cells
simultaneously and separately in controlled space. As a result,
we can have ample rotating samples for observation and anal-
ysis at one time to increase the rotation throughput. Note in
this work, all the bubble-generating structures were designed
to be homogeneous as a proof of concept, but they can be
different as well to make cells exhibit different rotation pat-
terns. Steady acoustic streaming vortices are created by the
oscillation of massive bubbles restrained by horseshoe struc-
ture array in a microfluidic chamber. The bubble-induced
acoustic streaming is produced by a low-voltage travelling
surface acoustic wave field. The whole operation only re-
quires a single-layer polydimethylsiloxane (PDMS) chamber
and a simple, low-cost, on-chip piezoelectric transducer near
the PDMS chamber. In the process of device design, we mod-
ified the geometric parameters of horseshoe structure array,
and microfluidic settings such as syringe pump speed and cell
concentration to enhance bubble homogeneity and cell trap-
ping. Few cells or cell populations near the gas-liquid inter-
faces can be captured to the vortex center and stably rotate in
the bubble-induced acoustic streaming field. The rotation
speed is proportional to the the square of the applied voltage
of piezoelectric buzzer, and the rotation axis (i.e., in-plane or
out-of-plane rotation) can be modulated by the input frequen-
cy. This bubble array platform enhances the space efficacy of
the acoustofluidic chip, and facilitates simultaneous rotation
of arrayed cells. Through a stack of two-dimensional contour
image frames obtained from out-of-plane HeLa cell rotation,
the 3D morphology was reconstructed to collect cellular geo-
metric parameters like surface area, volume, ellipticity, and
roughness. The bubble-array-based device actuated by ultra-
sonic excitation is expected to be a promising tool for the
investigation of bio-sample phenotype characterization.

2 Experimental methods

2.1 Device design and fabrication

The device is designed to have the function of capturing and
rotating massive cells simultaneously through bubble-induced
acoustic streaming field. The generation and trapping of a
large amount of micro-bubbles in a microfluidic chamber
needs to be taken into consideration. On the basis of other
groups’ experience (Chindam et al. 2013; Xie et al. 2014;
Yazdi and Ardekani 2012), we chose arrayed horseshoe struc-
ture (U-type dam structure made of PDMS) to guarantee the
morphology consistency of trapped micro-bubbles. The
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distribution and dimension parameter of horseshoe structure
array was also modified to reduce the influence of solid-fluid
boundaries on the micro-bubble generation and acoustic
streaming field distribution.

The device consists of a PDMS-based single layer
microfluidic chamber and a piezoelectric buzzer, as shown
in Fig. 1. A single-layer PDMS microfluidic chamber (height:
60 μm, length: 19.6 mm, width: 9 mm) with pre-designated
horseshoe structure array for micro-bubble trapping was fab-
ricated using standard soft lithography and replica molding
technique. A 60 μm-thick layer of negative photoresist
(SU8–2060, MicroChem Corp., USA) was first spin-coated,
photo patterned, and developed to obtain a chamber mold.
Sylgard 184A Silicone Elastomer Base and Sylgard 184B
Silicone Elastomer Curing Agent (Dow Corning, USA) were
mixed at a 10:1 (weight:weight) ratio and poured on the mold.
The uncured PDMS on the silicon mold was then degassed in
a vacuum desiccator for 0.5 h to remove any air micro-bubbles
and later cured at 80 °C for 2 h. After gently removing the
cured PDMS from the mold, the inlets and the outlets were
punched into the PDMS using a reusable biopsy punch. The
microfluidic chamber device and a 50 × 50 mm2 micro-cover
glass were treated with oxygen plasma for 60 s. Then, the
PDMS device was bonded to the cover glass, and kept at
65 °C overnight. A piezoelectric buzzer (FT-12 T-18.5E,
Yuansheng Electronics Co., Ltd., China) of 20 mm radius
and 1 mm thickness was then attached to the glass slide adja-
cent to the chamber using modified Acrylate adhesive
(Geliahao New Material Co., Ltd., China).

2.2 Device operation

The assembled device was mounted on an inverted optical
microscope stage (CKX53, Olympus, Japan). PBS

(Phosphate Buffered Saline) together with samples (e.g., yeast
cells, HeLa cells) was injected into the microfluidic chamber
through a 2-mL syringe by an automated syringe pump (KD
scientific, Legato 270, USA). Once the micro-bubbles were
trapped in horseshoe structures via surface tension effect, the
piezoelectric buzzer connecting to a function generator (AFG
3052C, Tektronix, USA) was activated to control the micro-
bubble oscillation using a sine wave. The driving voltages
used in the experiments were 1–10 VPP. The working frequen-
cy for the rotational manipulation was adjusted by sweeping
the frequency from 20 kHz to 200 kHz.

2.3 Image acquisition

The bubble-induced acoustic streaming vortex and bio-sample
images were captured by Olympus imaging software using a
CCD digital camera (DP80, Olympus, Japan), which was
mounted on the C-port of the inverted microscope (CKX53,
Olympus, Japan) and working at several selected special fre-
quency points through frequency sweeping, e.g., 43 kHz for
in-plane cell rotation and 56 kHz for out-of-plane cell rotation.

2.4 Cell culture and preparation

HeLa cells were cultured using Dulbecco’s modified Eagles
medium (DMEM) (Gibco, Grand Island, NY, USA) with 10%
fetal bovine serum (FBS) (Gibco), 2% GlutaMax (Gibco) and
1% penicillin/streptomycin (Gibco) in a 5% CO2 and 37 °C
incubator (LabServ CO150, Fisher Scientific, USA). Cells
were rinsed with PBS (Gibco) twice, and adherent cells were
then lifted off by treating with trypsin for 5 min. The cell
suspension was washed three times by centrifuging at 300 g
for 5 min, removing the supernatant with a pipette, and re-
suspending the cell pellet in PBS solution with different cell

Fig. 1 Bubble array based acoustofluidic device for simultaneous
rotation of massive cells using ultrasonic excitation. (a) Conceptual
overview of the acoustofluidic chip, including its working principle of

rotational manipulation, structure, and typical geometric dimensions of
each horseshoe structure unit. (b) Assembled real device
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concentrations. The cell suspension was finally injected into
the microfluidic chamber with different propulsion speeds and
time durations.

Instant dry yeast cells (Angel Yeast Co., Ltd., China) with
an average diameter of 3 μm were directly suspended in de-
ionized water with a final cell concentration of 1,000,000
cells/mL and were injected into the microfluidic chamber.

We chose yeast and HeLa cells in our experiment mainly
due to their availability and suitability for demonstration. Both
cells are typical, spherical, suspended cells. Yeast cells could
be used as cheap tracer particles to visualize the streamline of
bubble-induced acoustic streaming vortices. HeLa cells or cell
clumps were easily accessible to verify the simultaneous rota-
tion function of the device for typical mammalian cells in Fig.
2.

3 Experimental results and discussion

3.1 Bubble generation for two empirical array
structures

The horseshoe shaped microstructures fabricated inside a
microfluidic chamber can realise bubble trapping at different
flow rates. However, the gas-liquid interfaces of trapped bub-
bles are influenced by the propulsion speed of syringe pump
and propulsion duration according to our experiment. The
extension length of bubble area outside the horseshoe struc-
ture decreases with the increase of propulsion speed and du-
ration, and interface indentation may occur at a high flow rate
and a long propulsion duration. According to literature
(Ahmed et al. 2009, 2014; Chindam et al. 2013), a single air
bubble can be trapped within the horseshoe structure due to
the gas-liquid interface and the hydrophobic-hydrophilic in-
teraction between the PDMS horseshoe structure and the fluid.
The shape and size of the trapped bubble are mainly depen-
dent on the horseshoe structure and the surface tension among

different gas-liquid-solid phases. Once the horseshoe structure
is fixed, the surface tension plays the big role and would be
affected by the horseshoe array arrangement but hardly for-
mulated. Therefore, we proposed to make the bubble array
homogeneous, and the initial choice of the corresponding
horseshoe array design was to duplicate each horseshoe struc-
ture regularly in row and column as shown in Fig. 3.

The two kinds of horseshoe structure arrays were compared
to improve the space efficacy of microfluidic chamber. The first
design is a gridded array (Fig. 3a), where the x-directional and
y-directional distances between two adjacent horseshoe struc-
tures are the same (120 μm). However, in the experiment, we
found that bubbles along the direction of inflow field would
often stick to the neighboring horseshoe structure, which great-
ly endangers the homogeneity and availability of bubbles.
Thus, this kind of array design was abandoned. In order to
avoid the interference between adjacent structures, we placed
the horseshoe structure arrays in staggered ways with different
x-directional spacing. However, for small horizontal spacing
(180 μm in Fig. 3b while the y-directional spacing is the same),
a large bubble sometimes forms somewhere inside the horse-
shoe structures. Based on the experiment, we finally chose the
array design in Fig. 3c with a larger x-directional spacing of
360 μm while the y-directional spacing of 180 μm at the ex-
pense of space utilization, and found that about 90% horseshoe
structures (totally 1643) in the microfluidic chamber can form
workable bubbles for cell trapping and rotation. Through ex-
periment, we found that a propulsion speed of 0.2 mm/s and a
duration of 2 s for the syringe pump worked well to generate
useful bubbles for the selected horseshoe structure.

3.2 Particle trajectory and streamline distribution

According to the simulation method of acoustic streaming
field produced by bubble oscillation in the supplementary ma-
terial (Ahmed et al. 2016; Bruus 2012; Lei 2017; Lei et al.
2018; Lighthill 1978; Tang et al. 2018; Xie et al. 2016), we
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calculated the streaming patterns generated by a single bubble
in the microfluidic chamber of dimensions 360 × 360 μm2.
The simulated acoustic streaming patterns are shown in

Fig. 4a, where the bubble is oscillating with the amplitude of
10 nm at 40 kHz. The color bar and arrows denote the mag-
nitude and direction of acoustic streaming velocity,

Fig. 4 Bubble-induced acoustic streaming field. (a) Simulated acoustic
steaming pattern. (b) Simulated particle trajectory. (c) A bubble with a
small amount of rotating yeast cells indicating the flow direction of

acoustic streaming vortices. (d) Bubbles with a large amount of yeast
cells rotating in the acoustic streaming vortices
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respectively. Two acoustic streaming vortices with opposite
rotation orientations near the gas-liquid interface trapped by
the horseshoe structure can be obviously noted from the FEM
simulation result. The acoustic streaming field flows in from
the gas-liquid-solid intersection and out from the central radi-
ation surface of the gas-liquid interface. The areas with the
largest acoustofluidic speed occur near the two gas-liquid-
solid intersections of the horseshoe structure because of the
obvious variation of sound field gradient.

The numerical simulation of particle trajectories was also
conducted using COMSOL here, and the particles were set to
mimic yeast cells with key parameters such as the diameter
(3 μm), density (1114 kg/m3) and sound speed (1606 m/s)
(Hawkes et al. 1997). We studied the motion of 8100 particles
suspended in water and distributed evenly at the initial time
t = 0. The quasi-stable particle trajectory is shown in Fig. 4b,
where the particles exhibit rotation patterns in two obvious
areas in the localized acoustic streaming field. The simulated
particle trajectory around the gas-liquid interface is similar to
the moving trail of a comet, which is approximately an ellip-
tical trajectory with long-to-short axis ratio about 2. As the
acoustic streaming speed near the gas-liquid interface is rela-
tively larger, there is an acceleration process when micro par-
ticles move near the bubble radiation surface. With the in-
crease of the bubble oscillation amplitude, micro particles
far from the bubble-induced acoustic streaming region may
leave from the influence range of the local vortex field under
the action of centrifugal force, which is consistent with the
observed rotation phenomenon of yeast cell cluster in the fol-
lowing experiment.

Experiments were conducted with yeast cells to visualize
the streamline of bubble-induced acoustic streaming vortices.
After yeast cell suspension was injected into the microfluidic
chamber, the piezoelectric buzzer started vibrating, and we
observed two counter-rotating bubble-induced acoustic
streaming vortices around the gas-liquid interface immediate-
ly drove yeast cells to move with the fluid flow. The bubble
with a small amount yeast cells which display the flow direc-
tion of acoustic streaming vortices is shown in Fig. 4c. The
bubble with a large amount of cells depicting the vortex dis-
tribution is shown in Fig. 4d (see also Video 1 in supplemen-
tary material). The experimental results of the yeast trajectory
are in good agreement with the simulation results.
Furthermore, the vortex pattern produced by each trapped
bubble is clearly visualized, and the existence of adjacent
horseshoe structures has little influence on the bubble-
induced acoustic streaming vortices. In comparison with
Figs. 4b and d, it was found that the maximum size of yeast
cell cluster observed in the experiment is about 70 μm, which
is similar to the calculated long axis of elliptical trajectory of
micro particles.

The vortex rotation speed and axis can be changed by
modulating the applied voltage or frequency, which

corresponds to the gas-liquid interface vibration amplitude
and mode. According to our experimental results and other
groups’ papers (Ahmed et al. 2016; Paul et al. 2007;
Rallabandi et al. 2014), the vortex rotation speed is propor-
tional to the second power of the input voltage at a certain
frequency. As the input frequency increases, the gas-liquid
interfaces shift from lower-order simple vibration modes to
higher-order complex vibration modes, resulting that the vor-
tex center or axis is not unalterable. As the applied voltage
increases, particles far away from the vortex center may es-
cape from the vortex, move with the convection flow field
among multiple bubbles, and finally be captured by another
bubble-induced acoustic streaming vortex. Thus, in order to
ensure cells to stably rotate in the vortex center and facilitate
3D reconstruction of cellular morphology in the following
work, the input voltage of piezoelectric buzzer should not be
set too high. In our experiment, it was set to be 1–10 VPP.

3.3 Simultaneous rotation of massive HeLa cells
and cell clumps

Different concentrations of HeLa cell suspensions in PBS so-
lution were introduced into the microfluidic chamber at a pro-
pulsion speed of 0.2 mm/s (or flow rate of 40 nL/s). Due to the
existence of dam-like horseshoe structure array, overcrowded
cells would partially clog at the entrance of the microfluidic
chamber. On the other hand, however, low concentration of
cells would not spread out cells around all the arrays or guar-
antee effective cell trapping by bubble-induced acoustic
streaming vortices, such that a large number of horseshoe
structures were wasted without any cell rotation. After many
trials, we finally adopted a cell concentration of 500,000 cells/
mL and realised that one or two cells or cell clumps rotated in
the vicinity of the gas-liquid interfaces for 70% horseshoe
structures. Once the piezoelectric buzzer was turned on, the
HeLa cell or cell clump within the range of bubble-induced
acoustic streaming field was gradually attracted towards the
vortex center under the combined action of the radiation force
and acoustic streaming induced drag force of an oscillating
micro-bubble. Using low-magnification objective (4x) for
the microscope, we observed simultaneous rotation of cells
dispersed around the horseshoe array (Fig. 5a, see also sup-
plementary Video 2), demonstrating the high-throughput ad-
vantage of the device.

In-plane and out-of-plane rotational manipulation of single
HeLa cells and cell clumps were demonstrated as image se-
quences in Figs. 5b-d, respectively (see also supplementary
Videos 3–5). The angular speed of cell rotation caused by the
acoustic streaming vortex depends on the oscillation intensity
of the travelling surface acoustic field, which is controlled by
changing the voltage applied to the piezoelectric buzzer.
Rotational rates of HeLa cells or cell clumps reached
120 rpm (2 rev/s) in microfluidic chamber when the applied
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voltage was 5 V. The rotation axes of cells or cell clumps are
dependent on the streamlines of in-plane and out-of-plane
vortices near the gas-liquid interfaces, which is controlled by
modulating the frequency applied to the piezoelectric buzzer.
With the increase of input frequency, the gas-liquid interface
of the same bubble switches from lower-order simple vibra-
tion modes (commonly corresponding to in-plane cell rota-
tion) to higher-order complex ones (commonly corresponding
to out-of-plane cell rotation). The shape heterogeneity of dif-
ferent gas-liquid interfaces also affects available frequency
points for in-plane or out-of-plane cell rotation as described
below. As expected, the rotation axes of manipulated bio-
samples in the center of vortices are independent on the object
shape and size, which is beneficial to stably control the rota-
tional manipulation of diverse bio-samples.

According to the existing literatures (Ahmed et al. 2016;
Läubli et al. 2017, 2019), out-of-plane cell rotation mainly de-
pends on the shape heterogeneity of gas-liquid interface along
the z direction, while in-plane cell rotation depends on the gas-
liquid interface curvature along the y direction. For the quasi-
planar microfluidic chamber, the length ratio between z and y
axes of a trapped micro-bubble is about 1:2.5. Thus, the fre-
quency points available for out-of-plane cell rotation induced
by gas-liquid interface oscillation along the z direction are fewer
than those for in-plane cell rotation during the frequency mod-
ulation. Interestingly, we found that when the PDMS cover was
not strongly bonded to the glass substrate, residual gas would
permeate into the gaps between the PDMS cover and substrate,
resulting in obvious heterogeneity of micro-bubbles along the z
direction. In this case, it was easier to realise the out-of-plane
cell rotation in the microfluidic chamber by modulating the
frequency of piezoelectric excitation. According to our experi-
mental observation, the out-of-plane cell rotation axis is not
always in the xy plane, indicating that the in-plane and out-of-
plane vortices couple with each other in some cases.

Currently due to the limitation of our microscope, we are
not able to achieve both wide field of view and high

magnification in imaging the rotating cells. To really take
the high-throughput advantage of this device, one may use
advanced imaging technology (Fan et al. 2019) that can offer
both wide view (~2 × 2 cm2) and high resolution (~1 μm/pix-
el) in real time. Optimization of the array structure and
microfluidic channels may also be helpful to ensure the
high-throughput by enhancing the bubble formation and cell
dispersion uniformity in the array.

3.4 3D reconstruction of cellular morphology
and geometric measurement

Out-of-plane rotation provides the inverted microscopy with a
feasible and reproducible method of 3D reconstruction of cel-
lular morphology. Based on the supplementary Video 4 of out-
of-plane cell rotation, a series of cell contours can be extracted
and used for 3D morphology reconstruction. During the
course of image acquisition, 40x objective lens was used to
enable high image resolution of the contours. By decreasing
the input voltage of piezoelectric buzzer, the cell rotation
speed was maintained as low as possible in order to minimize
the cell rotation angular displacement between each two con-
tour images. The maximum frame rate (90 Hz) of the camera
was also used during the video recording process. Enabled by
the obtained 3D morphology, the geometric parameters of
HeLa cells, such as surface area, volume, ellipticity, and
roughness were calculated.

Standard alpha-shape algorithm (Zheng et al. 2015) was
used to reconstruct the 3D cellular morphology. To assess the
accuracy of reconstruction, we also followed the reported mod-
el projection approach and found the relative error was 1/36 in
theory. This indicates a good fidelity of the reconstructed mor-
phology. A morphology reconstruction example of a HeLa cell
with 347 image frames recorded at an angular displacement of
1.04° is shown in Fig. 6a. The video recording the cell rotation
process was converted into a sequence of individual image
frames. Every grayscale image was thresholded into a binary

Fig. 5 Rotational manipulation of single HeLa cells or cell clumps. Note
the blue arrows represent the feature points of HeLa cells to indicate one
revolution. (a) Simultaneous rotation of massive cells. (b) In-plane

rotation of single cell. (c) Out-of-plane rotation of single cell. (d) In-
plane rotation of a cell clump
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image, and the threshold value was determined such that the
cell contours could be adequately distinguished from the back-
ground. Cell contours were extracted from the series of binary
images, and every point on the contour had its own 3D coordi-
nate. In practice, we extracted the contour point coordinates
from several rounds of out-of-plane rotation to eliminate the
background noise. All of the extracted contour points were used
to sketch a point cloud, from which the 3D extracellular mor-
phology could be reconstructed containing optimized triangles
for surface smoothing. Avideo consisting of the reconstruction
process and the reconstructed cell model is shown in the sup-
plementary material (see supplementary Video 6). More de-
tailed information of the extracellular morphology can be re-
vealed by increasing the camera frame rate and lowering the
cell rotation speed.

The reconstructed 3D extracellular morphology could be
applied to calculate the geometric parameters of the HeLa cell.
Based on our horseshoe structure array design, it is convenient
to select multiple HeLa cells for 3D reconstruction on one
microfluidic chip. The surface area and volume of 21 HeLa
cells were calculated, and the histogram is plotted in Fig. 6b.
The averaged surface area and volume of HeLa cells is
275.28 μm2 and 578.01 fL, respectively. Further research on
the cell ellipticity and roughness was carried on by fitting the
3D point cloud of cell morphology as a tri-axial ellipsoid
model. Ellipticity is defined as the length ratio of the longest
axis to the shortest axis, while roughness is defined as the root
mean squared error of the fitting. The ellipticity and roughness
of 21 HeLa cells were calculated, and the histogram is shown
in Fig. 6c. The averaged ellipticity and roughness of HeLa

cells is 1.14 and 0.238, respectively. These values are highly
consistent with our previous measurement results obtained
when the cell was under electro-rotation (Huang et al. 2018a).

4 Conclusion

A bubble-array-based method is proposed to capture and ro-
tate massive cells or cell clumps simultaneously to improve
the efficiency of acoustofluidic cell rotation and analysis.
Bubble homogeneity and cell trapping are dramatically im-
proved by modifying the horseshoe structure and microfluidic
settings. Under the ultrasonic excitation, acoustic streaming
vortices generated near the gas-liquid interfaces of the trapped
bubbles can trap and rotate bio-samples, including yeast and
HeLa cells. Cell rotation speed and axis were demonstrated by
modulating the oscillation amplitude and frequency of micro-
bubbles, respectively. Through a stack of 2D contour image
frames obtained from out-of-plane HeLa cell rotation, the 3D
morphology was reconstructed to collect cellular geometric
parameters like surface area, volume, ellipticity, and rough-
ness. Compared with mechanical, hydrodynamic, electromag-
netic, and optical methods, the low-cost acoustofluidic plat-
form here is applicable in the field of single cell manipulation
and analysis, with such advantages as little physiological dam-
age, contactless manipulation, low dependence on biophysical
properties of samples.
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