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Medical Microrobot - Wireless Manipulation of a Drug Delivery Carrier
through an External Ultrasonic Actuation: Preliminary Results
Han-Sol Lee, Gwangjun Go, Eunpyo Choi, Byungjeon Kang*, Jong-Oh Park*, and Chang-Sei Kim*

Abstract: To achieve precise and untethered clinical therapeutics, microrobots have been widely researched. How-
ever, because conventional microrobot actuation is based on magnetic forces generated by a magnetic field and
magnetic particles, unexpected side effects caused by additional magnetic ingredients could induce clinical safety
issues. In this paper, as an alternative to an untethered actuator, we present a novel ultrasonic actuation mecha-
nism that enables drug particle/cell manipulation and micro/nano-robot actuation in clinical biology and medicine.
Firstly, characteristics of the acoustic field in the vessel mimic circular tube, formed from particles emerging through
a submerged ultrasonic transducer, are mathematically analyzed and modeled. Thereafter, a control method is pro-
posed for trapping and moving the micro-particles by using acoustic radiation force (ARF) in a standing wave of
a tangential standing wave. The feasibility of the proposed method could be demonstrated with the help of exper-
iments conducted using a single transducer with a resonance frequency of 950 kHz and a motorized linear stage,
which were used in a water tank. The micro-particles in the tube were trapped via ultrasound and the position of
the micro-particles could be controlled by frequency manipulation of the transducer and motor control. This study
shows that ultrasonic manipulation can be used for specific applications, such as the operation of a micro robot
inserted in a peripheral blood vessel and targeted for drug delivery.

Keywords: Drug delivery, medical microrobot,ultrasonic actuation, ultrasound, wireless actuation.

1. INTRODUCTION

Target-oriented clinical treatment methods based on mi-
cro/nano robots have been widely researched in the recent
past [1]. Because of the untethered external actuation abil-
ity, the microrobot is able to move inside a human body
to achieve accurate diagnosis and therapeutics as a distin-
guished mechanism from the conventional medical surgi-
cal robot [2]. Moreover, safe and minimally invasive treat-
ment can be performed by the microrobot, thereby ensur-
ing low risk of infection and internal injuries through ves-
sels. Here, blood vessels are considered as both, a main
route to maneuver a therapeutic agency towards the target
region and a cause of cardiovascular disease. In the case
of peripheral vascular disease, drugs can slow the progres-
sion of the disease and alleviate the symptoms. However,
precise drug delivery to the target site is limited owing to
circulation in the human body where drugs are diffused
and moved inside the body.

The purpose of this study is to develop a target oriented
untethered drug delivery system by using micro/nano

Fig. 1. The conceptual images of research.

robots that are injected into peripheral blood vessels.
These blood vessels are thought to be body circulators in
the form of circular tubes, as depicted in Fig. 1. In previ-
ous studies, the micro/nano robots were mainly driven by
an electro-magnetic actuation system (EMA) [3–5]. Al-
though the EMA was capable of providing a powerful and
feasible actuation force and steering torque, it has several
drawbacks, such as low efficiency of collection and target-
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ing, relatively large equipment size, and power consump-
tion.

An ultrasound can be used as an alternative for wireless
actuation for a medical microrobot, since it’s utilization
offers several advantages. Firstly, it can generate acoustic
radiation forces within a particular fluid medium to trap
and manipulate particles [6]. Secondly, owing to its per-
meability, it can penetrate the medium, such as the skin
of the human body and can access the internal tissues and
blood vessels non-invasively. Thirdly, it causes very lit-
tle damage to the soft target structure and target tissue
surroundings. Fourth, the device is light weight, thus en-
abling hand-held manipulation. The final advantage is that
ultrasound can drive and activate a wide range of particles
from living cells to micro-structures with various compo-
nents [7]. Therefore, ultrasound based mani-pulation tech-
niques have been proposed for usage in non-contact oper-
ations for driving or handling drug carriers, regenerative
robots, micro-organisms and medical micro/nano robots
[8–10].

Several ultrasound actuation devices have been pro-
posed in previous researches. For phase [7, 11, 12] or fre-
quency control [8,13] of standing waves, transducer arrays
are used by placing them opposite each other on a two-
dimensional plane. Another system showed an ultrasound
actuation system that trapped particles and facilitated their
movement through the transducer array in the chamber
[14, 15]. In the recent past, a system has been studied
in which multiple transducers are arrayed and then placed
opposite each other in order to create standing wave fields
so that the particles could be trapped and manipulated
[16, 17]. Furthermore, studies of applying acoustic vor-
tex [18] or electro-magnetic field [19, 20] to the ultra-
sonic transducer array system have been conducted. How-
ever, when these systems were used in practice, the ultra-
sonic waves were disturbed by the component having an
acoustic impedance much higher than the tissues in the
human body, like the bone. The resulting acoustic field
produced in the body did not yield practical results. To
tackle this, uni-directional manipulation systems were de-
veloped, such as a uni-directional array of ultrasonic trans-
ducers in the air [21, 22] and an acoustic beam formed by
acoustic lens or transducer structural factors [6,23]. These
methods could avoid certain obstacles between the system
and the target structures, and were more effective than the
conventional manipulation systems, in terms of downsiz-
ing the system and application utilization.

However, particle manipulation using a transducer array
system is generally operated in open air, which is gener-
ally less affected by acoustic streaming than water. Also,
trapping systems utilizing lenses have limitations, such as
multi-degree-of-freedom driving.

In this paper, we present a novel methodology for
acoustic trapping and operation of micro-particles for the
purpose of developing a precise active drug delivery sys-

tem. It proceeds with the generation of an acoustic radia-
tion force, with the help of an ultrasonic transducer, in the
standing wave in the acoustic range formed. Specifically,
this is accomplished by manipulating the z-axis position
of the pressure node by controlling the frequency of the
transducer, moving the y-axis of the focus area through the
motorizing stage, and driving the micro-particles present
in the tube. The proposed method is advantageous in that,
it does not require placement of additional reflectors or
transducers in the opposite direction. It forms a stand-
ing wave through the reflection of the ultrasound due to
change in the media such as water or tube wall, which al-
lows particle trapping and precise position control. Fig. 2
shows the overall system design and control mechanism
of particle manipulation. A single ultrasonic transducer is
sufficient to control the position of micro-particles in the
z-direction through changes in frequency, and the motor-
ization method is suitable for allowing micro-particles to
follow the tube. These two ultrasonic actuation methods
are shown in Fig. 2(b). Each method has been studied
and various movements of the particles have been imple-
mented by applying them.

In Section 2 of this paper, the acoustic field and the
characteristics of the fluid such as acoustic potential, pres-
sure nodes, and anti-nodes are analyzed by simulation

(a)

(b)

Fig. 2. (a) Illustration of the ultrasonic actuation system
that can generate a standing wave in a circular tube
and drive micro-particles using it. (b) Mechanism
of micro-particle actuation through ultrasound fre-
quency control and motorization at the center in-
side the tube.
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and experiment according to ultrasound frequency change.
Section 3 provides controller design for the ultrasonic
based particle manipulation with automatic path tracking.
In-vitro experimental results to verify the feasibility of the
proposed method are shown in Section 4. This paper con-
cludes with discussions on the research in Section 5.

2. ACOUSTIC FORCE MODELING

2.1. Acoustic radiation force
When the acoustic field is formed through the acoustic

waves, the movement of the spherical particles existing in
the interior is described by the following equations [7, 22,
24]:

mz̈ = Fg +Frad +Fdrag +Fbuoyancy, (1)

where the coordinate of z is defined for gravity directional
motion, m is the mass of the spherical particle, and Fg is
the gravitational force acting on the particle. Also, Frad is
the acoustic radiation force, Fdrag is the fluid drag force,
and Fbuoyancy is the buoyant force. In the above equation,
the force components affecting the particles are Frad and
Fdrag.

The most dominant force used to manipulate particles
present in the acoustic region is the acoustic radiation
force (ARF). When an acoustic radiation force acts on the
spherical particles in the acoustic field, it can be calcu-
lated from the equation related to the gradient of Gor’kov
potential [25–28].

Frad =−∇Urad . (2)

The Gor’kov potential equation consists of the acoustic
pressure and velocity terms, and is given by:
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, (4)
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ρp

ρ0
, (5)

where p1 is the acoustic pressure in the medium and v1

is the velocity of fluid obtained from Navier-Stokes first
order equation. a is the radius of the spherical particle,
κp and κ0 are the compressibility of the particle and fluid,
and ρp and ρ0 are the density of the particle and fluid,
respectively. Also, f1 is the monopole coefficient and f2

is the dipole coefficient, which are computed as the value
for density and compressibility of target particle and fluid
medium, respectively. Finally, since ⟨·⟩ is time averaged
value, hence, ⟨p⟩ and ⟨v⟩ are the time averaged acoustic
pressure and velocity of the fluid.

When a standing wave is formed in the acoustic
field, pressure nodes and anti-nodes are formed at half-
wavelength intervals in the area. If a rigid particle with a

spherical model exists in this region, the particle is cap-
tured by each pressure node located in the standing wave
by the acoustic radiation force. If the particle’s compress-
ibility is smaller than that of the sound field, such as water
droplets, the ARF will act in a direction opposite to the
existing one and will be captured by the anti-node [15].

Here, the basic assumption is that the particle size
should be much smaller than the wavelength of the ultra-
sonic wave, according to the Rayleigh regime. In order to
trap particles in a stable manner in the standing wave re-
gion, they must be placed at pressure nodes that occur at
half-wave intervals and receive an acoustic radiation force
from a region of high pressure. However, if the particle
is larger than the wavelength, the above conditions do not
apply and stable trapping is also impossible. In this study,
we used a spherical scaffold (drug delivery carrier) with a
diameter of 300 µm. The frequency of the ultrasound for
levitation motion control is approximately 800-1500 kHz,
whereas the ultrasonic wavelength inside the medium (wa-
ter) is approximately 1 mm or more. As a result, the ul-
trasound frequency is approximately 950 kHz (resonant
frequency of transducer) and corresponds to a wavelength
of approximately 1.6 mm (minimum 1 mm), which val-
idates the basic theoretical assumption that the radius of
the particle is much smaller than the wavelength in theory.

2.2. Acoustic streaming
The Navier-Stokes and continuity equation, and the lin-

ear equation obtained by linearization using the perturba-
tion approximation, is the acoustic pressure and velocity
of the acoustic radiation force mentioned above. Through
the quadratic equation, we derive the streaming velocity
of the acoustic region.

In general, the Stokes drag force is given by [29]:

Fdrag = 6πµa(⟨v2⟩− v), (6)

where µ is the dynamic viscosity of fluid, a is the radius
of the spherical particle, v2 is the streaming velocity, and
v is the particle’s velocity, respectively.

Here, the drag force induced by nonlinear acoustic
streaming plays an equally important role as the acous-
tic radiation force, which is said to be the most dominant
in the acoustic field for trapping and maintaining the par-
ticles in the fluids in a stable manner. Therefore, it is pos-
sible to conceive a system capable of driving by trapping
the micro-particles at the node and changing the position
of the node. This can be induced by a change in the ultra-
sonic wave by using the acoustic radiation force and fluid
drag force by fluid streaming, which represents the physi-
cal force generated in the acoustic field.

2.3. Simulation of acoustic field
Fig. 3 shows the physical characteristics of the model

performed by simulation. Since the micro-particles
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(a) (b)

(c) (d)

Fig. 3. (a) The normalized intensity of ultrasonic trans-
ducer at 950 kHz. (b), (c) The simulated results
of pressure field when frequency is (c) 950 kHz.
(d) Simulated results of acoustic streaming and ve-
locity component when the frequency is 950 kHz.

present in the acoustic region must be precisely controlled,
it is necessary to understand the physical characteristics of
the region of interest. For the analysis, we identified the
characteristics through modeling via a COMSOL simula-
tion. In the model, a transducer with a concave curvature
on the generating surface forms the focus of the acoustic
beam. The focus was located at the center of a 10 mm
diameter tube inserted in the water.

When an acoustic beam is formed through a transducer,
as shown in Fig. 3(a), a focal zone is created at a position
58 mm from the transducer. The intensity in this space is
highly formed owing to the focusing of the acoustic wave
propagating perpendicular to the generating surface of the
transducer. When the focal zone is located at the center
of the tube, standing waves are formed owing to the na-
ture of the ultrasound. In this case, the standing wave is
generated by the superposition of the traveling wave trans-
mitted through the tube and the reflected wave generated
by colliding with the tube wall reflector.

Fig. 3(b) shows the characteristics of the whole fluid
area, from the ultrasound generator to the tube, and (c) is
the enlargement of the in-tube region, which is the focal
zone. These figures show the pressure distribution of the
acoustic field inside the tube according to the frequency
settings of 950 kHz. When applying the above theory,
it can be seen that a region formed with high pressure

and a region formed with low pressure in the z-direction
form a layer together. This layer corresponds to the anti-
nodes formed in sequence having nodes with many vibra-
tions and nodes with few vibrations, respectively, result-
ing in superposition of waves, and thereby providing a
standing wave. Further, Fig. 3(d) shows the distribution
of acoustic streaming formed by the ultrasound generated
at 950 kHz. The brightest part depicts the faster stream-
ing, the darker part represents the lower streaming speed,
and the arrow shows the direction and magnitude of the
speed. In the Fig. 3(d), the flow spreading to the left and
right tends to converge at the center of the tube. This is
because ultrasonic waves generated from the transducer
are reflected onto the tube wall or repeatedly circulated
around the round wall. The drag force, which is propor-
tional to the streaming velocity, acts in the direction of the
pressure node at the center of the tube. As a result, par-
ticles can be trapped within the region of interest by the
acoustic radiation force owing to acoustic potential, drag
force by streaming, gravity and buoyancy acting on the
particles.

3. CONTROLLER DESIGN

The position controller is designed by utilizing ultra-
sonic characteristics obtained from simulation and exper-
iments. The hardware is composed of an ultrasonic trans-
ducer for levitation and x-y directional motorized devices
for translation. The composite position control will be ex-
plained in this section. Fig. 4 depicts a block diagram of
the whole composite control system used in this study.

3.1. Levitation
In order to move the particle in the z-direction, we must

be able to control the position of the nodes of the standing
wave through the frequency change. As shown in Fig. 5,
the positions of the nodes generated at the set frequency
and the positions of adjacent nodes are found to behave
linearly. In this case, nodes 1-7 are all pressure nodes that

Fig. 4. Simplified illustrations of the mechanism of micro-
particle manipulation through frequency variation.
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can be generated at 600 kHz. It can also be seen that when
frequency increases continuously, the particle moves up
slightly in the positive z-direction. Using these aspects,
we can derive a position controller for the trapped particle
in the node by continuously changing the frequency and
controlling the position of the node. In this way, if micro-
particles are trapped at a particular node in the standing
wave of the set frequency, its position can be controlled
through continuous frequency changes. More precisely,
given a continuous frequency change, the trapping point
under the acoustic radiation force follows the position of
the changing nodes. At the new trapping point, the parti-
cles are collected again. Fig. 5 consists of a look-up table
for levitation. It shows that the particles captured at the
corresponding points of each node can levitate through
continuous frequency changes. This simulation result is
expressed through a curve fitting method in the following
equation:

Pn = p(1)+ p(2)n+ p(3) f + p(4)n f + p(5) f 2, (7)

where Pn is a function indicating the location of nodes ac-
cording to node number and frequency, n is the node num-
ber 1-7 of nodes in Fig. 5, f is the frequency in kHz, and
p = [2.238, 1.542, 0.852, −0.433, −0.262].

3.2. Translational motion
The translation motion is implemented with the help of

an additional x-y planar stage as shown in Fig. 4. When a
standing wave of a certain frequency is formed in the tube
from an ultrasonic transducer and particles are trapped, the
movement of the transducer through the stage changes the
position of the focal zone. As a result, the position of the
standing wave field moves along the focal zone. In this
case, the particles are directed towards the changed area.

However, the direction of the translational motion is

Fig. 5. Simulated results for the position change of each
node when frequency is changed from 600 kHz to
1500 kHz.

limited to only the axial direction of the tube, owing to
the drag force that acts in the axial direction owing to
the acoustic streaming occurring in the tube. This aspect
needs to be understood in future researches.

3.3. Composite feedback control
Fig. 6 shows a block diagram of automatic path tracking

control of the particles. First, the images of a particle in-
side the tube are captured by the camera that identifies the
current position and computes differences with respect to
the desired position. ∆y and ∆z are the distances between
the current position and the desired position of the micro-
particle. According to the generated position difference,
the particle position is controlled by the frequency varia-
tions in the ultrasonic transducer and the motor control in
x-y stage. Here, f is the frequency variation for manipu-
lating the micro-particle up or down in the z-direction and
θ is the control value of the motorized stage. Finally, the
data of the difference between the current and the desired
position is fed back through the real-time image of the dis-
posed camera and is controlled so as to follow the desired
path continuously. In order to design a controller, we de-
rive a system model based on the open loop dynamic be-
havior in simulations and experiments. The z- directional
position (gravity direction) and y- directional position of
the particles inside the tube can be expressed as follows:

Poz = gz (Piz, Pn) , (8)

Poy = gy (Piy, istage) = e−τs Piy istage, (9)

where Poz and Poy are the output position of the particle
along the z- and y-axis, respectively. g is a plant function
describing the nonlinear dynamics of particle motion ob-
tained by experiments. The behavior of (8) is modeled as
fitted polynomial as depicted in the lower panel of Fig. 5
and (9) is assumed as a pure delay function. Function g

Fig. 6. The illustration of feedback control mechanism for
position tracking.
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is composed of several components as shown in eqn (8)
and (9). Piz and Piy are the initial position of the particle in
each direction and Pn is a function indicating the position
of the nodes according to the frequency expressed in (7).
istage represents the movement of the stage in accordance
with the motorization and e−τs represents a delay in the
particle movement according to the horizontal operation
of the stage. The variables and functions that make up the
above equation are found out by repeated simulation and
experiment.

Finally, the controller is designed based on the above
system equation as follows:

Fultrasound = E+ (ez)Su(τ)+E− (ez)Sd(τ), (10)

Su(τ) = sin
[

2π
(

f0 +
f1 − f0

T
τ (t,T )

)
τ(t,T )

]
,

(11)

Sd(τ) = sin
[

2π
(

f1 +
f0 − f1

T
τ(t,T )

)
τ(t,T )

]
,

(12)

Imotor = Kpey, (13)

where E+(−)(ez) =

{
1(0) : ez ≥ 0,

0(1) : ez < 0,
and

τ(t,nT ) =

{
τ = t −nT : t ≥ nT,

τ = t : t < nT,
(n = 1, 2, 3 · · ·).

Here, S(τ) is the linear sinusoidal sweep signal, f0 and f1

are the frequency of start(low) and finish(high), T is the
total length of excitation time, and τ(t,T ) is a function
that repeats every T , as time progresses.

There are two reasons for selecting a sweep signal as an
input signal while designing the controller. The first rea-
son is for smooth motion control of particles. Since the
position of the node can be linearly controlled by chang-
ing the frequency of the ultrasonic wave linearly, we can
drive particles smoothly by incorporating the frequency
variation. The second reason is for velocity controllabil-
ity. Because the sweep time and the sweep range of the
input waveform are related to the driving velocity of par-
ticles, we can utilize them for different velocity control of
micro particles. Therefore, to encounter input frequency,
sweep range, and sweep time altogether, we choose a form
of sinusoidal sweep signal as control input to the system.

Continuing with the description of the controller, each
directional error (e) is obtained by camera image process-
ing, and E+(−)(ez) denotes switching controller for ultra-
sonic actuation. The switching point is determined by
the sign of the error value in the z-direction. If the er-
ror is positive, the current position of the particle is below
the desired position and results in the signal Su(τ) going
up. Conversely, if the error is negative, the signal Sd(τ)

sends the particle downwards. The motor control proceeds
through the P controller via position error.

In this study, we have selected f0 and f1 to be 800-
1300, 900-1500, and 1000-1700 kHz, in the frequency
range around 950 kHz, which is the resonance frequency
of the transducer. In addition, various variables ranging
from 2 to 10 sec were included in T, and the difference
in the levitation test results according to each variable was
analyzed. Based on the results, we applied each parameter
to the visual feedback control experiment [30].

4. EXPERIMENTAL RESULTS

4.1. Experimental setup
The system consists of an ultrasonic driving module and

a control equipment. Fig. 7 shows a detailed setup of the
system for the whole experiment. The driving module is
divided into two parts. One is an ultrasonic transducer that
generates ultrasound and the other one is a motorized lin-
ear stage that moves the transducer. The ultrasonic trans-
ducer used has a resonance frequency of 950 kHz with a
diameter of 60 mm. It also has a curvature structure on the
ultrasonic wave generating surface to form a focus. The
focus was designed 58 mm above the transducer.

As shown in the picture above, this transducer can be
moved in the x-y plane by connecting it with a two-axis
motorized linear stage. The control unit consists of a func-
tion generator (Agilent 33220A) and a high-speed bipolar
amplifier (NF HSA4101). The input signal is a sinusoidal
wave which is generated by a function generator and trans-
mitted to the ultrasonic transducer through the amplifier at
approximately 10 to 25 V. The frequency of the ultrasound
is controlled through the LabVIEW program of the PC.

The experiment was carried out by placing the trans-
ducer of the ultrasonic driving system described above in a
water tank, filling the micro-particle and water to place the
circular plastic tube in the focus region of the transducer
inside the water tank. The micro-particles were spherical
micro-scaffolds (drug delivery carriers) with diameters of
300 µm. In addition, the camera (Microsoft LifeCam) be-
hind the tube was used to provide feedback for automatic

Fig. 7. Experimental setup for ultrasonic actuation.
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control of micro-particles within the tube. The captured
image from camera is divided into pixel-by-pixel data in-
cluding particles and tube altogether. Then, the particle
position can be calculated based on the reference frame of
the tube that is already known by the experimental setup,
relatively. However, the camera is not appropriately ready
in clinical setting, we need to incorporate other visualiza-
tion methods for particle position recognition in the future.

4.2. Levitation
The most important aspect of driving particles in the

tube is controlling the input signal to the ultrasonic trans-
ducer in the z-direction. For smooth and precise move-
ment of the micro particles, we used a sinusoidal wave
signal that swept a specific range of frequencies and time
intervals. The first experiment involved performing z-
directional position control of a micro-particle using the
changes in ultrasonic properties in a tube immersed in a
water bath. Based on this experiment, we compared the
change in pressure nodes and micro-particles’ position ac-
cording to the frequency change of the input signal. Here-
after, the change in the micro-particle velocity was ob-
served by varying the setting parameters of the signal, and
the frequency of the input signal and the change in the
target position with time were analyzed.

Fig. 8 shows the quantitative data analysis according to
the above-mentioned experiment. Fig. 8(a) shows the re-
sults of the simulated node positions of Fig. 4 and the trap-

(a) (b)

(c) (d)

Fig. 8. (a) The positions of micro-particle at Node 6 and
7 with frequency variation by 100 Hz term. (b)
The speed in accordance with the frequency range
or sweep time of the input sweep signal. (c) The
positional change and (d) the frequency change of
the signal with time.

ping positions of the micro-particles identified by actual
experiments. When the positions of the simulated nodes
and the trapping positions are compared, it can be con-
firmed that the errors is within 1 mm but discrepancy ex-
ists. In addition to the un-modeled environmental condi-
tion of the experiments, this is mainly caused by the phe-
nomena that the ultrasonic intensity and pressure tends to
decrease as the operating frequency changes to out of the
ultrasonic transducer resonant frequency. In practice, we
could observe that the highest pressure is observed at 950
kHz that is the resonance frequency of the transducer in
this experiments and the pressure decreases as it goes out
of resonant frequency range. This also affects the acoustic
radiation force that reduces the force acting against grav-
ity, and consequently, the micro-particles are also dropped
down slightly. However, this position difference can be
compensated by using the feedback control scheme for
particle motion control.

Fig. 8(b) shows the result of analyzing the frequency
range of the sweep signal and the velocity of the micro-
particle according to the sweep time. The faster the sweep
time was, the faster the speed was measured. If the sweep
frequency was selected with an increased frequency range
or a longer wavelength, the speed would tend to be faster.
Fig. 8(c) and (d) show the frequency change of the input
signal and the position of the micro-particle, respectively,
over time. A sine wave swept in the range of 800-1300
kHz was used as the input signal and the frequency of the
signal was measured by an oscilloscope. The sweep time
was changed to 2, 6, and 10 sec. The micro-particles ac-
celerated with a shorter sweep time and reached the target
position sooner. When the input signal swept once at 800-
1300 kHz and then back to 800 kHz, the particle jumped
slightly in all three cases in which the sweep time was set
differently. However, this produced minimal error, mak-
ing stable control achievable. In addition, high accuracy
in position control can be confirmed by comparing the ap-
pearance of each micro-particle until it reaches the final
target from the initial position. This verifies that the ul-
trasonic transducer enables precise position control of the
micro-particles in the acoustic field in the tube along the
z-axis.

4.3. Composite motion control
Fig. 9 shows the results of open-loop driving control

for the micro-particle through the ultrasonic driving sys-
tem in time order according to the method. In Fig. 9(a),
the micro-particles are trapped at one node of the station-
ary wave of 1 MHz inside the tube and move up as shown
in Fig. 9(b), when the input frequency is increased. As
seen in Fig. 9(c), if the frequency is fixed again, the micro-
particles get trapped and move to the right through motor-
ization. If the frequency is lowered, the particles move
downwards like Fig. 9(d). This is a key driving method in
ultrasonic manipulation, and we have studied the applica-
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Fig. 9. Proceed in sequence with photos driven by fre-
quency and motor control manually inside the tube.

(a) (b)

(c) (d)

Fig. 10. Results of path automatic control experiment.
(a)-(c) Comparison of set path and particle track-
ing position. (a) circle, (b) triangle, and (c) path
of a square model. (d) Absolute position error and
standard deviation for each pattern.

tions of control related to it.
We also carried out a feedback control experiment to

follow a specific path of a circle, rectangle, and triangle
shape as shown in Fig. 10(a)-(c) and Fig. 11.

In Fig. 10, each of the paths represents (a) a pattern
of a circle, (b) a triangle, and (c) a square. The micro-
particles were controlled to follow the set paths, which
were operated through the proposed feedback control sys-
tem. As mentioned above, the control system uses fre-
quency control and motorizing stage simultaneously and

is controlled through real-time vision feedback by particle
tracking [31]. In the path control experiment, the results
include some of the driving instability of the target par-
ticles, but the results of successful ultrasonic driving are
shown in Fig. 10(a)-(c) in the graph. Fig. 10(d) shows
the absolute error and standard deviation for the y and z-
positions in each pattern type. The error was compared
between each point existing in the planned path and the
actual position of the micro-particle, and the error was
within 500 µm as a whole. However, when the results
shown in the graph are checked, it is seen that micro-
particles are unstably jumping from their original posi-
tion in the circle and triangle pattern. It is assumed that
this is caused by the difference arising due to acoustic
streaming and node position, which in turn is caused by
the frequency change of the transducer. Nonetheless, we
have shown that even within this unstable point, errors
within 1 mm have been demonstrated, and consequently,
precise movement control of micro-particles through the
ultrasound is possible.

For potential medical applications of microrobots, we
performed an in-vitro test for manipulation. In the exper-
iments, a plastic circular tube with a diameter of 10 mm
and micro-scaffolds with a diameter of 300 µm were used
that mimic the no-flow vessel condition. This condition
may be available if the procedure incorporates a balloon
catheter that blocks flow in a vessel instantly. However,
it needs to be validated further in future studies. To im-
plement tissue characteristics, a 6% gelatin solution was
hardened outside the tube and wrapped around it with a
thickness of 10 mm to make a phantom [32, 33].

Fig. 11(a) and (b) show the tube used for the test with
gelatin wrapped on its surface. Inside, there are a number
of micro-scaffolds filled with water. The results of the ul-
trasonic actuation experiments were shown in Figs. 11(c)-
(f). It proves that ultrasound can penetrate the gelatin and
control the micro-scaffolds through the actuation mech-
anism. In addition, unlike conventional external actua-
tion systems that use different principles, the results could
demonstrate the advantage of trapping ability from ultra-
sonic actuation. Each photograph shows that the micro-
scaffolds indicated by blue circles could move up, down,
and right in the direction of the red arrow by the proposed
methods. These results verify the feasibility of this ap-
proach for drug delivery and targeting ability of the mi-
crorobot which is injected into the blood vessels present
in the body.

5. CONCLUSION

In this study, we proposed a position control method
through an untethered manipulation mechanism using one
ultrasonic transducer and motorized linear stage. We con-
trolled the z-axis position of micro-particles through fre-
quency control of the transducer and added the degree of
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freedom through the motorized stage. Also, vision feed-
back control for automatic control is used to keep track of
the pattern. The characteristics of the acoustic field gen-
erated inside the tube for this study are confirmed through
simulation. Experiments were conducted to verify the
concepts and characteristics. The frequency control of a
single ultrasonic transducer has shown that to achieve a
precise and high level of micro-particle position control,
the pressure node that captures it can be relocated by a
change in frequency. It has been shown that it is possible
to control the driving speed of micro-particles through pa-
rameters such as input signal frequency range and sweep
time and control movement according to the desired travel
route.

However, there are some limitations in this study for
practical clinical applications. The first is the problem of
mimicking experiments in vessels where a circular tube
with a flat wall is used. When we apply it to actual pe-
ripheral blood vessels, different characteristics of the ul-
trasound may be induced in the target region, such as the
interference of other media in the body tissues and pene-
tration of ultrasound into the blood vessels. Secondly, we
need to further consider blood pressure and flow in ves-
sels. Although balloon catheter and flow blocking agen-
cies are already available, and peripheral venous has a rel-
atively slow flow, we need to consider hemodynamics to
extend the applicability of the proposed system.

In conclusion, the feasibility shown in this study depicts
a possibility for untethered microrobots, especially in an
environment having a shape similar to a circular tube. It

Fig. 11. The results of the In vitro experiment. (a), (b) The
experimental tube and the micro-scaffolds inside
it. (c)-(f) Manipulating the cluster unit micro-
scaffolds with a diameter of 300 µm through the
frequency and motor control.

can be a useful clinical application in the form of a precise
drug delivery tool. Further research will be initiated for
the development of a practical wireless microrobot system
for drug delivery that enables precise targeting in periph-
eral blood vessels, which is similar to a circular tube.
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