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Abstract—This paper proposes a position control algorithm for
a magnetic guidewire without detection of tip-angle in sharply
curved blood vessels. Key element of the proposed tip positioning
control is to track a desired path regenerated in a blood vessel
by a feeding control and an electromagnetic actuation (EMA)
control. The path-regeneration creates an improved path in
terms of properties of a magnetic guidewire and the size of
a blood vessel when a magnetic guidewire can not traverse
an original path. Based on a desired path, the feeding device
and the EMA system make the translational and the rotational
motion of a magnet tip, respectively. In this paper, for the EMA
system, one pair of Helmholtz coil is employed to steer the
magnet tip by adjusting the direction of the magnetic field.
For the positioning control, a magnet tip is controlled with
a regenerated path in order to follow a desired path without
information of tip orientation. The proposed control methodology
was verified through experiments on a phantom of sharply curved
blood vessels. The experimental results proved that the proposed
method could overcome the sharply curved blood vessel by
control of the tip position of the guidewire with high accuracy
in real-time.

Index Terms—Magnetic Guidewire, Position Control, Path
Regeneration, Minimum Contact

I. INTRODUCTION

Over recent years, cardiovascular diseases have caused great
concern since they became the biggest killer of adults in the
world. In the medical field, there are various treatments in
order to relieve suffering from the cardiovascular diseases such
as catheter ablation (CA), percutaneous coronary intervention
(PCI) and transcatheter aortic valve implantation (TAVI). In
particular, PCI can be widely employed with various types of
catheters with cardiovascular stents and balloons. During the
procedure of PCI, cardiologists choose proper guidewire type
in terms of the tip shape and the wire diameter depending
on width of the ascending aorta, location of the coronary
artery opening and direction of the proximal coronary artery.
The effectiveness of PCI relies on treatment proficiency of
a cardiologist in the selection of the guidewire type [1].
And cardiologists employ a X-ray fluoroscope and a contrast
medium in order to recognize tip position of a guidewire
and shape of a blood vessel in real time, respectively. X-ray
fluoroscopes release harmful radiation and cardiologists are
exposed to the radiation.
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To solve the issues, many researchers have developed mag-
netically steerable catheter (MSC) systems which are able to
operate on patient remotely and automatically. In the system
of MSC, a magnet tip can be aligned along the direction
of the magnetic field and the steering motion of a catheter
can be derived by changing the orientation of the magnetic
field. For such steering motion of a magnetic catheter, Epoch
system (Stereotaxis) uses two motorized permanent magnets
positioned on each side of the patient’s body to make a uniform
magnetic field inside the body [2] - [4]. However, the steerable
motion in Epoch system is limited due to low response time
and narrow permissible angle in rotation control of the per-
manent magnet. As another approach, CGCI (Magnetecs) [2]
- [4] and Aeon (ETH) [4] - [5] employ multiple solenoid coils
with a paramagnetic core, such as 8 or 7 electromagnetic coils
respectively, to obtain muti-degree of freedom of a catheter tip
for cardiac ablation. They generate the uniform as well as the
gradient magnetic field and control the 3-dimensional motions
of a magnetic catheter inside the patient’s chest.

In the related systems, a real-time technique of catheter
detection is required for the catheter control to acquire position
and angle of a catheter tip by a X-ray fluoroscope with a
contrast medium [6]. However, it is more difficult to recognize
the tip angle if the magnet tip and the wire diameter become
much smaller and thinner for micro-invasion, respectively.
Therefore, this paper is focused on a tip positioning control
without detection of the tip angle, which can overcome sharply
curved blood vessels with minimum surface contact of the
catheter tip. And also, this paper uses one pair of Helmholtz
coil in consideration of the way to reduce the number of coils
for 2-dimensional motion on x-y plane instead of two pairs of
Helmholtz coil in our previous paper [7].

II. MAGNETIC GUIDEWIRE SYSTEM AND MOTION

Main components of a magnetic guidewire system are
an electromagnetic actuator (EMA), a feeding device and a
magnetic guidewire. The EMA system consists of one pair of
Helmholtz coil which can generate the uniform magnetic field
of Helmbholtz coil on x-y plane as shown in Fig. 1. Radius and
wire turns of the coils are 162 mm and 494, respectively. The
Region of interest (ROI) is 10 cm x 10 cm square and the
phantom of blood vessels is placed on the center of the EMA
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system. The magnetic guidewire is composed of a 0.2 mm (D)
Nitinol wire and a 2 mm (D) x 2 mm (H) cylindrical magnet
(NdFeB). And the magnet is attached to the wire-tip point as
shown at the upper center box of Fig. 1. The feeding device
controls the velocity and the displacement of the magnetic
guidewire during insertion and retrieval motion in the blood
vessel.
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Fig. 1. Components of the magnetic guidewire system (MGS)

The magnetic guidewire motion can be derived by two
actuation systems of the feeding and the EMA system. The
feeding system can make a translational motion of the magnet
tip with the feeding velocity Vp for insertion and retrieval of
the guidewire. And the EMA system can make a rotational
motion of the magnet tip by aligning the uniform magnetic
field into a desired direction. From Maxwell’s equation, torque
T of a magnet is generated by an electromagnetic field B as
follows:

T=VMxB (1)

where V and M denote the volume and magnetization of
the magnet, respectively. Initially, the magnetic guidewire is
situated on y-axis and the magnetization M is given as:

M, Mcos(a)
M= | M, | =| Msin(a) (2)
M, 0

And this paper uses only one pair of Helmholtz coil placed on
x-axis. Accordingly the magnetic flux of the magnetic field B
can be expressed in (3).

B. B,
B=|B, |=]| 0 3)
B. 0

And the magnetic flux on x-axis is derived by giving current
i to the Helmholtz coils as follows:

iNR%, Ry

By = SRS+ (FH )2
FE (g @)

where N is the coil turns, Ry is the radius of coils and x g
is the x-axis position from the center point of each Helmholtz

coil. From (1), (2) and (3), therefore, magnet torque 7}, of
the guidewire tip can be expressed as:

Ty = —V B, M, = —V B, M sin(c) (5)

Once the magnetic field is exerted on the magnet, the magnet
tip can be rotated by the magnet torque 7},, as shown in Fig.
2. By the steering motion, the steering angle ¢ can be defined
as the equation of the wire deflection in (6).

Tl
0= 5 ®)

where E, I and [, are the elastic modulus, the moment of
inertia and the wire length, respectively.
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Fig. 2. Motion of a magnetic steering guidewire

III. Tip POSITIONING CONTROL

The proposed tip-positioning control of the magnetic
guidewire can be largely categorized into three topics as
depicted in Fig. 3; 1) Path-regeneration, 2) Feeding control,
3) EMA control. In the control, the key algorithm is the path-
regeneration with the feeding and EMA control and it can have
the magnetic guidewire to make minimum contact with the
inner surface of a blood vessel while following a desired path,
simultaneously. The path-regeneration draws an improved path
in terms of properties of the guidewire and the size of the
blood vessel at the current position of the magnet tip when
the guidewire can not traverse the original path generated by
the path-generator in advance. The feeding control is based
on the E-equation which acts as the weight factor to enhance
the tip-positioning performance. In the feeding control, the
desired feeding velocity is initially selected as Vpg and the
translational motion of the guidewire is controlled by the
feeding device with the control input upr according to the
distance error ¢p. The EMA control is based on conventional
PID control and it employs the position error ep for the
feedback information. The rotational motion of the guidewire
is derived by the control input ur depending on the position
error ep. For actual tip position P, should be recognized
in real time using the vision tracking algorithm which is
constructed in the loop of the proposed control. But the
contents regarding the vision tracking was omitted from this

paper.
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Fig. 3. Schematic diagram of proposed tip positioning control

A. Path Regeneration

The path-regeneration evaluates the radius of curvature of
the original path in order to determine whether to regenerate
the path or not. The radius of curvature plays an important
role on path-following performance. The path curvature can
be derived from the radius of curvature and if the curvature
is higher than the permissible bending angle of the magnetic
catheter, the catheter can not overcome the path in a sharply
curved blood vessel. To calculate the radius of curvature, first
of all, three points on the original path can be selected based
on the x and y position of the magnetic tip. In Fig. 4, Py on the
original path is the closest point to the current position Pgj, of
the magnet tip. And also, Ppg and Pp; on the original path are
the previous point and the next point from Py, respectively.
Hence, the radius of curvature R. can be obtained from the
circle equation with the three points of Pyg, Pp1 and Ppy as
follows:

Re = |[Pe = Ppol| = [[Pe = Ppa|| = [[Pe = Pp2f|  (7)

where P, is the center point of the circle. To complete
the circle equation, the elements of each point in (8) are
substituted into (7) and then the equation with respect to the
center point of the circle P, can be derived as (9).

Pyo = (20, y0) ®)
Py = (72,92)

P. = (xcvyc)7
Py1 = (1,91),

AP = A, — P. = AA; )

where superscript T indicates a pseudoinverse and each matrix
in (9) can be arranged into (10). Accordingly, the calculated P,
is used for obtaining the radius of curvature R. by substituting
P, into (7).
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Fig. 4. Path replanning by permissible radius of curvature
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To evaluate the possibility of following the path, R, derived
from (7) is compared with the permissible radius of curvature
R.rimit as depicted in Fig. 5. First of all, for R.rimit, the
permissible steering angle ¢r,;,;: is derived by the maximum
magnet torque 7, in (11) based on the equation of the
wire deflection as (12). The maximum magnet torque 7},
is conservatively redefined from (5) by assuming that the

magnetic flux B, is maximally exerted on the magnet tip and
the angle of the sharply curved path is closed to /2.

A, =

(10)

T,’n =VBg;,. ..M, (11
T 1

imit = — 12

@ Limit foli (12)

In Fig. 5, ¢rim.: is the included angle between the Py1-Ppg line
and Py»-Ppo line. In the triangle of APpoP,1Py2, the angles of
ZPp1PpoPp2 and ZP, P2 Py indicate the permissible steering
angle ¢rimi:. Accordingly, the angle 0pipir of ZPpoPp1Pp2
can be obtained by (13).

Orimit = T — 2@ Limit (13)

From (13), the permissible radius of curvature R.r;m,;; can
be derived using the second law of cosines in APyPp1 P, as
follows:

9 mi
RgLivnit = RgLimit + 1127 - 2R3Limit lpCOS( L t) (14)
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Fig. 5. limit condition of the radius of curvature
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where [,, is the distance between Ppy and Pp1. The permissible
radius of curvature R.j;m;: is considered in correlation with
the properties of the guidewire and the original path. Hence,
the radius of path curvature R, can be compared with R.1;mt
to evaluate the possibility of the magnetic guidewire for
following the path. If R, is less than or equal to R.rimit,
then the original point Py is recalculated as P;)l which is the

closest point to the corner of inner wall in a blood vessel. P;l
is placed on the Pp;-P. line as shown in Fig. 4.

If R. <R then P (16)

CLimit) = P;l
In this paper, the desired path is generated using the cubic
spline equation. The cubic spline curve contains the control
points which can change the curvature of the path. Therefore,
P;,l is employed to redraw the spline curve as the new control
point on the path. In Fig. 4, the blue-dashed line is the
regenerated path by P;ﬂ and it results in the decreased angle
than the original path (the red-dashed line) to pass through the
desired blood vessel.

B. Tip Positioning Methodology

For positioning the magnetic guidewire, this paper focuses
on two types of controls for the rotational and the translational
motion using the EMA system and the feeding device, respec-
tively. In the control loop of Fig. 3, the position error ep is
employed to rotate the magnetic tip toward the desired point
on the given path by adjusting the magnetic flux B, generated
by the EMA system and the distance error ep is considered
in order to make the translational motion of the guidewire
by changing the feeding velocity in the feeding device. In
the rotation control, the position error ep is considered as
one angle-based parameter which can determine the rotational
direction of the magnet tip and the magnitude of the magnetic
field, simultaneously. The position error ep can be derived

using the three points of Pyp, Ppy and Py, as shown in Fig. 6.
First of all, the points of Py, and Py on the global coordinate
are transformed into the points of Pyjp.p2 and Ppy.p2 on the Py
coordinate, respectively, as (17).

Ptip-p2 = Ptip - Pp2

Ppl-pZ = Ppl - PpZ (17)

And the point of Pgp 2 can be matched with Pyypy by the
rotation matrix Rp with the position error ¢, in (18).

cos(ep)
sin(ep)

—sin(ep)

Re = cos(ep)

Pp1-p2 = RpPiipp2, (18)
From (18), the matrix of the position error D is designed by
newly arranging the matrix of the tip position Pgpy and D can

be calculated by applying the pseudoinverse of Pgpn in (19).

Ppl-p2 = PtipND = D= P:i_pNPpl-pZ (19)
Dy sin(ep) —Ytip  Tti
D= = , Pi = P P
|: D2 :| |: COS(eP) N Ttip Ytip

And the position error ep is obtained by calculating the simple
trigonometric function as follows:

Dy

— 20
Dg) (20
The position error ep is applied for the EMA control into the
conventional PID control for the rotational motion and the PID
control law is given as:

ep =tan"*(

UE(t) = erp(t) + Ki/ep(t)dt + Kde.p(t) (21)

where ¢ is the sampling time, ug(f) is the control input
at current step. K, K; and K, are the gains of the PID
controller.

Fig. 6. Error calculation for the positioning control

For the translational motion, the feeding controller observes
the distance error ep in Fig. 6 which is the absolute distance
between Pgp and Ppy as (22).

€p = ||Ptip - Pp1|| (22)

To control the feeding velocity, a theoretical form of the
control input ur can be designed as an exponential equation
with the distance error ep as follows:



up(t) = Vpa(1 — e~ er®) (23)

where Vg is the desired feeding speed and A is the feeding
coefficient. A can be selected in the allowable range of control
accuracy. In (23), the control input ur becomes the desired
feeding speed Vg if the distance error ep is in the range of the
allowable distance error determined by the feeding coefficient
A. In this paper, the allowable distance error is 0.2 mm. In the
case of more than 0.2 mm, the control input up is linearly
changed into a low value less than Vp4 in order to keep the
current position of the tip.

IV. EXPERIMENTAL RESULTS

In the experimental environment, the wire diameter of the
magnetic guidewire is 0.2 mm and it was made of Nitinol
which has the elastic modulus (E) 40 GPa at human body
temperature (37 °C) [8] - [9]. And the one pair of Helmholtz
coil on x-axis was employed within maximum current 20
A of the power supply, which can generate 2182 A/m of
the magnetic field. The experiments were carried out in the
phantom which is composed of several types of the blood
vessels as shown in Fig. 1. The blood vessels were constructed
within the diameter between the maximum size 12 mm and
minimum size 4 mm. And CCD camera was set up on the top
of the system to detect the position of the magnet tip.
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Fig. 7. Result of the positioning control on the desired path

To validate the performance of the tip-positioning, sharply
curved blood vessel in the phantom was selected to draw the
desired path as depicted in Fig. 7. In the blood vessel, the
original desired paths are initially generated by the cubic spline
equation in advance and the magnetic guidewire system con-
trols the magnet tip to make the rotational and the translational
motions along the path with 10 Hz frequency of the control
loop in real time. The experiments were conducted thee times
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Fig. 8. Experimental data on the desired path

on the path. The experiments were carried out to verify the
control performance while the guidewire is inserted into the
phantom. Fig. 7 shows the result of the positioning control
in the blood vessel. From the start point +, the magnet tip
precisely followed the original path before reaching the sharply
curved region. At the sharply curved point (Original Control
Point) on the original path, the regenerated control point was



newly derived by the path regeneration and the magnet tip
was focused on tracking the regenerated path to overcome
the blood vessel. The yellow line is the actual position of the
magnet tip and in the sharply curved area, the magnet tip tried
to be matched with the regenerated path until arriving at the
end point ¢ as shown in Fig. 7. Actually, the tip motion was
derived by following the regenerated path in order to pass
through the blood vessel as shown in the left-side yellow box
of Fig. 7.

From the results of the experiments, Fig. 8 numerically
demonstrates the control performance of positioning the mag-
netic guidewire on the Path. The distance error ep was less
than about 1 mm during 5.6 s in (b) of Fig. 8 and the
feeding speed was closed to the maximum velocity (the desired
velocity Vr) 1 mm/s in (d) of Fig. 8. After that, the sharply
curved point appeared at around 5.6 s and the values of all
the graphs was drastically changed since the desired path was
regenerated at that time. By the regenerated path, the position
error ep and the distance error ep rapidly increased in (a) and
(b) of Fig. 8. For positioning the magnet tip, the EMA system
and the feeding device tried to exert much more change rate
of the magnetic field to the magnet and to rapidly reduce the
translational speed of the guidewire, respectively. In (e) of Fig.
8, the graph of the curvature k accounts for the advantage of
the path regeneration. At 5.6 s, the curvature on the original
path increased up to the permissible curvature (1/R.rimq:t)
0.025 [1/mm]. After replanning the path, meanwhile, the
curvature decreased until 0.017 [1/mm] at 5.6 s, which is able
to become much smoother than the original path. That is the
reason why the proposed positioning method can rotate the
magnet tip only by detecting the position without tracking
the orientation of the guidewire. To evaluate the accuracy
of positioning the guidewire, root mean square (RMS) and
standard deviation (STD) were used in 3 replicates on the
blood vessel. RMS error and STD showed average 0.63(10.4)
mm error. Therefore, the results proved that the proposed
method could overcome the sharply curved blood vessel by
control of the tip position of the guidewire with high accuracy
in real-time.

V. CONCLUSION

This paper proposed the novel tip-positioning algorithm of
the magnetic steerable guidewire for PCI treatment. In this
paper, one pair of Helmholtz coil was employed to steer the
magnet tip by adjusting the magnetic field. And the feeding
device was applied to make the translational motion of the
guidewire. In the positioning control, the magnet tip was
controlled with minimum contact to the inner wall of the
blood vessel by replanning the newly desired path instead of
the information of the guidewire orientation. The proposed
algorithm was verified through the control experiments on the
sharply curved path and it could be validated from the accuracy
evaluation of the results.
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