Biomedical Microdevices (2018) 20:76
https://doi.org/10.1007/s10544-018-0321-5

A marker-based contactless catheter-sensing method to detect
surgeons’ operations for catheterization training systems
Jin Guo 1 & Shuxiang Guo 2,3 & Maoxun Li 1 & Takashi Tamiya 4

# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
It is challenging to position a catheter or a guidewire within a patient’s complicated and delicate vascular structure due to the lack of
intuitive visual feedback by only manipulating the proximal part of the surgical instruments. Training is therefore critical before an
actual surgery because any mistake due to the surgeon’s inexperience can be fatal for the patient. The catheter manipulation skills of
experienced surgeons can be useful as input for training novice surgeons. However, few research groups focused on designs with
consideration of the contactless catheter motion measurement, which allows obtaining expert surgeons’ catheter manipulation
trajectories whilst still allowing them to employ an actual catheter and apply conventional pull, push and twist of the catheter as
used in bedside intravascular interventional surgeries. In this paper, a novel contactless catheter-sensing method is proposed to
measure the catheter motions by detecting and tracking a passive marker with four feature-point groups. The passive marker is
designed to allow simultaneously sensing the translational and rotational motions of the input catheter. Finally, the effectiveness of
the proposed contactless catheter-sensing method is validated by conducting a series of comparison experiments. The accuracy and
error analysis are quantified based on the absolute error, relative error, mean absolute error, and the success rate of the detection.
Keywords Catheter sensing . Contactless measurement . Image processing . Catheterization training system . Intravascular
interventions

1 Introduction
Minimal damage to healthy tissue, less blood loss and shorter
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based intravascular interventional surgeries (Rafii-Tari et al.
2014). However, surgeons have to face a number of challenges while manipulating a catheter to target a position within
the patients’ intricate and delicate vascular structure. Due to
the lack of intuitive visual feedback, surgeons always carry
out the operations by imagining the spatial relationship between the catheter and its surrounding vessels based on their
experience and the tactile feedback received (Wang et al.
2011). Notably, complicated vessel shapes and multicontacts between the catheter and the blood vessel walls lead
to significant decrease in the feasibility and maneuverability
of positioning the catheter (Wang et al. 2014). The catheter
manipulation skills of experienced surgeons are therefore critical to the success of catheter-based intravascular interventional procedures. To provide novice surgeons with the opportunity to learn basic catheter manipulation skills, as well as
achieve the reduction of risks to both surgeons and patients,
both the virtual reality-based and silicone-based simulators
were used to train inexperienced surgeons before they are
competent for the real surgeries (Aggarwal et al. 2006; Ikeda
et al. 2006) as shown in Fig. 1. The VR-based simulators, with
distinct advantages over conventional training methods on
cadavers, animals or real patients due to practical and ethical
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Fig. 1 The overview of the
catheterization training systems
based on the virtual reality
technique and the endovascular
evaluator

reasons, can provide not only flexible and repeatable scenarios
but also the possibility to precisely assess training progress
(Samur et al. 2012; Chen et al. 2015; Li et al. 2012).
Silicone-based vascular simulators, with the three dimensional
vascular structure fabricated based on CT/MRI files with
13 μm resolution and similar physical characteristics to real
blood vessels, have been developed to provide a practical
environment for training and even skill evaluation (Kodama
et al. 2012; Tercero et al. 2010, 2013). The three-dimensional
catheter manipulation trajectories obtained from experienced
surgeons can provide valuable instructions for training novice
surgeons. For instance, novice surgeons can improve upon
their catheterization skills by emulating their manipulation
trajectories in order to avoid improper operations that lead to
damages in the patients’ blood vessel walls (Kodama et al.
2014). Therefore, measuring the catheter motions whilst still
providing a familiar and ergonomic setting for the experienced
surgeons and preserving the manual catheter manipulation
skills remains a challenge for both training and quantitative
evaluation.
Currently, commercially available interfaces, optical encoders, electromagnetic sensors and optical mouse sensors
are used to record the experienced surgeons’ catheter manipulation skills. The Sensei X and Magellan TM robotic catheter
systems (Saliba et al. 2008; Riga et al. 2013) (Hansen Medical
Inc., Mountain View, CA, USA) utilized either a 3D joystick
or navigation buttons on the workstation to drive the catheter.
Additionally, the PHANTOM Omni (Lu et al. 2011) and
Nintendo Wii (Wei et al. 2009) are employed to manipulate
and record the motion of the simulated catheter in the virtual
reality environments. Unfortunately, the commercial interfaces are not manipulated in accordance with conventional
bedside catheterization procedures. In order to allow surgeons
to apply conventional insertion, extraction and rotation motions, Fukuda et al. (Tanimoto et al. 1997; Negoro et al. 2002)
have designed and developed a two-joint mechanism in which
each joint was connected to a motor with an optical rotary

encoder based on a wire mechanism. A similar design was
proposed by the researchers in (Guo et al. 2012; Feng et al.
2015). Unlike conventional bedside intravascular interventions, surgeons have to manipulate a Bmetal rod^ which has
different size and material attributes with a real catheter, even
though two optical encoders are capable of recording the
catheter motions. Thakur et al. (2009, 2007) developed a catheter sensor to measure the radial and axial motions of the input
catheter based on two optical encoders, which allows surgeons
to use a real catheter as the controller. The axial motion was
measured by the optical encoder through two rollers that mechanically couple to the catheter while the radial motion was
determined by the proposed rotational sensor including three
miniature bearings and an optical encoder disk. Another similar two-roller catheter sensing mechanism was proposed by
the researchers in (Ma et al. 2013). However, the catheter is
clamped by the rollers coupled with encoders to measure the
motion of the input catheter. An initial force has to be applied
to the rollers to ensure the input catheter does not slip in the
catheter-sensing unit, which hinders the surgeons’ tactile feedback in the actual surgeries due to the friction induced by the
rollers. In Tercero and Ikeda’s implementation (Tercero et al.
2007; Shi et al. 2012), the electromagnetic (EM) sensor was
attached to the catheter tip to measure its 3D trajectories, but
this design resulted in the changes on the shape and stiffness
of the catheter tip and led to further difficulties in catheter
manipulation. In addition, the EM tracking systems were susceptible to environmental inferences such as metal objects in
or near the tracking area (Brattain et al. 2011), and need more
complex calibration (Stoll and Dupont 2005). Researchers in
(Yan et al. 2010; Guo et al. 2013) employed the optical
mouse sensors to determine the input catheter’s movements which are capable of the contactless measurement,
but they were limited to the size of the input catheter. This
design will not work especially in the rotational measurement when sensing the catheters with smaller sizes.
Furthermore, the smooth surface of the catheters could
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result in bad measurement results due to the lack of the
feature points.
To overcome these problems, we presented the markerbased contactless catheter-sensing method to measure the radial and axial motions of the input catheter simultaneously
while still preserving the manual catheter manipulation skills
used in clinical practice. The proposed method to detect the
feature points and determine the catheter motions was described in detail. The experiments conducted to evaluate the
performance of the proposed catheter-sensing method were
presented.
The rest of this paper is organized as follows: In Section
2, the design of the catheter sensor is introduced. In section
3, a series of comparison experiments for validating the
performance of the proposed catheter sensor are presented.
Finally, the discussion and conclusions are presented in
Sections 4 and 5.

2 Materials and methods
During the conventional intravascular interventional procedures, surgeons navigate the catheter by two degrees of
freedom (pull, push and twist), which can generate a 3D
trajectory inside the patients’ blood vessels. To obtain the
experienced surgeons’ catheter manipulation trajectories, a
contactless catheter-sensing method was presented to allow
the surgeons to apply the conventional catheterization
skills using a real catheter as the controller. The advantages
and the primary contributions of this approach are summarized as follows:
1) Compared to the existing catheter sensing methods, the
proposed sensing algorithm can realize contactless measurement of the catheter manipulation skills thereby
avoiding additional friction;
2) The passive marker can be used to measure the radial and
axial motion of the input catheter simultaneously. It can
also be extended to the other applications in which the
contactless measurement is needed;
3) Compared with our previous method (Guo et al. 2016),
the distribution of the feature points in the passive marker
is redesigned. Critical situation detection and a displacement compensation method are introduced to improve the
stability of the catheter-sensing algorithm;
4) A plastic hollow cylinder is used to enlarge the size of the
sensing part thereby improving the measurement accuracy especially in the rotational measurement. Moreover,
this method can allow sensing the motions of the catheters
with smaller sizes;
5) The sensing principle is simple and can be easily integrated to more complicated surgical systems.
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2.1 Overview of the proposed catheter motion sensor
The proposed catheter motion sensor consists of a camera, two
catheter holders, an over-tube, two over-tube holders, and a
plastic hollow cylinder with a passive marker (shown in
Fig. 2). A camera is positioned right above the catheter to
detect and track the feature points of the passive marker. The
axial and radial motions of the input catheter are determined
according to the movements of the feature points. The input
catheter passes through and is coupled with the over-tube
which is used to avoid the catheter’s bending and to guarantee
that the catheter is straight under the camera. A passive marker
including four groups of feature points is attached to a plastic
hollow cylinder which is coaxially aligned with the over-tube.
The plastic hollow cylinder is used to enlarge the size of the
measurement part. Surgeons are capable of manipulating the
real catheter directly according to their own habits. The plastic
over-tube and the hollow cylinder do not lead to deterioration
of tactile feedback of a catheter since the weights of these two
parts are very light. Additionally, lubricants are applied on the
catheter holders to decrease the frictional resistance during
surgeons’ operations. The height of the camera can be modified by moving the junctions between the camera holders and
the over-tube holders. The maximum stroke length of the
translational motion is about 150 mm, and there is no limitation in rotational direction.

2.2 Distribution of the feature points in a passive
marker
It is challenging to directly capture the motions of the input
catheter by camera because the surface of the catheter is too
smooth. A passive marker is therefore designed to make it
easier to compute the translational displacement and rotational
angles of the input catheter. We define four feature points

Fig. 2 The structure of the proposed catheter motion sensor
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(black points) with two connected lines as a group. The passive marker includes four groups of the feature points (group
A, B, C and D) and the four feature-point groups are aligned
concentrically. Every two black feature points deployed in a
group have a 5-mm-spacing, and the intersection angle between every two neighboring feature-point group is 90°. The
specific marker distribution is shown in Fig. 3.

2.3 Feature points sensing method
The working principle of the proposed catheter motion sensor
allows for determining the catheter manipulation motions simultaneously by using only one camera. The flow diagram for
catheter-sensing algorithm is summarized in Fig. 4. To use a
camera to determine the catheter’s movements, an unavoidable problem is the lens distortion resulted from the reasons of
manufacturing. In practice, two main distortions, the radial
distortions generated due to the shape of lens and the tangential distortions resulting from the assembly process of the
camera as a whole, should be considered (Kaehler and
Bradski 2008). Zhang’s method (Zhang 2002) is thus applied
to calibrate the camera in order to calculate both the camera’s
geometrical model and the distortion model of the lens. The
calibration procedure starts with the collection of multiple
images of a planar pattern captured from a variety of angles
and positions. The correspondences between the points in the
3D world coordinates and the 2D image points in the captured

Fig. 3 The a distribution rule of the feature-point groups A, B, C and D
and the b marker attached to the hollow plastic cylinder

Biomed Microdevices (2018) 20:76

multiple images are used to solve the camera parameters.
Distortion parameters are employed to compute a distortion
map that is then used to correct the images. The coordinate
values of the detected feature points are transformed from
their original coordinates to the corresponding undistorted coordinates based on the distortion map.
The next step is to detect the feature points of the passive
marker attached to the plastic hollow cylinder for computing
the translational and rotational motions of the input catheter.
The corner points, which are detected as the candidate feature
points including the required feature points in the passive
marker, are computed within the ROI (region of interest)
based on the FAST (Features from Accelerated Segment
Test) feature detector developed by Rosten and Drummond
(Rosten and Drummond 2005; Rosten et al. 2010). Actually,
the movable range of the input catheter in the captured frames
is limited to the middle section based on the structure of the
catheter holders. The mask area (shown in Fig. 3b) is thus
introduced to specify the ROI in which the corner points are
detected. The most promising advantage of the FAST corner
detector is its computational efficiency. It is thus very suitable
to detect the candidate points in real time due its high-speed
performance. Also, the reduced detection region considerably
shortens the computation time of the detection algorithm. The
FAST detector classifies whetheter a pixel point p is a corner

Fig. 4 The flow diagram of the proposed catheter-sensing method
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by examining a circle of 16 pixels surrounding point p. The
pixels in the circle are clockwise labeled from 1 to 16 with the
ascending order. The number of the contiguous pixels in the
circle, which are all above than the intensity of the point p plus
a thresholding value εd or all below the intensity of p minus
the thresholding value, are computated as shown in (1):

N¼

∑∀x∈S I ðxÞ > I ðpÞ þ εd
∑∀x∈S I ðxÞ < I ðpÞ−εd

ð1Þ

where p is a candidate corner point, I(p) presents the intensity
of point p, S is a set of contiguous pixels in the surrounding
circle of point p, and εd presents the thresholding value. The
pixel point p is determined as the corner point if N is equal to
or greater than 12. The computation speed can be optimized
by examining four example pixels (pixel 1, 9, 5 and 13) to
reject non-corner points more quickly. At least three pixels in
the four example pixels should have brighter or darker intensity values than that of the candidate corner point because
there should be at least 12 contiguous pixels which are all
above or below the candidate corner’s intensity.
The rectified frames are converted into grayscale images,
and the FAST detector traverses the specified region to find
the candidate feature points. The original point of the image
coordinate is defined at the upper left part of the captured
frames. The detected candidate feature points are first sorted
by the Bubble Sort algorithm from small to large according to
the points’ Y-coordinate values. The desired feature points are
then extracted from noise points by the distribution rules of the
black feature points in the passive marker that every two black
feature points deployed in the same group have a 5-mmspacing and four black points in the same group have almost
equal coordinate values in the Y direction. Two groups of
black feature points (e.g. group A&B or group A&D) will
appear in an image at the same time according to the distribution of the 4-feature-point groups while rotating the input
catheter. Thus, two groups of the feature points are detected
from the consecutive images except in the critical case. We
give priority to the group with smaller Y-coordinate value (i.e.
active 4-feature-point group) to compute the axial and radial
displacements (Δx and Δy) of the input catheter.
The sub-pixel coordinate values of the active 4-featurepoint group of the passive marker are then calculated by interpolating the intensity surrounding the pixel coordinates of
the four detected black feature points in order to achieve better
sensing accuracy. In our case, one pixel includes 10 sub-pixels
based on the linear interpolation algorithm. To determine the
axial motion of the input catheter, the sub-pixel displacement
variations of the four detected feature points in the X direction
are computed. Assuming that the active 4-feature-point group
is located at P1, P2, P3 and P4 in the current frame and appears
0
0
0
0
on P1 , P2 , P3 and P4 in the next frame (shown in Fig. 5a), the
average value of the displacement variations determines the

Fig. 5 The a axial and radial motions of the input catheter and the b
computation for the rotational angles

axial motion of the input catheter as (2) shows. Similarly, the
average displacement variation in Y direction is computed to
measure the radial movement as (3) shows:
Δxpixel ¼ ðΔx1 þ Δx2 þ Δx3 þ Δx4 Þ=4

ð2Þ

Δypixel ¼ ðΔy1 þ Δy2 þ Δy3 þ Δy4 Þ=4

ð3Þ

where Δxpixel and Δypixel present the average sub-pixel displacement variations of four black feature points in the X
and Y directions respectively.
Next is to build the relationship between the pixel unit and
the millimeter unit. During the calibration process, a motorized linear module was used to drive the catheter to a preset
distance. The optical encoder recorded the catheter’s displacement in millimeter (dmm) whilst its corresponding displacement in the image coordinate system (dpixel) was calculated
based on (2). We repeat the calibration process 10 times and
the average value is determined as the mm/pixel ratio α. The
parameter α defines the relationship between millimeters and
pixels. It is independent of the pushing or pulling speeds. It is
the result obtained by dividing the translational displacement
in millimeter unit by its corresponding displacement in pixel
unit. The parameter α is then determined by (4):
α¼

d mm
d pixel

ð4Þ

Thus, the translational displacement in millimeter unit
(Δxmm) can be directly calculated according to Δxpixel by (5).
As for the radial movements, we assume that the rotational
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angles of the input catheter generated by anticlockwise twist
are positive. When the catheter is twisted in an anticlockwise
direction, the active feature-point group will move from top to
bottom in the captured images. The radial motion (Δθ°) of the
input catheter can be computed by (6) based on the geometrical relationship shown in Fig. 5b.
Δxmm ¼ Δxpixel ∙α

ð5Þ
0

m−y
m−y
−arcsin
Δθ∘ ¼ arcsin
r⋅a
r⋅a
C tl þ C bl þ C tr þ C br
m¼
4

ð6Þ

where r is the radius of the plastic hollow cylinder, y and y′
are the pixel coordinate values of the active feature-point
group in previous frame and in the current frame respectively, and m is the computed Y coordinate value of the
center line of the plastic cylinder. m is initialized by determining the Y coordinates (ctl, cbl, ctr, and cbr) of the four
corners of the plastic cylinder in the first frame.
Geometrical prior knowledge can result in fast detection
for the four corners once that the active feature-point group
is determined (shown in Fig. 7c).
During the measurement procedure, two groups of feature
points are simultaneously detected in the captured images
(shown in the Phase A of Fig. 6) while only one featurepoint group is sensed in the critical situation (shown in the
Phase B of Fig. 6). In the case of Phase A, the feature-point
group with smaller coordinate values in the Y direction is used
to measure the translational and rotational movements prior to
the other group. The measurement range of the rotational angles for each group is thus about 0° ~ 90°. To achieve better
performance in sensing rotational angles, the compensation
method is triggered when one feature-point group reaches its
travel limit and the other group starts to measure the radial
motion (i.e. in the critical situation). Assuming that the group
A is going to reach its top travel limit in the current frame and
disappear in the next frame, and the group B will be the active
feature-point group and be detected in the next frame, the

compensation method will be triggered by large variation of
Y-coordinate values (the Y-coordinate value of group B is
much larger than that of group A). The proposed cathetersensing method is capable of recording the coordinate variation values of group A in the last three frames. Thus, the
average value of the three variation values will be compensated to the rotational measurement results. The compensation
method is an effective way to improve the measurement accuracy of the radial motion because the rotational operations
are persistent and do not occur fast.

3 Experimental results
The camera is connected to the computer console via a USB
port. The image processing algorithms are implemented by
using OpenCV, which is an open-source library of programming functions mainly aimed at real-time computer vision. In
order to evaluate the performance of the proposed cathetersensing method, three experiments were designed and
conducted.

3.1 The camera calibration
The camera was calibrated based on a 6 * 9 chessboard. By
viewing this flat chessboard from a variety of distances and
angles (20 times in our case), the intrinsic matrix and distortion vector were calculated. In practice, we employed three
radial distortion terms (k1, k2, k3) and two tangential distortion
parameters (p1, p2) to characterize a distortion map for rectifying the frames captured by the camera, as (7) shows:

0
x ¼ x 1 þ k 1 r2 þ k 2 r4 þ k 3 r6 þ 2p1 xy

þp2 r2 þ 2x2

0
y ¼ y 1 þ k 1 r2 þ k 2 r4 þ k 3 r6 þ 2p2 xy

þp1 r2 þ 2y2

where r2 = x2 + y2 and (x, y) is the coordinate of the pixels on
the original images, and (x′, y′) is the new coordinate value as a
result of the rectification.
The distortion vector and the intrinsic parameters, resulting
from Zhang’s algorithm for the camera, are listed in Table 1. fx
and fy (pixel units) are the focal lengths of the camera in X and
Y directions respectively. cx and cy are two parameters used to

Table 1

Distortion and intrinsic parameters for the camera

Distortion vector
Intrinsic matrix
Fig. 6 The critical situation for the rotational motion measurement

ð7Þ

k1
−0.147
fx
1103.84

k2
0.869
fy
1103.84

p1
0
α
0

p2
0
cx
319.5

k3
0
cy
239.5

Biomed Microdevices (2018) 20:76

Page 7 of 11 76

model the displacement coordinates with respect to the optic
axis and the center of the projection screen.

3.2 Evaluation of feature points detection algorithm
According to the feature detection algorithm described above,
the results of the proposed catheter-sensing method are shown
in Figs. 7 and 8. We first detected the best corner points based
on the FAST algorithm in the mask region (shown in Fig. 7a).
The noise points were then removed based on the distribution
rules of the four black feature points (shown in Fig. 7b). The
average displacement variation of the four feature points of
group A, B, C or D in the X direction was used to measure the
axial motion of the catheter.
For the radial motion, the geometrical model determined
rotational angles based on the average displacement of the
four feature points in the Y direction. Group A was first
used to measure the rotational angles of the input catheter
(Fig. 8a). When the group A reached its travel limit and
disappeared in the image, group B was then detected as the
active feature-point group to measure the radial motion of
the input catheter instead of group A (Fig. 8b and c). The
compensation computation was triggered in the critical situation when the active feature-point group was changed
from group A to group B. Similarly, group C continued
to sense the rotational angles of the input catheter when
group B reached its travel limit (Fig. 8d). The algorithm
consistently selected the group with much smaller Ycoordinate value as the active feature-point group.
Additionally, the feature-point detection experiments were
conducted in different lighting conditions. The experimental
results showed that the proposed detection algorithm was stable enough and immune to the lighting intensity variation.

3.3 Evaluation of the catheter-sensing method
To evaluate the measurement performance, we employed a
stepper motor with an encoder (VEXTA ASM46AA, 1000
count-per-revolution quadrature encoder) to pull, push and
twist the catheter, and compared the data obtained by the encoder with the translational and rotational results computed by
the proposed camera based catheter-sensing method. The experiment setup is shown in Fig. 9a and b. The encoder data
was regarded as the benchmark. The pushing and pulling experiments were first conducted at an approximately constant
velocity of 8.4 mm/s. The comparative results are plotted as a
function of time (shown in Fig. 10a and b).
From the experimental results, 362 frames were captured by the camera and only 1 frame was failed to detect
the feature points. The error frame would not damage the
measurement results because only the variation of displacement contributed to the detected displacement. The
absolute error of ±0.23 mm and the relative error of

Fig. 7 The experimental results of the feature detection algorithm: a the
detection of the 80 strongest corner points; b the detection of the active
feature-point group; c the detection for the corners of the plastic cylinder

±1.8% were measured, and the mean absolute error
(MAE) was 0.15 mm when repeating this experiment five
times over 500 mm.
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Fig. 8

The experimental results of the rotational measurement: a the
detection of the active feature-point group A; b the top position of the
feature-point group A; c the detection of the feature-point group B; d the
top position of the feature-point group B

Additionally, the experiments with the velocity of
16.8 mm/s, 25.2 mm/s, 33.6 mm/s and 42 mm/s were carried
out. Similarly, we repeated the pulling and pushing experiments five times for each velocity. During the experiments
with the velocity of 42 mm/s, 920 frames were totally captured
by the camera with 100% success rate for the feature points’
detection. The zoomed-in data of a round trip is shown in
Fig. 10c and d. The measurement results of the experiments
with different velocities were summarized in Table 2.
For the performance evaluation of the radial motion, the
input catheter was twisted by the stepper motor at the angular
velocities of 95.5°/s and 117.5°/s respectively. We also
regarded the rotational angles obtained from the encoder as
the benchmark. The rotational experiments were repeated five

Fig. 9 The experimental setup for a pulling and pushing experiments and
b twisting experiments
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55

Fig. 10

The comparative experimental results: a insertion at a velocity of
8.4 mm/s; b extraction at a velocity of 8.4 mm/s; c insertion at the velocity
of 42 mm/s; d extraction at the velocity of 42 mm/s
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0
Encoder
Camera

-5

Displacement (mm)

-10

times for each angular velocity over 3600°. The 2240 frames
and 1720 frames were totally captured by the camera for two
experiments with success rates of 99.6 and 99.4% respectively. For the rotational experiments with the angular velocity of
95.5°/s, the absolute error of ±2.16° and the relative absolute
error of ±3.20% were measured, and the mean absolute error
was 1.98°. As for the angular velocity of 117.5°/s, the absolute
error of ±2.15° and the relative absolute error of ±3.42% were
reported with the mean absolute error of 2.23°. The zoomed-in
comparative results of the first 360° were shown in Fig. 11.

-15

4 Discussion

-20
-25
-30
-35
-40
-45
-50
-55

0

1

2

3
Time (s)

4

5

6

1

1.25

1.5

(b)
60
Encoder
Camera

55
50
Displacement (mm)

45
40
35
30
25
20
15
10
5
0

0

0.25

0.5

0.75
Time (s)

(c)
0
-5

Encoder

-10

Camera

Compared to the existing measurement methods applied in
commercial products and research achievements for recording
the experienced surgeons’ catheter manipulation trajectories,
the proposed catheter-sensing method has many potential advantages on measuring the catheter motions. Firstly, the designed passive marker can be easily detected to allow simultaneously sensing the axial and radial motions of the input
catheter with low computation cost. The camera based sensing
principle can realize contactless measurement rather than the
two-optical-encoder-based or electromagnetic-sensor-based
methods which could contaminate the operators’ tactile feedback in the bedside catheterization procedures. Secondly, the
operators are allowed to directly manipulate a real catheter,
instead of the Bmetal rod^, by applying conventional pulling,
pushing and twisting operations used in actual intravascular
interventions, unlike the commercial products employing 3D
joystick, navigation buttons, the PHANTOM Omni, or
Nintendo Wii to manipulate the catheters, which are not in a
manner that is in accordance with conventional catheter manipulation techniques. Thirdly, the proposed sensing method
is immune to the size of the input catheter. The sensing principle was validated based on a 6F catheter in this paper. It can
be easily extended to the catheters with larger or smaller sizes
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Table 2 Summary of the performance in the pushing and pulling
experiments
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Velocity (mm/s)
Absolute error (mm)
Relative error (%)
MAE (mm)
Total frames
Success rate (%)

16.8
±0.19
±2.1
0.11
1920
100

25.2
±0.24
±2.8
0.21
1360
99.26

33.6
±0.30
±3.4
0.27
1080
99.73

42.0
±0.25
±2.3
0.22
920
100
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390
360

should be firstly enlarged, and several markers with plastic
hollow cylinders (only one in current practice) are required.
When one marker reaches its travel limit and disappears in the
image view, another marker should be detected, and continue
to measure the axial and radial motions of the input catheter.
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In this paper, a new catheter-sensing method was proposed to
determine the catheter manipulation skills of experienced surgeons whilst still allowing experts to use the natural catheterization skills based on the analysis of requirements and the
state of the art methods for measuring the catheter motions. A
passive marker with four feature-point groups was designed
and attached to a hollow cylinder with a much larger radius. A
camera was employed to realize the contactless measurement
for the axial and radial motions of the input catheter by tracking the feature points of the passive marker. A series of experiments were carried out to evaluate the performance of the
proposed catheter-sensing method.
In our future work, a database and an assessment system
will be built based on the proposed catheter-sensing method in
order to assess surgeons’ operation gestures, catheter insertion, extraction and rotation speeds, and the operation frequency of surgeons’ hand.

(b)

Fig. 11 The comparative results of the rotational motion at the angular
velocity of 95.5°/s: a 360-degree rotation in clockwise direction; b 360degree rotation in anticlockwise direction

because we only need to guarantee that the new input catheter
can pass through and be fixed to the over-tube. The sensing
method is thus applicable not only to catheterization procedures but also to similar interventions (e.g. endoscopic procedure). In addition, the measurement errors resulting from the
smooth surface of the input catheter can be prevented. The
proposed passive marker is used to sense the catheter motions
rather than the feature points on the catheter surface. Finally,
the proposed catheter sensing method is more cost-effective
than the other existing measurement methods.
The limitation of the proposed catheter-sensing method is
the translational stroke length. The proposed sensing principle
can allow no limitation to the rotational measurement, but
provide approximately 150 mm in the axial motion of the
input catheter. The catheter has to be repositioned when it
reaches its travel limit. Even though the current axial stoke
length can reach the requirement according to
(Srimathveeravalli et al. 2010), the amount of the axial motion
should only be limited by the length of the input catheter used
in the measurement procedures. To expand the translational
stroke length, the distance between two catheter holders
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