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Guide-Wired Helical Microrobot for
Percutaneous Revascularization in Chronic Total
Occlusion /n-Vivo Validation

Kim Tien Nguyen
Byungjeon Kang

Abstract—Objective: For the revascularization in small
vessels such as coronary arteries, we present a guide-
wired helical microrobot mimicking the corkscrew motion
for mechanical atherectomy that enables autonomous
therapeutics and minimizing the radiation exposure to
clinicians. Methods: The microrobot is fabricated with a
spherical joint and a guidewire. A previously developed
external electromagnetic manipulation system capable
of high power and frequency is incorporated and an
autonomous guidance motion control including driving
and steering is implemented in the prototype. We tested
the validity of our approach in animal experiments under
clinical settings. For the in vivo test, artificial thrombus was
fabricated and placed in a small vessel and atherectomy
procedures were conducted. Results: The devised ap-
proach enables us to navigate the helical robot to the target
area and successfully unclog the thrombosis in rat models
in vivo. Conclusion: This technology overcomes several
limitations associated with a small vessel environment
and promises to advance medical microrobotics for real
clinical applications while achieving intact operation and

minimizing radiation exposures to clinicians. Significance:

Advanced microrobot based on multi-discipline technology
could be validated in vivo for the first time and that may
foster the microrobot application at clinical sites.

Index Terms—Cardiovascular therapeutics, electromag-
netic navigation system, Helical microrobot, mechanical
atherectomy, percutaneous coronary intervention.
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[. INTRODUCTION

HRONIC total occlusion (CTO) is a common complica-
C tion of coronary artery disease (CAD) [1] and peripheral
arterial occlusive disease (PAD) [2]. Approximately one-third
of the CAD patients and up to 40% of the PAD patients develop
CTO. As a minimally invasive procedure to treat CTO, percuta-
neous intervention is commonly used and has benefits of patient
comfort and short recovery time [3], [4]. In which, reperfusion
therapy that removes the obstacles in the vessel and restores the
blood flow is one of the critical operations in the procedure: it
is important to salvage occluded vessels and remove thrombi or
infarcted plaques without damaging.

Mechanical thrombectomy and atherectomy devices have
been used for reperfusion therapy in vessels [2]. For example,
mechanical thrombectomy for acute total occlusions involves
corkscrew distal wires [5], balloon angioplasty [6], stent re-
trievers [7], and direct aspiration [8]. Atherectomy includes the
use of rotational and directional cutting tips or laser ablation
[2] via catheterization for percutaneous coronary intervention
(PCI) and peripheral arteries. The Rotablator system has been
used for the treatment of CTO over the past 30 years owing to
its simple design of a rotary diamond-coated burr connected to
a flexible shaft driven by an air turbine [9], [10]. Other catheters
equipped with rotational helical tips, such as Jetstream system
[11], Wildcat catheter [12], Rotarex [13], [14], and Silverhawk
plaque excision system [15] have been also reported to offer
a moderately higher success rate in the removal of severely
calcified lesions in peripheral vessels. The above-mentioned
devices are effective in treating atherosclerosis in large vessels
[2], [11]. However, employing such devices for small vessel
treatment is still challenging due to the physical size of the
instruments. Another disadvantage for the current system is
that the catheters or the guidewires are manually operated by
clinicians: this results in the outcomes of the procedure being
highly dependent on the skills and experiences of clinicians
and there exists the risks of radiation exposure and orthopedic
injuries to the operators [16]-[18].

To cope with the challenges of conventional PCI, the robot-
assisted PCI (R-PCI) have emerged. The operator can remotely
control the intravascular therapeutics device in a radiation shield
room by using interventional cockpit systems such as CorPath
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200 (Corindus Vascular Robotics, MA, USA) [19] and R-One
(RoboCath, France) [20]. The R-PCI was associated with almost
50% lower risk of major procedural complications compared
with the traditional method [21]. However, the R-PCI still has a
limitation of manual access of the catheter into the vessels and
difficulty against hard-calcified lesions [22].

Alternatively, an automated magnetic guidewire controlled
by an electromagnetic navigation system (ENS) composed of
an electromagnetic actuator (EMA) and imaging devices, such
as optical cameras, angiography, and ultrasound imaging, was
introduced. The system is considered as a promising approach
because it can remotely control multiple degrees of freedom
motion, enables the use of millimeter- and micrometer-sized
devices, has a high actuation force, and is relatively cheap [23]-
[32]. Several ENS demonstrated the practical applicability in
clinical sites such as Niobe (Stereotaxis Inc., USA) [24], [25],
CGCI (Magnetecs, USA) [26], [27], Amigo (Catheter Robotics
Inc., USA) [28], [29], Sensei (Hansen Medical Inc., USA) [30],
[31], and Aeon Phocus (Aeon Scientific, Switzerland) [32]. In
the ENS, a magnetically driven guidewire equipped with a small
permanent magnet [24], [33]-[37] or an electromagnetic coil
[23], [38] at the guidewire tip was incorporated. Based on these
systems, forward-backward motions of a sharp-tip were utilized
to break clots through a motorized feeding device [33]. However,
the clot removal by using this simple motion was not effective
and the risk of vessel perforation was high [39].

A magnetic helical microrobot has been researched for the
effective revascularization in the ENS, since it can achieve both
locomotion and drilling without embodied actuators [40]—[43].
The microrobot is actuated by converting electromagnetic torque
into propulsion force through external rotating magnetic fields.
Here, a high-frequency alternating electromagnetic field is re-
quired to generate stable locomotion and strong drilling force
to overcome blood flow and pressure influences in the vessel,
in addition to safe retractions. Ultimately, the movement and
the drilling performance in the in vivo environments need to be
validated for practical percutaneous revascularization.

To address these issues, we present a guide-wired helical
microrobot (GHM) for percutaneous revascularization to rein-
state blood flow in narrow vessels with in vivo validation in
the rat model. The overall schematic of the proposed system by
considering further clinical installation is illustrated in Fig. 1.
Our approach unified a bio-inspired helical microrobot, small-
scale robot fabrications, and autonomous navigation systems
integrated with an ENS. The EMA is based on our previous
work [40], in which we presented a resonance control system
capable of high frequency and powered electromagnetic field
generation. The GHM with a micro-fabricated spherical joint is
connected to a clinically available guidewire for safe retraction.
The GHM can achieve mechanical revascularization via drilling
as well as steering and propelling against the strong blood flow
in vessels. We demonstrate the performance of the GHM in rats
with artificial blockages mimicking the CTO in humans.

The paper is organized as follows. Section II presents design
and fabrication of the GHM. Section III presents the control
strategy and the performance validation in both in-vitro and

Fig. 1. Conceptual schematic of thrombus removal using the GHM.
The GHM is navigated toward the target in the steering mode, after
which an alternative magnetic field is applied to generate powerful
drilling to break the thrombus.
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Fig. 2. Design and fabrication of GHM. (a) Structural design of the
GHM. (b) 3D-printed GHM. (c) Scanning electron microscopy image of
the main body. Scale bar: 1 mm.

in-vivo environments are shown in Section IV. Section V pro-
vides conclusions and future works for further clinical applica-
tions.

Il. DESIGN AND FABRICATION OF GHM
A. Design of the GHM

Fig. 2(a) presents the structure of the GHM, and Fig. 2(b)
depicts the fabricated prototype and a scanned electron micro-
scopic image of the main body. Considering the physiological
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TABLE |
GEOMETRIC PARAMETERS OF THE GHM

Symbol Dimensions Description
R 0.8 mm Body radius
A 5.5 mm Pitch length
t 0.2 mm Spiral thickness
h 0.6 mm Spiral height
L, 7.5 mm Main body length
Lm x Dm 1 mm X 5 mm Permanent magnet
Dy 1 mm Ball diameter
L, 2 mm Spherical shell length
o +3° Free bending angle

coronary artery size (normally varying between 1.6 mm and
4.5 mm [44]), the body diameter of the GHM was designed
to be 1.6 mm. The GHM could be inserted into small vessels
through a commercially available catheter. The spiral-shaped
main body of the helical microrobot includes an inner space to
fix a cylindrical permanent magnet (NdFeB, N52, JL magnet,
Korea), which can interact with the external electromagnetic
actuator. The microrobot comprises a sharp tip that exerts punch-
ing motions at the target region. To achieve both drilling and
steering using a single magnet, the magnetization direction of
the magnet was selected to be perpendicular to the body axis.
This also maximized the drilling torque. The proposed device
was equipped with a micro spherical joint at the end of the
robot body. At this joint, a ball was connected to a clinically
available guidewire, called the super-elastic Nitinol guidewire
(@ 0.152 mm, Confluent Medical Technologies, USA), which
was placed inside the spherical joint shell. The spherical joint
resulted in two free rotations along with both axial and colatitude
directions simultaneously. The axial directional rotation along
with the robot body length enabled helical rotations with respect
to the fixed guidewire, which was eventually performed for
drilling into the thrombus. The colatitude directional rotation
perpendicular to the axial direction of the robot provided free
bending between the tip and guidewire, which enabled the GHM
to steer toward the desired direction. The maximum free bending
angle, ¢, was set to 10°, as shown in Fig. 2(a). The guidewire
resulted in a stronger resisting force against blood flow while
approaching the target thrombus. This ultimately led to stable
robot motion as well as easy and safe retrieval of the device after
completion of the procedure. Table I summarizes the geometric
parameters of the designed GHM.

B. Fabrication of the GHM

The components of the GHM, including the helical shaped
body, a ball housing, and a spherical joint, were designed with
computer-aided design software (Solidworks, Dassault Sys-
temes, USA) and constructed using a photopolymer jetting 3D
printer (Object Eden260VS, Stratasys, USA) with a transparent
material (VeroClear-RGD810, Stratasys, USA). The maximum
free bending angle after fabrication was limited to 3° due to
the limited 3D printing resolution and fabrication errors. The
final model of the GHM body featured a total length of 9.5 mm
(excluding the length of the guidewire) and a diameter of 1.6 mm.
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Fig. 3. Magnetic steering and drilling control of the GHM. (a) Block
diagram of the control system for the GHM. (b) Steering of the GHM
under electromagnetic control (c). Drilling control of the GHM under the
desired rotating field.

[ll. ACTUATION OF THE GHM

The block diagram of the steering and driving control for the
GHM is depicted in Fig. 3(a). The designed system employs a
static uniform magnetic field for steering and a rotating mag-
netic field for drilling. The external actuation of the GHM was
designed based on Maxwell’s magnetic field principle, on which
depending on the applied field, the magnetic torque acting on
the GHM tends to align the magnetic moment of the permanent
magnet in the GHM, m, to create the bending and drilling
motions, as expressed below:

Tmag = M X B (D)

where B is the resultant magnetic flux density generated by the
external electromagnetic coils.

Authorized licensed use limited to: Tomsk State University. Downloaded on September 06,2021 at 18:58:53 UTC from IEEE Xplore. Restrictions apply.



NGUYEN et al.: GUIDE-WIRED HELICAL MICROROBOT FOR PERCUTANEOUS REVASCULARIZATION

2493

For steering control, the magnetic torque can be rewritten in
form of:

Tmag — mB sin (’YB - ’7d) (2)

where 4 is the desired steering angle of the GHM measured
from the initial direction of the GHM. ~ g is the angle of external
magnetic field measured from the initial field (Biy,i;) which was
set at 90° to align the GHM at 0° (shown in Fig. 3b) due to the
perpendicular of magnetization direction of the magnet and its
body’s axis. A uniform magnetic field was set to an angle of
90° away from the desired direction to maximize the bending
torque (v - 74 = 90°). The required magnetic field (denoted
by the purple arrows in Fig. 3(b)) for a specific steering angle
is calculated by equalizing the induced magnetic torque, 7,44
and the mechanical restoring torque, 7., as follows:

Eltan (yq — @)
mly

3)

Bdesired =

As shown in Fig. 3(c), the desired rotating field generated
in a plane normal to the locomotion direction, 77 in the three-
dimensional space can thus be expressed as follows:

Buesirea = By (cos (2w ft)u + sin (2w ft) i x @) (4)

where By is the magnitude of the electromagnetic field, fis the
frequency of the desired electromagnetic field, and 1 is the unit
vector of the desired electromagnetic field plane in the externally
driven electromagnetic system.

To achieve the desired steering or drilling motion, the calcu-
lated magnetic field must be mapped onto the applied currents
of the magnetic coils. The aforementioned magnetic fields in (3)
and (4) can be described again as the summation of the generated
fields from each coil corresponding to the applied currents:

Bdesired = Z Beie = BeI (5)
1

where Be is the unit current vector field of the j-th coil [T/A]
and B, is the unit current matrix of the system. which has
been explained in detail in our previous work [40]. Finally, the
currents required to generate the desired electromagnetic field
can be obtained by the following inverse electromagnetic field
equation [45]:

I = BCTBdesired (6)

where B denotes the pseudo-inverse of B..

In the case of drilling control, the current from the power
supply is transmitted through the resonance control system to
prevent a power drop due to induction at high frequencies [40].
A magnetic flux density of 30 mT was achieved at a rotational
electromagnetic field frequency of 18-370 Hz. This results in a
maximum force of 0.8 N and torque of 0.1125 mN -m (at 100 Hz)
when drilling the thrombus.

X-ray shielded room (v) Human interface

—
(i) EMAs

(iv) X-ray, C-arm

.+ | X-ray monitoring

’ 'E

i

(iii) Feeding
device

(i) Resonant
control circuit

(@) o (b)

Fig. 4. Overview of the GHM control system. (a) X-ray shielded room
where the experiment is conducted, which includes the (i) EMA system
for steering and drilling control of the GHM, (ii) resonant control circuit,
(iii) feeding device, and (iv) C-arm X-ray imaging device. (b) Interface for
user control of the EMA system and monitoring experiments.

IV. EXPERIMENTAL RESULTS
A. Experimental Setup

From the perspective of the practical application of the com-
pletely controllable GHM for mechanical atherectomy, the con-
trol system is composed of five main components (as shown
in Fig. 4): an EMA, a resonance control system, a guidewire
feeding device, a monitoring system, and a remote control inter-
face. The EMA comprises three pairs of Helmholtz coils placed
along the three mutually perpendicular axes of the Cartesian
coordinate system such that the maximum accessible workspace
could accommodate the rats used in the animal experiments,
as shown in Fig. 4(a). The coils were powered by three pro-
grammable power supplies (MX15, AMETEK, USA) with a
maximum rated power of 15 kW and an accuracy of £ 0.1 V. The
EMA was designed to generate a three-dimensional magnetic
field with a maximum intensity of 30 mT for steering the GHM.
The resonance control system was used to enhance the drilling
performance of the GHM by compensating for the high inductor
reactance of the coil at high operation frequencies (Fig. 4(a)).
This could aid in maintaining a high current at a wide range of
operation frequencies, making it possible to deliver a sufficiently
high drilling torque for fast drilling. The back and forth driving
motion of the GHM was remotely controlled by the motorized
feeding device to advance the GHM in the automatic tracing
mode.

To obtain visual feedback, optical cameras as well as a C-
arm X-ray imaging system were used in this study. The optical
camera was used to visualize the orientation and position of the
GHM in the vascular phantom model. While the C-arm X-ray
imaging system (Ziehm Vision RFD, Ziehm Imaging GmbH,
Germany) was used to observe the GHM during the in vivo
experiments as shown in Fig. 4(a).

A user interface was developed for steering, drilling, and
achieving guidewire insertion control. Fig. 4(b) shows the con-
trol station of the GHM, which was located outside the X-ray
shielded room, thereby protecting the clinician from radiation
exposure. The drilling motion was controlled by the three reso-
nant circuits and three NI DAQ USB-6351 boards to generate a
powered rotating magnetic field with a maximum frequency of
up to 370 Hz. The driving motion of the GHM associated with the
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Fig. 5.
ing the blood clot and gelatin. (b) Experimental results of puncture force
requirement for gelatin with various concentrations, measured after one
day of gelation. (c) Puncture force for penetrating the blood clot. (d)
Puncture force for penetrating gelatin 9% (w/w), measured after setting
for 3 minutes. (e) Measurement of gelatin 9% (w/w) viscosity against
time. (f) Viscosity of blood clot.

(a) Experimental setup of required puncture force for penetrat-

130-mm Nitinol guidewire was controlled by the feeding device
(included the motorized linear stage from Mitsumi and our
homebuilt supporting parts). A flexible plastic sheath (Tygon,
USA) with inner and outer diameters of 0.79 mm and 2.38 mm,
respectively, was used as the guiding catheter.

B. Preparation of Artificial Thrombi

Artificial thrombi were prepared for both the phantom and
the animal models. There are difficulties involved in embedding
artificial thrombi in the animal model. For the in vivo creation
of an artificial thrombus, the material needs to be injected in
the liquid form; however, it should solidify sufficiently fast to
ensure that the animal survives while conducting experiments.
Moreover, this material should remain stationary inside the
vessel of the animal during solidification.

To prepare and characterize the artificial thrombi, blood was
first extracted from the rats, mixed with 1% gelatin (w/w), and
then set for two days in a refrigerator. Thereafter, the viscosity of
this mixture and the required puncture force were determined.
Properties of the blood clot (i.e., the required puncture force
and viscosity) are shown in Fig. 5(c) and (f). Considering the
required puncture force of 25 mN, the blood clot is softer than
calcified blood clots. During the investigation of the drilling
performance of the GHM, gelatin (G2500, Sigma-Aldrich, Ko-
rea) was employed for preparing the artificial thrombi. It was
discovered that 9% gelatin (w/w) exhibited physical properties
similar to those of a blood clot in terms of viscosity and required
puncture force, as shown in Fig. 5. The 9% gelatin (w/w) solution
was heated in a microwave for 10 s and placed on a hot plate at
38° (above its melting point) for subsequent use in the in vitro
and in vivo experiments.
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Fig. 6. Basic steering control and drilling test. Experimental results of
(a) feedforward control and (b) feedback controls with various desired
bending angles (+10°, +£20°, and +30°) and guidewire lengths (20 mm,
30 mm, 40 mm, and 50 mm). (c) Driling performance of the GHM
evaluated through an artificial thrombus comprising 9% gelatin (w/w)
in a cylindrical tube.

C. Characterization of Blood Clots and Gelatin

Gelatin solution samples with varied concentrations (w/w) of
6%, 9%, 11%, 13% 15%, 17%, 19%, and 21%, which were set
at room temperature for a day, were used for the puncture force
test. Fig. 6(a) illustrates the experimental setup for the puncture
force test. In this setup, a force gauge (series 5, MARK-10 Cor.,
USA) with an accuracy of 5 mN was affixed on the motorized
linear stage and used to measure the puncture force for the
proposed micro-driller attached at the needle tip. Fig. 5(b)—(d)
demonstrate the measurement results of the required puncture
force for gelatin against the blood clot.
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For the viscosity test, a viscometer (Brookfield DV2T, Brook-
field engineering laboratory, Inc., USA) with a sampling fre-
quency of 1 Hz was used. The experimental results of gelatin’s
viscosity in terms of time are shown in Fig. 5(e), which represent
the gelation process of gelatin itself. These results can be used
for determining fabrication parameters of gelatin (gelation time
and concentration) that are similar to blood clot properties by
comparing the obtained values with the blood clot viscosity.

D. Steering Control and Dirilling Test

Fig. 6(a) and 6(b) show the bending errors (4 - v,,,) obtained
by the experiments (v,,) and the desired value (v4) for the
feedback and feedforward steering angle controls. The GHM
deflections were tested by varying the desired steering angles by
+10°, £20°, and £30° for varied guidewire lengths of 20 mm,
30 mm, 40 mm, and 50 mm, respectively. The maximum bending
error of the GHM for feedforward control is observed to be
approximately 3° for the desired bending angle of 30° and
guidewire length of 50 mm, as shown in Fig. 6(a). These results
indicate that the bending model of the GHM does not precisely
match the actual device. In the feedback controller, this bending
error was recursively fed back to the PID controller, as shown in
Fig. 6(b). The steering angle control performance for feedback
control is significantly better than that for feedforward control,
where bending errors are less than 0.5° (except for the case with
a bending angle of 10° and length of 50 mm, which yielded a
maximum error of 0.52°).

Drilling motion was tested in a cylindrical tube that was
clogged with an artificial thrombus. This thrombus was com-
posed of the gelatin solution with various concentrations, in-
cluding 9%, 11%, and 15% (w/w). These thrombi were dyed
green and set after 10 mins. The GHM was driven by the rotating
magnetic field with a field strength of 15mT and an operating
frequency of 100 Hz, respectively. The feeding velocity of the

GHM was set to 1.5 mm/s. Fig. 6(c) shows the drilling perfor-
mance of the GHM in penetrating through an artificial thrombus
with a length of 54 mm and comprising 9% (w/w) gelatin. The
GHM drills through the artificial thrombus in approximately
48 s, and the drilling motion remains consistent throughout
thrombus penetration. Also, the GHM drills through a thrombus
with alength of 40 mm and comprising 11% (w/w) gelatin within
43 s. The magnetic torque induced by the enhanced rotating
field is still sufficient to maintain the drilling motion. Finally,
as validation of its revascularization performance, the GHM
could drill through a 46-mm-long thrombus comprising 15%
gelatin within 56 s; in this case, however, the drilling motion
was partially obstructed and the guidewire was bent due to
the hardness of the thrombus. This experiment is provided as
Supplementary Video S1.

E. Navigation of the GHM in Vessel Phantom

The path-tracking and navigation performance of the GHM
was assessed using a vessel phantom filled with deionized (DI)
water and placed inside the workspace of the EMA system. The
developed trajectory planning algorithm enables users to choose
the desired path, which can be automatically generated after
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Fig. 7. 2D tracking in vessel phantom. Tracked position and position
error of the GHM along a given path.

clicking a few points along the path to track the GHM. The
algorithm creates a path according to the chosen points along
with the vessel length and vessel angles that were recorded and
preprocessed beforehand (pre-op image) [46], [47]. Fig. 4 shows
the developed ENS and Fig. 3(a) depicts the block diagram of
path-tracking control using feedforward and feedback control
algorithms. At each point, information related to the current and
subsequent positions was compared and utilized to generate the
next steering angle and deduce the errors fed to the feedforward
and feedback controllers. The algorithms, which receive data,
process visual feedback and human commands, and communicat
with peripheral devices, could be executed in real-time using
LabVIEW (National Instruments, USA) and MATLAB software
through MATLAB script nodes.

Fig. 7 depicts the tracked position and the tracking errors of
the tip of the GHM; the root-mean-square error is approximately
0.2 mm and the maximum position error is lower than 0.7 mm
when the feeding velocity, v, of the GHM is set to 0.3 mm/s.

F. In Vivo Experiment

The experiments were conducted in accordance with the
ethical guidelines of the National Institute of Health and with
the approval of the Chonnam National University Institutional
Animal Care and Use Committee (CNU IACUC-YB-2019-78)
review board. A tabletop anesthesia system (Harvard Apparatus,
Harvard Bioscience Inc.,) was used to maintain the rats in the
anesthetized state during the procedure. A micropump (pFlucon,
AMED Inc., Korea) was used to pump the X-ray contrast
medium (iohexol, Omnipaque 300, GE Healthcare, Korea) into
the rats’ aorta for evaluating the vessel shape. The formation
of the artificial thrombi and the thrombus removal process was
observed via X-ray monitoring.

Fig. 8(a) demonstrates the experimental procedure of remov-
ing a thrombus from the rat’s abdominal aorta using the GHM.
The steps involved in this procedure are listed as follows:

1) A 20G catheter was inserted into the lower part of the
infrarenal aorta for injecting the contrast medium.
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(a) Thrombus removal in the rat. a. Experimental procedure for thrombus removal from the abdominal aorta of the rat. Shape of the

abdominal aorta of rat #4 (b, arrows) before thrombus formation. Two forceps are clamped in the upper part of the infrarenal aorta and left renal
artery (c), and the artificial thrombus is injected into this area. Thrombus formation after 3 min of gelation and removal of the forceps (d, dotted
oval). The GHM reaches the thrombus area (e, arrow) and drills through the thrombus (f). (g) GHM is retracted.

2) The shape of the abdominal aorta was evaluated through
angiography after injecting the contrast medium.

3) Forming the thrombus: 350 pl of 9% (w/w) gelatin was
injected from the lower part of the infrarenal aorta, while
the upper part of the infrarenal aorta and the left renal
artery was clamped in advance.

4) The formation of the artificial thrombus was observed
through X-ray fluoroscopy before and after retrieving
the forceps. The blockage of the contrast medium flow
confirmed the formation of the thrombus.

5) The GHM was then inserted into the abdominal aorta
through the same insertion point.

6) The GHM was driven to reach the thrombus, and throm-
bus removal was achieved using the guidewire and the
ENS system.

After completing revascularization, the GHM was retrieved
outside the rat body.

G. In Vivo Experimental Results

The thrombus removal performance in living rats was inves-
tigated to verify the clinical usability of the proposed method.
The abdominal aorta of rats (males, 14 weeks old 4+ 5 days)
was chosen as an alternative for the human coronary artery,
considering the similar vessel sizes (1.6—4.5 mm) [42], [44].
The rat was placed inside the workspace of the EMA system,
where its abdomen was opened in advance under anesthetized
conditions.

Revascularization procedures were successfully conducted
for the remaining rats #4 and #5. For rats #3, #4, and #5,

the GHM could successfully drill through the thrombi without
perforating the aortas. However, rat #3 was confirmed dead after
the removal of artificial thrombus because of bleeding. For rats
#4 and #5, Fibrin glue (Greenplast Q Prefilled Syringe Kit (2
mL) from GCPharma, Korea) was used after GHM insertion
to stop the bleeding during the procedure. The success rate of
mechanical atherectomy using the prototyped system was 100%
for the well-prepared rats. The automatic guidance of the GHM
toward the target thrombus was successful, and the helical robot
demonstrated adequate drilling force. After thrombus removal,
blood flow recovery could be monitored using angiography as
shown in Fig. 8, through which the main artery was detected and
heart-pumping movements were also observed clearly. This is
definitive evidence of the recovery of cardiovascular function-
ality. After penetrating the thrombus, blood flow is recovered,
and the motion of the helical robot is slightly skewed due to
the recovered hemodynamics. In which, it is observed that the
helical microrobot does not hit the wall of the vessel and we
confirm that the designed system can be adequately working for
this procedure. However, the resisting function of the assembled
guidewire for the higher hemodynamic condition in large animal
needs to be conquered further. Finally, the GHM returned to the
catheter sheath and could be retrieved without further damage to
the body. Thus, the risk involved in the procedure is effectively
reduced when utilizing the micro-fabricated device.

Fig. 8(b)—(f) illustrate angiography images of one of the
successful cases (case #4) corresponding to experimental pro-
cedures (ii), (iv), and (vi) in Section IV.F. The results of the
complete mechanical thrombectomy procedure are provided in
Supplementary Video S2.
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TABLE Il
SUMMARY OF IN VIvo EXPERIMENT RESULTS

Successful Successful Successful
in 1st in 2nd in thrombus
No. Age thrombus thrombus removal Remark
formation formation
#14 v(\;eeks, 2 Leakage Leakage N/A Death
ays
#2 14 weeks, 1 Leakage Yes Yes Death
day
#3 14 weeks, 4 Yes N/A Yes Death
days
4 ldwecks, Sy N/A Yes Alive
days
#5 ldwecks, 5y N/A Yes Alive
days

Table II summarizes the in vivo experimental results. Among
the five rats undergoing thrombus removal, rats #1 and #2 died
during thrombus formation and rat #3 died after completion of
the atherectomy. As the tested vessels are major arteries in rats,
even a minimal amount of mishandling of the guidewire can
cause severe vascular problems leading to death. Overall, the
success rate of artificial thrombus formation was 60% in the
first trial. For rats #1 and #2, the thrombi were not fully occluded
in the abdominal aorta; a contrast medium leakage through the
thrombus was observed in the angiography image corresponding
to the first trial of thrombus formation. In these rats, the second
trial of thrombus formation involved injecting 150 pl of 9%
gelatin at the same position. The thrombus could not be created
in rat #1, but it was created in rat #2 during the second trial.
However, both these rats died because of bleeding.

V. DISCUSSIONS AND CONCLUSION

In this study, we proposed a GHM for mechanical atherectomy
in narrow vessels and validated its performance through in vitro
and in vivo experiments. The developed prototype could perform
efficient steering and drilling motions using the advanced ENS
for a given angiography environment while maintaining its tip
at the center of the vessel to avoid perforations.

The age of the CTO is considered an important factor in
choosing the guidewire for penetrating CTO in PCI. Early-stage
CTO is soft and can be easily pierced using thin guidewires or
some wireless micro-drillers [43], [48]. However, aged CTO is
considerably more difficult to penetrate without the use of a wire-
less micro-driller. For instance, the mean puncture force required
for a six-week-old CTO is estimated to be 0.78 N [49]. Thus, the
proposed GHM, a freely rotatable helical microrobot, can treat
thrombi as well as aged lesions, because the maximum puncture
force of the guidewire used (diameter of 0.152 mm) is 0.8 N.
Nevertheless, a thicker or thinner guidewire would be needed
for treating CTO of varied ages; the trade-off between puncture
force and flexibility of the GHM needs to be considered when
handling aged CTO. Furthermore, the remained debris after the
procedure by using this device is expected to be smaller than
those after the puncture device, owing to the drilling motion of
the GHM. The methods developed in this work can be integrated
with a catheter featuring a balloon for occlusion and suction of

the debris remaining after the removal process. Besides, drug
therapy can also be employed after the procedure.

From the perspective of robotic therapeutics, helical micro- or
milli-meter robots mimicking flagella and its screwing motion
have been employed for small-sized robotic actuation in indus-
trial and biomedical applications [50]. Despite recent advances
in soft robot configurations and wireless actuation method-
ologies, practical applications of these robots, especially in a
clinical setting, are still scarce owing to the complications in
the fabrication of these small-sized devices, insufficient driving
power transmission, and the difficulty of visual feedback control.
This study improved the practical applicability of high-powered
guide-wired helical millirobots for mechanical atherectomy in
cardiovascular interventions that enable autonomous therapeu-
tics without any contact between clinicians and patients. More-
over, safe retrieval of the therapeutic tool after the completion
of the procedure is another benefit of the proposed method, as
compared to previously developed microrobots. As the materials
and apparatus utilized for this study are already available in
clinical sites, further improvements in the applicability of the
GHM can be achieved using the animal model preparation
described herein. Additional efforts are required to develop an
efficient and safe mechanical atherectomy robot.

While driving the GHM with an orientation of under 40°, the
model could perform fairly similar to the experimental results.
However, in case of an orientation of 40° or a maximum of
53°, the model demonstrated a larger error; the maximum error
was 8.5°. In addition, at a small desired angle (< 5°) and a
weak applied field, the GHM occasionally caused vibrations
(Fig.7(b)) owing to its free bending angle. Therefore, to improve
posture control accuracy and achieve stable motion, an accurate
guidewire string model and an advanced control method will
be incorporated with fully 3D imaging devices and posture
feedback. Moreover, a fracture at the 3D printed portion of
the device was occasionally observed during the insertion of
the GHM. A stainless steel helical robot body fabricated using
micro-machining techniques is expected to be the next version
of the proposed GHM, which will minimize device fractures
during the procedure.

Finally, the in vivo experimental results prove that the pro-
posed microrobot represents an advancement in the thrombus
removal process for PCI, in terms of its precise controllability
and efficient removal of blockages in a narrow vessel. Future re-
search should consider clinical evaluations using a large animal
with a scaled-up ENS system to realize more efficient medical
microrobots with higher throughputs.
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