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Abstract— Objective: The purpose of this paper is to
demonstrate the ultrasound tracking strategy for the acoustically
actuated bubble-based microswimmer. Methods: The ultrasound
tracking performance is evaluated by comparing the tracking
results with the camera tracking. A benchtop experiment is
conducted to capture the motion of two types of microswimmers
by synchronized ultrasound and camera systems. A laboratory
developed tracking algorithm is utilized to estimate the trajectory
for both tracking methods. Results: The trajectory reconstructed
from ultrasound tracking method compares well with the
conventional camera tracking, exhibiting a high accuracy and
robustness for three different types of moving trajectories.
Conclusion: Ultrasound tracking is an accurate and reliable
approach to track the motion of the acoustically actuated
microswimmers. Significance: Ultrasound imaging is a promising
candidate for noninvasively tracking the motion of
microswimmers inside body in biomedical applications and may

further promote the real-time control strategy for the
microswimmers.
Index Terms—microswimmer, acoustically actuated,

ultrasound tracking, biomedical applications

I. INTRODUCTION

Artificial microswimmers that can be propelled to navigate in
hard-to-reach spaces and microfluidic environments inside
human bodies have drawn increasing research interest over the
past decades[1]-[4]. The microswimmers hold a great
potential in various biomedical applications, including
targeted drug delivery[5]-[8], microsurgery[8]-[11], particle
separation and assembly[12]-[14], bio-sensing[8], and further
promote a revolution in medicine in the future[4], [15], [16].
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Whereas there have been continued progress in designing and
fabricating novel microswimmers for different applications,
the major challenges still remain especially when considering
practical propulsion and control of the microswimmers in real
biomedical environments[4], [17]. A variety of propulsion
principles have been investigated, such as harness of
biological[18], [19], chemical fuels[20]-[24], magnetic
actuation[25]-[29]. However, they all have some limitations in
practical applications. Harness of biological requires
controlled environment for the bacteria to survive, which is
challenging for in vivo applications. Chemical fuels are
commonly not biocompatible and may do harm to human
body. Magnetic actuation attracted more interest among these
mechanisms. However, the actuation in general requires a set
of several bulky external coils to generate a strong magnetic
field and the magnetic field is not compatible with some
implanted devices. Acoustic actuation is promising and
appealing in real biomedical environments, since it is
noninvasive and biocompatible[30]-[32]. Acoustic waves can
travel through biological tissues to perform wireless actuations
on microswimmers. Moreover, it would be a convenient and
economic approach if translating into clinical practice.

The microswimmers with a cavity that propel by acoustic
actuation have already been proposed[33]. The propulsion
mechanism is based on the fact that if the oscillating Reynolds
number is not too small, the oscillation of the gas-liquid
interface draws the surrounding liquid from the sides and
gjects it in the outgoing direction. The ejected flow is
responsible for propulsion generation. When a microswimmer
is immersed into water, a gaseous bubble can be trapped in the
cavity due to hydrophobicity of the cavity surface. The bubble
oscillates periodically under the actuation of acoustic waves
and forms a jet at the open end to push the microswimmer. In
earlier studies, the proof-of-concept has been successfully
demonstrated using micro-fabricated microswimmers by
several groups [17], [33], [34]. Subsequently, it has been
shown that the bubble-based microswimmer can be selectively
activated by tuning the applied acoustic wave frequencies to
the resonant frequencies of individual cavities and travel in
viscous fluid under acoustic actuation[35]. Two dimensional
steering and propulsion was also realized by adding multiple
orthogonally aligned microtubes with different lengths on the
body of microswimmer [36]. Moreover, a microswimmer with
armored microbubbles that showed a delayed dissolution and a
longer operating life was designed and fabricated[30]. Based
on the bubble oscillation principle, a miniaturized endoscope

0018-9294 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto:kangkim@upmc.edu

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2019.2902523, IEEE

Transactions on Biomedical Engineering

>id: TBME-01583-2018.R1 <

with arrays of cavities, which can adjust the imaging angles
under remote acoustic actuation, has been designed and tested
in vivo[37].

For eventual translation of the microswimmer technology
into biomedical applications, it is essential to build a robust
tracking strategy available for in situ applications in order to
locate the microswimmers and provide feedback for accurate
control. There has been a lack of studies that focus on
developing appropriate tracking strategies for biomedical
applications of the microswimmers. Most of the studies use a
camera to record the motion of microswimmers[17], [35],
[36]. However, optical imaging is not accessible when the
microswimmers are injected into human body due to its short
imaging depth in tissues. Thus, we developed an ultrasound
tracking strategy for the acoustically actuated microswimmers.
Based on the design of the microswimmer, high ultrasound
contrast can be provided, especially from the cavity with
gaseous bubbles encapsulated, providing a strong acoustic
impedance mismatch. Ultrasound imaging overall is
advantageous with  relatively high spatial and temporal
resolution, deep accessibility, as well as safety and low
cost[3]. It is also compatible with the acoustic actuation
method, which is appealing for combining the propulsion and
tracking sequence using the same acoustic source in the future.
Thus, ultrasound is an adequate candidate for tracking the
motion of the microswimmers inside body for in situ
biomedical applications.

In this paper, we evaluate the ultrasound tracking of a
microswimmer for the first time to the best of our knowledge
by comparing with the synchronously operated camera
tracking in benchtop experiments. A laboratory developed
tracking algorithm is used to estimate the moving trajectory of
the microswimmer captured by both imaging approaches of
ultrasound and camera for comparison. The tracking
performance is evaluated on a few typical moving trajectories
including straight, instantaneous change in direction, and
continuous change in direction like a circular motion that are
realized by two different microswimmer designs.

II. METHOD

A. Fabrication and design of the microswimmers

Acoustic wave induces oscillation of a gaseous bubble and
this oscillating motion in fluid generates force when the
bubble is confined in a one-end-open tube. The back-and-forth
motion of the gas-liquid interface results in a non-zero time-
averaged flow field around the outlet of the tube, which is
known as microstreaming. Microstreaming flow is able to
propel objects in the direction opposite to the tube’s opening,
and its magnitude is mainly determined by the frequency and
amplitude of the applied acoustic wave. For the bubble
trapped in a tube, the amplitude of the oscillating interface
reaches its maximum at resonance frequency, which depends
on the dimension of the bubble. By adopting this principle, a
microswimmer is fabricated by Nanoscribe Photonic
Professional system (GT, Germany), a 3D laser printer
utilizing two-photon polymerization. By creating hollow
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microtubes in the microswimmer, the tubes will automatically
entrap air inside themselves due to the hydrophobicity of the
material when the microswimmer is being submerged in fluid.
Further, tubes with different lengths can be selectively
activated at their own resonance frequencies, thus
manipulating the direction of the propulsion.

The following two designs of microswimmer were applied
in the experiment, which perform (1) linear and (2) bi-
directional motion respectively. The first one (Fig.la) has
single microtube passing through its geometric center, thus
propelling the microswimmer straight along its axis. The
microtube has a diameter of 100 pm and a length of 760 um.
In the opening section, the diameter is suddenly reduced to
80 um over the length of 60 um in order to lock the position of
the air-water interface via surface tension. This ensures the
consistent and desired bubble length through the whole
experiment. A continuous waveform (CW) electrical signal of
13V, at 9.4 kHz is applied to the piezo-ceramic actuator for
an optimal propulsion of this microswimmer. The second
microswimmer (Fig.1b) has an additional microtube on each
short side of the microswimmer, which is orthogonal to the
one at the center. This side microtubes provide propulsion in
the orthogonal direction, which enables turning the
microswimmer. The bi-directional microswimmer has an
860 um long center microtube with an 80 pm long neck and
the 370 um long side tube with 30 pm neck. A CW burst
signal of 8.3 kHz, 18 Vpp is applied to the actuator to propel
both two types of tubes. Due to the difference in length of the
tubes, the air cavities inside oscillate with different amplitude
in response to the same acoustic signal, resulting in different
propulsion forces in each direction that are orthogonal to each
other. As a result, the microswimmer travels in a circular
trajectory.

Fig. 1. (a) Microswimmer design 1 with a single microtube (100 um in
diameter and 760 um in length). (b) Microswimmer design 2 with center (860
um in length) and side (370 um in length) microtubes.

B. Experiment design

The experimental setup is shown in Fig. 2. The
microswimmer with single microtube is placed at the bottom
of the acrylic water tank. A piezo-ceramic actuator glued to
the outer surface of the water tank is utilized to generate the
acoustic field that oscillates the air cavity, therefore propels
the microswimmer. A CW electrical signal is generated by the
function generator 1 (Agilent 33250A) through an amplifier
(Trek PZD700A) to the actuator. A camera (Phantom V9.1)
and two commercial ultrasound linear array transducers (L7-4,
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Fig. 2. (a) Experiment schematic. The microswimmer in the water tank is activated by the acoustic actuator glued on the water tank with 9.4 kHz, 13V, CW
signals transmitted by function generator 1 through the amplifier. Two ultrasound linear array probes (L7-4) and a high speed camera (Phantom v9.1) are
utilized to record the movement of the microswimmer simultaneously. Probe 1 and Probe 2 are connected to two separate programmable ultrasound scanners
(Verasonic V1 and Verasonic Vantage, respectively). The two ultrasound probes are immersed in water at 30 degrees to the water surface. Function generator 2
is utilized to transmit TTL signals to synchronize the Phantom v9.1 camera, Probe 1 and Probe 2. (b) Experimental setup picture.

ATL) connected to a programmable ultrasound system (V1
and Vantage, Verasonics, Redmond, WA) are synchronized by
the external trigger from function generator2 (Agilent
33250A) to concurrently record the moving trajectory of the
microswimmer both optically and ultrasonically. Since one-
dimensional (1-D) ultrasound array transducer from the top of
the water surface captures only a cross-sectional image along
the ultrasound beam direction (axial-lateral coordinates), two
ultrasound probes are used to complement each other for
capturing the full two-dimensional (2-D) motion of the
microswimmer that moves along the bottom surface of the
tank (x-y coordinates, see Fig. 3). Each ultrasound probe is
responsible for tracking the motion along the direction of its
lateral axis. Two ultrasound probes are immersed in water at
30 degrees with respect to the water surface on each side of
the camera (see Fig. 2) and are positioned orthogonal to each
other to provide each component of two-dimensional
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Fig. 3. Imaging field of view. The imaging field of view of each ultrasound
probes is 7.1 1mm (elevation direction) X 36.2mm (lateral direction). The
imaging field of view of the camera is 6.16 X 6.16mm with 656 X 656 pixels.
The resulting imaging field of view overlaps at a 6.16 X 6.16mm area of
interest.

trajectory (x-y coordinates) respectively. The intention of this
unconventional placement is to avoid blocking the light source
for optical imaging, and more importantly, to extend the
ultrasound elevational field of view for microswimmers (see
Fig. 3). The reflecting objects located within the beamwidth of
the probe can be identified and reconstructed at the center line
of the elevation beam by the ultrasound device [38]-[41]. By
tilting the probe in elevational direction, the elevation beam
area is extended so that the microswimmer moving two
dimensionally at the bottom of the water tank can be tracked
in a large field of view. Only the motion information along
lateral axis is used because of the potential artifact along
elevation axis that is attributed to the varied intensity along the
elevation axis from the beam center line[38]. The elevation
beamwidth projected on the motion plane of the
microswimmer is measured to be 7.1lmm. To align the
camera field of view with the ultrasound imaging planes, a
microswimmer is first placed at the center of the camera field
of view. Then, the relative position of the two ultrasound
probes are adjusted wuntil ultrasound echo from the
microswimmer becomes maximum. As a result, The imaging
field of view of the camera and ultrasound probes are set to
overlap at a 6.16 X 6.16 mm? area of interest (Fig.3). The
frame rate of recording is set to 30 frames per second for both
tracking methods.

C. Tracking algorithm

A tracking algorithm is developed for assessing the motion
information of the microswimmer, such as displacement and
direction, from which the trajectory is reconstructed. The
program is written in Matlab (2017b) and applied to both
ultrasound and camera video and the reconstructed trajectories
from each imaging method are compared to each other. In the
preconditioning procedure of the tracking algorithm, median
filter is first applied to the images of all frames to minimize
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any salt-and-pepper noise. Then, the video frames are
converted to the binary images by applying a threshold.
Afterwards, the microswimmer surface area is identified in the
binary image and the geometrical center of the area is
determined to represent the position of the microswimmer in
each frame. For camera tracking, in each frame the
displacement in x-y coordinates is calculated by comparing
the geometrical center with that in the first frame. For
ultrasound tracking, the tracking algorithm described above is
applied to each ultrasound video acquired by each ultrasound
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probe to estimate the geometrical center in lateral direction.
The displacements in x coordinate (lateral direction of probe
1) and y coordinate (lateral direction of probe 2) are
determined by comparing the geometrical centers in lateral
direction with those in the first frames in two videos
respectively and are then reconstructed into a complete two-
dimensional x-y trajectory.

III. RESULTS AND DISCUSSION

Due to strong acoustic back scattering from the
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Fig. 4. Superimposed time-lapse images from three different events of the microswimmers acquired by both camera and ultrasound probes. Figs. 4a, 4b, 4c are
the superimposed time-lapse images for a straight type motion of the single-tube microswimmer acquired by camera, ultrasound probe 1 and probe 2
respectively. Figs.4d, 4e, 4f show the microswimmer motion with a sharp turn. Figs. 4g, 4h, 4i show the circular movement of the second microswimmer by
camera and two ultrasound probes. The yellow dashed rectangles in Figs. 4b, 4c, 4e, 4f, 4h, 4i denote to the camera images.
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microswimmer body surface and the gaseous microtube, a
relatively clear image of the microswimmer with high contrast
was shown by ultrasound imaging.

In Fig. 4, each row depicts the superimposed time-lapse
image from each event of the microswimmer acquired by both
camera and ultrasound. Event 1 and Event 2 present the
movement of the single-tube microswimmer (linear motion).
The single-tube microswimmer (Fig. 1a) is designed to move
in a straight line under the acoustic actuation at the resonance
frequency (9.4 kHz). However, due to the uneven friction at
the bottom of the tank surface, the trajectory of the
microswimmer slightly deviates at some location. Event 1 in
Fig. 4 and supplementary video 1 taken by camera and two
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ultrasound probes show that the first microswimmer (single
microtube) travels straight from the lower-left corner to the
upper-right corner. Event 2 in Fig. 4 and supplementary video
2 show the first microswimmer (single microtube) making a
sharp turn when experiencing strong uneven friction from the
bottom surface of the water tank. Event 3 in Fig. 4 and
supplementary  video 3  demonstrates the second
microswimmer (bi-directional motion) making a circular
movement. The yellow dashed rectangles in the ultrasound
images denote the region of interest corresponding to camera
images.

As shown in Fig. 4, a very high contrast of the
microswimmer in ultrasound image allows for accurate and
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Fig. 5. Reconstructed trajectory and error analysis of ultrasound tracking for the three different events. Fig. Sa, 5d, 5g show the two-dimensional reconstructed
trajectory of the microswimmer from camera and ultrasound imaging. Fig. Sb, 5e, 5h demonstrates the error (E) of ultrasound tracking compared to camera
tracking (discrepancy between ultrasound and camera trajectory) at each frame. Fig. S5b, 5e, Sh show the error (E) of ultrasound tracking normalized to moving

distance (s = /25 (Ax)2 + (Ay)? ) at each frame.
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robust tracking. However, the appearance of the
microswimmer in shape and brightness varies in the
ultrasound image as the orientation of the microswimmer to
the ultrasound probe changes. This is mainly attributed to the
rectangular shape and nonuniform ultrasound contrast over the
body of microswimmer. In one occasion, the microswimmer
appears to be a single bright spot because of the strong
reflection of the air cavity inside the microtube when the
microtube is parallel to the lateral axis of the ultrasound probe.
In other occasion when the microswimmer rotates, the single
bright spot splits into two, most likely when the echoes from
the two short edges of the microswimmer dominate. Thus, all
the bright spots nearby within the size of microswimmer in
ultrasound image are are taken and the geometrical center of
them is determined as the reference point in the tracking
algorithm. In this way,any potential error in locating the
microswimmer caused by microswimmer body rotation can be
avoided. Note that while the displacement in axial direction
from the ultrasound probe can also be used to reconstruct the
travel trajectory, because variation of beam intensity over the
elevation axis of the ultrasound probe can be significant[38],
the motion information along the axial displacement is less
reliable. Thus, the lateral displacements acquire by two
ultrasound probes are used to track the motion of
microswimmers in this study. In Fig. 4, the lateral direction of
ultrasound probe 1 and 2 are labeled in red and blue
respectively, which refers to y and x coordinates in the moving
plane of the microswimmer and are in accordance with the
coordinates marked in the camera image.

In Fig. 5, in each row the reconstructed trajectory and the
error of each event are shown. The trajectory by ultrasound
tracking shown in the first column is reconstructed by the
lateral displacement from each ultrasound image: lateral
displacement from probe 1 corresponds to y axis; lateral
displacement from probe 2 corresponds to x axis. For all three
events, the trajectory by ultrasound tracking is in good
agreement with the trajectory by the camera. The second
column shows the error (E) of ultrasound tracking, which is
defined by the discrepancy in the positions between ultrasound
and camera trajectory at each frame. The error remains within
ultrasound lateral resolution (~0.3 mm) except one frame in
Fig. 5h, which assures that the method is reasonable and
acceptable. Overall, the error of ultrasound tracking is
considered mainly to be attributed to the relatively low spatial
resolution of operating ultrasound frequency. Moreover, it is
noted that the error becomes larger as the microswimmer
rotates. This must be due to the fact that the shape of the
ultrasound image of the microswimmer changes as its
orientation to the ultrasound probe changes. In Fig. 5h, a few
peaks indicate transiently increased errors when the
microswimmer undergoes rotational motions. Due to the
limited spatial resolution, ultrasound tracking is not able to
identify the rotational information of the microswimmers. In
addition, the tracking error can also be attributed to the
relatively low signal to noise ratio especially when the
microswimmer is located off the imaging center plane in the
elevational direction. Column 3 shows the error (E) at each

6

frame normalized to the total moving distance (s =

\/ YE(Ax)% + (Ay)? ) by that frame. It is noted that the error
between ultrasound and camera tracking does not accumulate
as the microswimmer travels. It therefore can be expected that
when the microswimmer travels a quite long distance, the
error of this ultrasound tracking approach stays low over the
entire course of travel. In summary, the ultrasound tracking
method demonstrates a good accuracy and robustness for three
different types of moving trajectories in the benchtop
experiments. Taking full advantage of ultrasound in general
such as noninvasiveness and capability of imaging through
tissues, real-time ultrasound tracking and control of the
microswimmer in biomedical applications in vivo holds a
promise.

There is still a room to further improve the ultrasound
tracking for the acoustically-actuated microswimmers.
According to the experiment results, the main limitation of
this ultrasound tracking approach includes that the error can be
relatively large when the microswimmer rotates, and this
approach is not able to detect the angular change of the
microswimmer, which is an essential information required for
developing a control system for future biomedical application
of the microswimmer. Applying a state estimator can be a
potential approach to improve the ultrasound tracking results.
The estimator corrects the ultrasound tracking results by using
predictions from a dynamic model of the microswimmer.
Using this estimator, accuracy of the ultrasound tracking can
be improved to match the true trajectory[42]. In addition, the
rotational information can be distinguished by means of
optimizing the design of microswimmer. Some structures with
high ultrasound contrast could be incorporated into the
microswimmer to label its orientation. In the meantime, the
tracking algorithm is required to be further revised and
improved. Furthermore, the ultrasound tracking strategy can
be combined with ultrasound actuating, and a feedback control
system to promote the future clinical translation of the
microswimmer technology.

IV. CONCLUSION

In this paper, we propose the ultrasound tracking strategy
for the acoustically actuated bubble-based microswimmers. A
benchtop experiment was conducted to compare the tracking
results on three typical motion patterns acquired by
synchronized camera and ultrasound tracking. The results
overall indicate that ultrasound tracking is accurate and
reliable to track the motion of the microswimmer. Thus,
ultrasound tracking can be considered as a promising approach
to track the motion of the microswimmer in biomedical
applications and may further promote the real-time control
strategy for the microswimmer.
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