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Abstract— This paper aims at using a newly developed
robotic system to automatically deliver guidewires or catheters
to the target site on percutaneous coronary interventions (PCIs)
or electrophysiology interventions. An autonomous delivery
strategy using electromagnetic tracking technology is intro-
duced and phantom experiments are performed to validate this
strategy. In order to advance the guidewire into the planned
branch, the strategy classifies this branch selection problem into
three cases according to the width of the vessels and employs an
image-based algorithm for the first and second cases. Another
image-based algorithm specifically designed for the third case
is also presented.

Index Terms— electromagnetic tracking, cardiology interven-
tions, image-guided navigation

I. INTRODUCTION

We developed a robotic system to assist cardiology sur-
geons to perform medical procedures. The robot consists of a
robotic manipulator, a joystick and a guidewire delivery de-
vice. The delivery device mimics the surgeon’s action during
interventions to control the guidewire for axial and rotational
movements. In clinical procedures, surgeons use coronary
digital subtraction angiography (DSA) to check guidewire’s
position in patient and manipulate a joystick to control
the delivery device alternately rotating and advancing the
guidewire to the target site. A high precision torque sensor
is mounted on the delivery device to measure resistance force
on the guidewire during interventions. When the measured
torque is larger than the predetermined threshold, the system
will halt and wait for the clinician to perform corresponding
operations. This system also has a navigation unit which
merges DSA with preoperative CT image to offer surgeons
instinctive visualization. This system has been successfully
tested in animal trial as shown in Fig. 1.

Since it is usually difficult for surgeons to determine the
spatial relationship between a guidewire and overlapping
vessels from intraoperative DSA, we wonder whether this
robot could accomplish operations under the assistance of
preoperative CT image and intraoperative electromagnetic
tracking information instead of surgeons’ discernment and
supervision. With this system, harmful X-ray is not necessary
and surgeons’ work will be largely reduced. These are
the main advantages of this robot-controlled navigation and
delivery system. An experiment to prove the feasibility is

This research is supported in part by the National Hi-Tech R&D Program
(863) of China (Grant #2010AA044001).

Key Laboratory of Complex Systems and Intelligence Science,
Institute of Automation, Chinese Academy of Sciences, Beijing,
China cheng.ji@ia.ac.cn, hou@compsys.ia.ac.cn,
xiaoliang.xie@ia.ac.cn

Fig. 1. The cardiology interventions robot was tested in pig PCIs.

proposed and material preparations for the experiments are
performed.

First, an original image of human’s abdominal aorta is
acquired from CT scan devices. After segmentation and vol-
ume rendering, we extract the vessel contours and centerlines
from the rebuilt CT image as shown in Fig. 2(a). Meanwhile,
the radius of the vessel is also computed for each centerline
point, and the points where two centerlines meet are regarded
as bifurcations. This processed image with contours and
centerlines is used for preoperative path planning, diagnosis
and intraoperative navigation. Second, we adopt the 3D data
to build a precise thermal resin vessel cavitary phantom
using rapid prototyping manufacturing (RPM) as shown in
Fig. 2(b). Clearly, the target of our experiments is using
our newly developed robot system to automatically deliver
a guidewire following a preoperative planned path inside
thermal resin phantom. Third, in order to track the guidewires
or catheters, the Aurora tracking system (NDI, Waterloo,
Ontario, Canada) is used, and a tracking guidewire which
is bonding Aurora 5 DOF electromagnetic sensor on its tip
is also available as shown in Fig. 3. After above three steps,
a delivery strategy is proposed to ensure the completion of
the experimental target, and an image-based algorithm is
adopted in the strategy to ensure the guidewire is driven
into correct branch when a bifurcation is encountered. The
vessel contours and centerlines we obtained at the first step
are utilized in the strategy and the algorithm.

This paper is organized as follows. Section II discusses
some issues involved with the experiments and the delivery
strategy. The algorithm of branch selection is introduced in
section III and the simulation result is given in section IV.
Finally, some conclusions are included in section V.
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Fig. 2. (a) The rebuilt CT image of human abdominal aorta; (b) The human
abdominal aorta phantom.

Fig. 3. The Electromagnetic Guidewire.

II. DELIVERY STRATEGY

A. Registration

As we already obtained a 3D CT data set of this phantom
with contours and centerlines before experimental procedure,
an image-to-patient registration is required for the purpose
of tracking the guidewire’s position during phantom inter-
ventions. In recent medical navigation literature, there has
been a tremendous amount of work on discussing patient-
to-image registration [1] [2] [3] [4]. In our experiments, a
two-step registration is performed to produce a homogeneous
transformation matrix and the maximal registration error
is about 1.3 mm. A simple points registration was firstly
adopted to attain a preliminary result and then iterative
closet point (ICP) registration was performed to get a better
result. The preliminary result from first step will signifi-
cantly improve ICP’s convergence speed. Since the aim of
our experiments only focuses on proving the feasibility of
advancing the guidewire to target site and the guidewire
tip can not be directly controlled, we will not pay too
much attention on the approximation precision and thus we
reckon the registration error is acceptable. The homogeneous
transformation matrix we derived from registration is used
to translate guidewire’s positions and orientations in NDI
magnetic field coordinate to those in image coordinate during
experimental interventions.

B. The model of guidewire tip

The tracking guidewire has a flexible tip in which an
electromagnetic sensor is mounted. However, the sensor is
not located at the apex of the flexible tip but about 3.4 mm
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Fig. 4. The model of guidewire tip.

away from the apex. Here we propose a simplified model for
the tip of tracking guidewire as shown in Fig. 4. As shown
in the figure, the tip model consists of a straight line and
a curve. The straight line represents the flexible tip and the
curve represents the rest section of the guidewire which we
call “guidewire body” in the following pages. L1 (3.4 mm)
is the distance from the sensor to the apex of the tip, and L2

is the distance form the sensor to the end of the tip, about 5.2
mm. The bending angle between the tip and the guidewire
body varies from 0 degree to about 60 degree, and in natural
state the bending angle keeps about 20 degree. L0 is the
vertical distance from the apex of the tip to guidewire body
in natural state, about (L1 + L2) sin(2π(20/360)) = 2.94
mm.

The position and orientation of the guidewire tip can be
given by 
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Where

(
x1 y1 z1 0

)T
and

(
x2 y2 z2 0

)T
represent

the positions of the apex and the end for the tip. And(
x0 y0 z0 0

)T is the tracked electromagnetic sensor po-
sition in image space,

(
Dx Dy Dz 0

)T is the direction
unit vector of the sensor’s longitudinal axis. T stands for the
homogeneous transformation matrix.

C. Phantom paths map

The phantom used in the experiments has nine sections
of centerline and four bifurcations (1,2,3,4) as shown in Fig.
2(a). We store these centerlines and bifurcations with vessel
contours in database before experiments. The phantom owns
one entrance and four exits (A,B,C,D). One of these exits
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Fig. 5. The architecture of delivery strategy.

is selected as target site and the last point of related branch’s
centerline is considered as target point. Once the target point
is chosen, the delivery path will be automatically planned
based on the database. Each planned path consists of four
centerlines, and three of four bifurcation will be met during
the interventions. It’s clear that, the direction from entrance
to exits in the phantom experiment is not the actual direction
surgeons perform the delivery in clinical practice; however,
the opposite direction dose not affect the purpose of our
experiments.

D. Delivery strategy

At the beginning of the experiment, we lay the tip of
the guidewire in the entrance, then perform an autonomous
delivery strategy to control the delivery device to advance
the guidewire following planned path to target point. After
registration, the position and orientation of the guidewire’s
tip in CT image coordinate are tracked in real time until the
end of experiment. The structure of the strategy is shown in
Fig. 5.

The strategy works as follows.
(1) We examine whether the tip is out of the vessel contour

or the measured torque is over threshold. In fact, the tip
is not able to pass through the vessel in this phantom
experiment due to stiff material; however, the torque
may be too large when harsh collision occurs. If these
situations happen, then the system will halt, otherwise
we go on to next step.

(2) The CT image is used to check whether the tip reached
the target point. If the distance between the current tip
position and the target point in axial direction is smaller
than 0.1 mm, we conclude that the target point is reached
and the experiment will terminate, otherwise we go on
to next step.

(3) We check whether the tip is close to a bifurcation. The
bifurcation is a point at where two different centerlines
meet, so it is also a centerline point and has a related
radius of the vessel we computed before experiment. If

the distance between current tip position and the bifur-
cation is smaller than the radius, we stop the guidewire
from forward movement and skip to step 4, otherwise
we keep the guidewire for axial movement at a constant
predetermined speed and jump back to step 1.

(4) An image-based algorithm is adopted to rotate the
guidewire tip to desired orientation and then advance the
guidewire for certain distance in order to insert it into
the planned branch. Then we go to step 5. The details
about the algorithm are introduced in Section III.

(5) In this step, we verify whether the guidewire has been
driven into correct branch and away from the bifurcation.
If the guidewire is in planned branch and has enough
distance away from the bifurcation, the guidewire is
considered has crossed the bifurcation and jump to step
1; if the guidewire is in planned branch but not enough
far away from the bifurcation, we further move the
guidewire for a small distance and jump back to step
5; if the guidewire is not in correct branch, we have to
retract the guidewire for the same distance we advanced
the guidewire for in step 4 and jump back to step 4.

Following above steps, the workflow will terminate only
when target point is reached or overlarge torque on the
guidewire is measured. It is noticed that the algorithm we
used in step 4 couldn’t 100 percent guarantee the guidewire
being inserted into planned branch; thus, a detection-
retraction mechanism was adopted in step 5 in a higher level.

III. BRANCH SELECTION ALGORITHM

The main difficulty in delivery strategy is how to advance
the guidewire to planned branch when the guidewire arrives
at a bifurcation. As the orientation of the tip is obtained
as feedback in real time, there are complicated situations.
For the guidewire usually contacts with vessel wall during
intervention, when the delivery device rotates the guidewire
a certain angle at the end, the tip of the guidewire dose not
always follow the same angle and is distorted erratically.
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In order to describe and solve this problem, we classify it
into three different cases according to the width of the blood
vessels. Methods for quantitative coronary analysis (QCA)
indicated in [5] [6] inspire us to design following algorithms.

(1) In the first case, the vessel width is two times bigger
than L0. The algorithm for ordinary first case is shown in
Figs. 6,7. In Fig. 6, B is the centerline for the planned
branch. The radius of the bifurcation is r and point M
on B is r away from the bifurcation. A sphere centers at
M and the radius of the sphere is naturally the centerline
point M ’s radius obtained from CT image. When guidewire
tip’s approaching to the bifurcation is detected, we stop
guidewire’s constant speed movement and deliver it a certain
distance. Fig. 7 indicates how the distance is calculated. Point
q is the tip end’s present position and point p is the position
of guidewire’s tip end after certain distance movement. Here,
we attain a cone by rotating the guidewire tip around −→qp and
the tone intersects with the sphere at point a and point b.
When different distance is delivered, the intersection length
from a to b varies. In this way, we calculate the intersection
length for every delivery distance by a 0.1 mm length step
from present tip end position to the position where the tip is
out of the bifurcation sphere, and the distance related with the
longest intersection length is regarded as final result. After
the guidewire has been delivered for the calculated distance,
we further rotate the guidewire for an appropriate angle in
order to put the tip apex near the middle point between a
and b. After the desired orientation has been reached, the
guidewire will be delivered axially again. It is noticed that, in
Fig. 7 only present tip end’s position is used to determine the
cone’s axis direction; however, in our practical project, five
additional previous tip end’s positions with different weights
are involved to make the direction more reliable.

The above algorithm derives from the ideal conditions.
In experimental practise, the guidewire tip usually is close
to vessel walls and the rotation actions for tip may cause
collisions and bounces between tip and vessel walls. How-
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Fig. 6. The first case of branch selection.
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Fig. 7. The algorithm for calculating delivery length and rotation angle in
first case.

ever, despite collisions and bounces occur, the algorithm also
works and the desired orientation is largely reached as shown
in Fig. 8(a). In fact, in some cases where the tip orientation
complied with desired direction, the rotation is performed
only for the purpose of adjusting the position of tip end.
For example, in Fig. 8(b), the right branch is the planned
branch. Though the direction of tip (the red real line) meets
the desired direction, the guidewire will enter into the wrong
path if we keep delivering it as the two blue lines indicate,
since the guidewire is too close to vessel walls on left side.
Accordingly, we first rotate the guidewire for 180 degrees. As
a result, the tip bounces apart from the vessel wall, and the
tip end moves a distance to right side. Then we rotate another
180 degrees and delivere it forward into the right branch. It
is worthy to declare, after the 360 degrees rotation, the tip
end’s relocation brings certain change of tip’s orientation as
a disadvantage, a readjustment for tip direction is necessary.
We also noticed, sometimes the problem indicated in Fig.
8(b) can not be solved by one time 360 degrees rotation. In
these cases, the rotation should be repeated for several times
until the tip end’s position is acceptable.

How to determine whether the tip end’s position is accept-
able is as follows: After 360 degrees rotation, we first move
the guidewire for 0.2 mm forward movement and several

(a) (b)

Fig. 8. (a) The way collisions and bounces between guidewire and vessel
wall influence the direction; (b) The method for relocating the tip end in
first and second cases.
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points in this trail are recorded and used to obtain the axis
direction of the cone needed in next step; Then the model
given in Fig. 7 is adopted again to calculate whether the cone
intersects with the sphere which centers at M . The tip end’s
position is acceptable when intersection occurs.

(2) In the second case, the diameter of the vessel before
the bifurcation is met is between L0 and 2L0. The methods
used in second case is similar with those in first case. But
noticed, the problem show in Fig. 8(b) is even more common
as the vessels are narrower. Accordingly, the method given
in Fig. 8(b) is even more effective in this case.

(3) The third case is simpler than the two previous cases.
If the vessel width before the bifurcation is met is smaller
than L0, then the tip of the guidewire will be straighter
than its natural status, and the bending angle of the tip is
less than 20 degree. In this case, the tip of the guidewire
is on contact with the vessel wall all the time. Here, the
sequence for rotation and axial delivery changes: we first
rotate the guidewire tip to a desired direction and then push
the guidewire forward as showed in Fig. 9(a). It is noticed
that the desired direction is calculated in a cross-section
perpendicular to the centerline. The algorithm is presented
as in Fig. 9(b). First, we compute the desired direction:
P1 is a plane which is perpendicular to the centerline A
at the bifurcation. L is a section from the bifurcation to
centerline point M which is in the planned branch B and
the length of L is the radius of the bifurcation. Line L′

is the projection of L on the plane P1 and the direction
of line L′ is the desired direction. Then the guidewire is
rotated to L′’s direction before the time when the guidewire
confronts with the bifurcation. Here, we draw a plane (P2)
which is perpendicular to A and includes present point of tip
end. In this way, we rotate guidewire step by step, until the
projection of the tip’s direction vector on P2 is largely close
to desired direction. After the desired direction is reached,
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Fig. 9. (a) The delivery flow in third case: rotation movements from
position 1 to position 2, axial movements from position 2 to position 6; (b)
The algorithm for desired direction and guidewire tip direction calculated
in planes perpendicular to the centerline.

we keep pushing the guidewire to the bifurcation, finally the
guidewire tip will enter into the planned branch.

TABLE I
DETAILS OF THE RESULT.

Target
site

Bifurcations
met on
delivery
path

Wrong
selection
at first bi-
furcation
(times)

Wrong
selection
at second
bifur-
cation
(times)

Wrong
selection
at third bi-
furcation
(times)

exit A 1,2,3 0 1 5
exit B 1,2,3 0 0 0
exit C 1,2,4 0 1 1
exit D 1,2,4 0 1 3

IV. EXPERIMENTAL RESULT

We set the four exits as target sites respectively and per-
form the interventions 10 times. In each individual procedure
3 bifurcations are met along the path. As 120 bifurcations
were met during the entire experiments, incorrect selections
took place 12 times. If the guidewire was inserted into the
wrong path, we had to retract and deliver it again. Finally, the
guidewire reached destinations in all 40 times interventions.
We are satisfied with the result, but clearly, there are space
to improve the one-time success rate. One result is given in
Fig. 10. In this figure, the red line represents the centerline of
planned path and a number of short white sections stand for
the position and orientation of the guidewire tip. The detail
of result is shown in Tab. I. The symbols of bifurcations are
indicated in Fig. 2(a).

We also perform manual intervention on the phantom 10
times targeting each exits respectively in order to compare
the average intervention time with autonomous delivery, the
result is shown in Tab. II. Clearly, the autonomous delivery
needs more time than manual delivery, which is partly related
to the slow axial speed in autonomous delivery, 25 mm per
second. And the autonomous delivery algorithm takes a long
time to reach desired orientation during branch selection.

TABLE II
COMPARISON OF THE AVERAGE TIME TAKEN IN AUTONOMOUS

DELIVERY AND MANUAL DELIVERY.

Target site Manual time (seconds) Autonomous time (seconds)
exit A 4.5 8.6
exit B 2.8 6.7
exit C 3.1 6.9
exit D 4.2 8.3

Fig. 10. An experimental result.
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Fig. 11. The STL-format data of the scaled phantom used in rapid
prototyping manufacturing.

Fig. 12. The phantom with scales.

The accuracy is another important criterion we concern
and our initial idea for the measurement of the experimental
accuracy is to use the DSA image. However, from an engi-
neering point view, even the DSA scanner system is finely
calibrated, it also will bring some errors that might influence
the objectivity of the measurement and the image resolution
limitation also reduces the precision of the measurement.
Therefore we design a new phantom with scales to estimate
the final system accuracy. Along the smoothed centerlines,
points are chosen every 5 mm and the tangent vectors
are calculated. The planes (cross-sections) are completely
determined by these centerline points and tangent vectors.
And on each cross-section plane, a round, whose radius
is 1.5 mm bigger than the corresponding vessel radius, is
attached to the original phantom STL-format data to form a
protuberant scale, as shown in Fig.11. The scaled phantom
produced by rapid prototyping manufacturing is illustrated
in Fig.12.

In Fig. 13, the target point is the centerline point on
the round scale which is marked by the blue line and the
distance between the guidewire tip and the target cross-
section in axial direction is in a range from 1 to 2 mm. We
perform the experiment 10 times for each exits respectively,
and the maximum visual distance between the tip and the
target cross-section is smaller than 2 mm. According to the
suggestion given by the collaborating experienced surgeons
and other studies on cardiac navigation in [2] [7] [8], 3 mm is
a proper error requirement for cardiac intervention navigation
and our system accuracy meets this requirement. It is noticed
that, considering our intended application and the flexibility
of the guidewire tip, it is more reasonable to measure the
accuracy in axial direction than in spatial distance.

V. CONCLUSION

In this paper, we proposed an autonomous delivery system
for robot-assisted PCIs. Phantom experiments were per-
formed to verify the feasibility of the system. NDI elec-
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Fig. 13. The measurement of the autonomous delivery accuracy in phantom
with scales.

tromagnetic tracking system and tracking guidewire were
used in this experiment. First, patient-to-image registration,
guidewire tip model and phantom model were introduced,
and then a delivery strategy was presented for delivering the
guidewire to target site. In order to advance the guidewire
into the planned branch, we devised two image-based algo-
rithms for three cases classified by the width of the vessel.
We also discussed several detailed problems in the first
case and offered related resolvent. In the end, the visual
accuracy results derived from phantom experiments with
scales confirmed the conclusion that the autonomous delivery
system was viable.
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