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Abstract - Vascular interventional surgery (VIS) mainly
relies on the surgeon’s clinical experience and the image
assistance of digital subtraction angiography (DSA). However,
DSA will damage the surgeon’s health. A master-slave vascular
interventional surgical robotic system averts the threat of the X-
ray, whereas most master manipulators of the system still have
some problems, such as the different operating modes compared
to the convention and the large inertia of the device itself.
Therefore, a wearable device with precise measurement function,
SurGlove, is developed in this study. The surgeon can wear
SurGolve as the common medical glove and handle the catheter
and guidewire directly. The film pressure sensor on the glove
can judge the grasping signal and enable the optical tracking
system to measure the markers on the device. The spatial
rotation angle and displacement distance of the SurGolve are
calculated in real-time. By wearing SurGlove, the surgeon can
manipulate the guidewire and the catheter cooperatively.
Furthermore, the evaluation experiments showed that the
proposed device had a mean absolute error of 1.88° and a
maximum error of less than 3° in rotation angle measurement.
The maximum displacement error was less than 5 mm and the
mean absolute error was 1.53 mm. This study preliminarily
verified the feasibility of the proposed wearable SurGlove for the
VIS robotic system.

Index Terms — Wearable device, vascular interventional
surgery robotic system, master manipulator, surgeon’s habits,
SurGlove.

1. INTRODUCTION

Vascular interventional surgery (VIS) has become a
superior choice for cardiovascular and cerebrovascular
diseases because of its shorter recovery time and minimally
invasive [1]. During the operation, surgeons get guidance and
assistance from digital subtraction angiography (DSA). But
the X-ray from the DSA harms surgeons’ health, and 20-kg
lead clothing is an indispensable part of protecting surgeons'
health. Recently, with the development of robot technology,
more robot-assistant vascular interventional systems have
been available. These systems overcome the shortage of the
conventional VIS, for instance, make the surgeon separate
from the X-ray radiation to reduce occupational hazards and
compensate for the surgeon’s hand tremor to improve the
accuracy of stent placement. Most vascular interventional
robots employ the master-slave structure. The surgeon
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operates the master manipulator to control the slave
manipulator. A slave manipulator has the ability to handle
interventional surgery instruments. At the same time, the
contact force is collected by the slave manipulator and sent to
the master-side. It will provide the surgeon with haptic force
feedback and improve the transparency of the operation [2]-
[3]. However, the master-slave structure separated the surgeon
and surgical instruments, making surgeons unfamiliar with the
operation of the interventional surgical robot, influencing the
result of the surgery.

At present, the major commercial VIS robots adopt the
key or rotary knob to control the salve manipulator, such as
the CorPath® Robot System (Corindus Robotics Inc.,
Waltham, MA, USA)[4], and Amigo® Robot System
(Catheter Precision Inc., Ledgewood, NJ, USA) [5]. Surgeons
must be retrained to use this type of master manipulator, as it
does not conform to their operating habits. Apart from the
commercial VIS robots, there are some experimental VIS
robot systems. Above the literature survey, the result shows
that most of the master-slave vascular interventional robot
comprises a linear stage for acquiring the insertion and a
fixed-axis rotary mechanism for rotation acquisition [6]. Yan
et al. developed a VIS robotic system controlled by a movable
joystick[7]. Bao et al. use two commercial haptic devices
(Geomagic® Touch X,3D Systems, Inc., USA) as the
manipulator to handle the guidewires and catheters[8],[9]. Cha
et al. developed a master manipulator with a telescopic
parallel structure, which provides force feedback by a DC
motor. But the handle is not the guidewire or catheter, the
surgeon needs to learn the handle’s operation[10]. Zhou et al.
developed a surgeon’s habits-based novel master manipulator
for the VIS Master-Slave Robotic System. However, the
operating handle is connected to the motor, which brings
about a large rotational inertia that affects the operator's
operating experience[11]. Guo et al. developed a master
manipulator based on magnetorheological fluids and
integrated the optical sensor to measure the displacement of
the catheter directly. However, the size of the electromagnetic
generator (used to produce feedback force) is too large to be
practical, and optical sensors are difficult to guarantee the
accuracy of the measurement[12][13]. Most of the current
research still uses a manipulator to which encoders or sensors
are connected to collect information about the displacement



and rotation of the operator. This structure introduces greater
inertia, requiring the operator to move the measuring unit
together when operating the lever. [14] mentioned that the
range of haptic force in vascular interventional surgery is
about 0.IN to 2N. Therefore, the inherent inertia of the
structure will greatly affect the user’s haptic perception and
complicate the haptic rendering control. Optical positioning is
one of the common positioning methods. It has high accuracy
and a wide field of view (FoV)[15][16]. Moreover, the optical
tracking system is less affected by the environment, so it is
widely used in surgical robots[17].

Motivated by the above consideration, this paper mainly
focuses on addressing the operational measurement method of
low inertia for the master manipulator of the VIS robotic
system. An optical tracking system (OTS) is used to obtain the
location information of retro-reflective markers mounted on
the wearable operating device. The surgeon wears handling
gloves and can directly operate the existing guidewire and
catheter to control the slave robot.

The specific contributions of this study are as follows:

1) reducing the master manipulator’s inherent inertia by
implementing a  non-contact  displacement
measurement method with high performance,

2) developing a wearable device to retain the operating
habits of surgeons in clinical surgery and not
implement joysticks.

This paper is organized as follows: The prototype of the
wearable device and the principle of OTS are illustrated in
Section II. In Section III, experimental protocol and
processing methods are illustrated. Finally, Section IV
concludes this article.

II. MATERIAL AND METHOD

A. Design and components of the proposed wearable devices

Fig.1 presents the entire design of the novel master
manipulator as a wearable device SurGlove consisted of a pair
of medical gloves, an OTS (Polaris Vicra, Northern Digital
Inc., Canada) for tracking the retro-reflective markers within
the field of view, an array of reflective spheres applied to a
medical glove and distributed according to a strict
mathematical pattern, a CH-340 development boar with ESP-
8266 2.4 GHz WiFi modules, and a film pressure sensor
(IMS-C07A, WAMX Inc, China).

The film pressure sensor was placed on the thumb of the
glove to detect if the doctor is grabbing the instrument. The
operating voltage of the film pressure sensor is 5V. When
pressure is applied to the film pressure sensor, the higher the
pressure, the lower its resistance. A grasping event was
defined to trigger once the voltage of the pressure sensor
would drop by 50%, indicating a grasping force of
approximately 250 g. Then the embedded board will broadcast
the signal to the computer via a user-datagram-program (UDP)
protocol at a frequency of 150 Hz and turn on the OTS to track
the retro-reflective markers to collect data. The OTS transmits
the collected data to the computer, which calculates the spatial
rotation and displacement of the operator's hand using the
spatial rotation and translation matrices. Finally, the calculated
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spatial rotation angles and displacements are used to control
the movement of the slave-robot in order to reach the target

position.
Film Pressure
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CH-340 Development Boards
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Fig. 1 The prototyped SurGlove with the film pressure sensor. (a) Film
pressure sensor. (b) The schematic use-case of SurGlove and the coordinate
conversion diagram.

OTS can’t distinguish the tools with the same retro-
reflective markers distribution. And in order to achieve
accurate positioning, the OTS requires an array of retro-
reflective markers to follow certain mathematical laws. So two
different retro-reflective markers distributions were adopted as
shown in Fig.2. The distribution of the retro-reflective markers
in the right hand is shown in Fig.2(a) and the distribution in
the left hand is shown in Fig.2(b). These reflective markers are
attached to the medical gloves using a highly adhesive
material, avoiding inaccurate positioning due to poorly
attached spheres.



Marker B
35.00 mm
Marker A Marker C
30.00 mm 55.00 mm
Marker D
(a)
Marker B
60.00 mm
Marker A Marker C

88.00 mm

A1 mm 55.00 mm

Marker D

(b)

Fig. 2 Markers distribution information. (a) Right hand. (b) Left hand.

B.  System Calibration

System calibration of the wearable device and OTS is the
foundation of master-side manipulator application. The
coordinate transformation relationship from the left and right-
hand gloves to the OTS is calculated by calibration. Each
coordinate system involved in the calibration needs to be
defined before the registration of the device to facilitate
subsequent mathematical calculations. Coordinate systems
include a world coordinate system and a positioning device
coordinate system.

In this paper, the world coordinate system is the optical
positioner coordinate system, with the center of the
positioner's eyes as the origin of the world coordinate system.
The positioning device coordinate system consists of a plane
consisting of four positioning spheres mounted on the
instrument. The definition information of the localization
device coordinate system needs to be pre-set before operation
and all coordinate systems are designed in accordance with a
strict mathematical derivation. After receiving the reflected
infrared signals, the localizer is compared with the definition
information to identify different localization devices and thus
different instruments. The coordinate conversion relationship
between the world coordinate system and the positioning
device coordinate system is shown in Fig.1(b).

There are two types of coordinate conversion: translation
and rotation. A coordinate system transformation can be
expressed by a rotation vector and a translation vector. Any
rotation of the coordinate system can be characterized by a
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rotation axis and a rotation angle. Thus, a rotation vector can
be used so that its direction coincides with the axis of rotation
and its length is equal to the angle of rotation. In practical
calculations, the rotation is often around an arbitrary axis,
requiring the use of the Rodriguez formula to calculate the

rotation matrix by rotating vector. Suppose the vector v is

rotated around the axis Z to obtain the new vector v’ as
shown in Fig.3.

Fig. 3 Diagram of the arbitrary axis rotation.

At first, the orthogonal decomposition of v is obtained as

@)

v=yv, +v, .

Through the projection relation of the vectors, the Zand

v, are calculated as

Vy =

zZ

(7

v =Zx(7x7).

2
3)
Z , Z and } are perpendicular to each other, and ‘Z‘ = M .

Therefore, by using the Cross product of vectors, ;/ is
obtained as

“

Z has been rotated to get v/ , decompose v/ orthogonally to

;ZEXZ:ZX(ZX(;XZ)):ZX\:.

NG N
get v, and v,

V7| =[1?|x cos(0—90") = 17| xsin )
v/ = V7| xcos(180" ~ ) = —[v7|x cos 6. (6)
Given that % = M = ‘ﬂ , which results in




ﬁ:vf+@:;-sinl9+z-cosﬁ. (7
Therefore
V=1 49 =cos@-v+(1-cosO)(v-Z2)Z +sin@-Zxv . (8)
The Z and v were assumed with the form
7=(2,2,2.) ©)
(10)

- T
V= (vx vy vz)

the identification of Z and v constituted the equations as

0-2DZ=2Z ) (11)
o Zyv,—Zyv, 0 -Z. Z, (v,
Ixv=\Zv —-Zyv, |=| Z, 0 —Z | (12)
Zyv,—Zy, -Z, Z, 0 N\v,

To find the rotation matrix around the axis of interest is to find
R in v/ =R-v . Therefore, by using the equation (11) and
(12), (8) was reordered as

Z, 0 -z z,
R=IcosO+(l-cos0)| Z, ((Z, Z, Z)+sin0| Z. 0 -Z,
Z. -Z, Z, 0

(13)

Combine the rotation matrix R with the translation
matrix 7 to form the transformation matrix Trans as

T3><1 :|
1 4x4

III. EXPERIMENTAL VALIDATION

T _ R3x3
rans = 0 (14)

Two experimental validation studies were completed to
verify the proposed system's performance. The target of the
two studies was to investigate the accuracy of the proposed
device in rotation and translation estimation.

A. Study I: Rotation Estimation

Fig. 4 shows the experimental setup used in the validation
study. In the experiment, the surgeon wore the SurGlove just
like medical gloves in ordinary surgery and rotated a catheter
as it would normally be done in a VIS procedure. The operator
held the distal end of the catheter and the proximal end of the
catheter is connected to the rotary encoder (E6B2-CWZ6C,
Omron Co., Shanghai, China) via a coupling. The encoder
measured the rotation angle of the catheter as the reference.
The data is transmitted to the PC through an Arduino Mega. In
the meantime, SurGlove recorded the surgeon’s operational
rotation angle. When the film pressure sensor activated the
OST for data acquisition, the initial global orientation of
SurGlove was recorded as offset and was deducted from the
real-time angles to measure the relative change in the angles
of SurGlove. In order to compare with the reference data, the
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spatial rotation angle & needs to be derived from the rotation
matrix R acquired by the OTS.
The spatial angle is obtained as

a = arccos (@)

where Tr(-) was the trace operator, which is the scalar

(15)

summation of the major diagonal components of the matrix.
Fig. 5 shows the results of the validation experiment. The
results demonstrate that the angle calculated by the glove is in
considerable agreement with the reference value of the
encoder. In this experiment, the surface facing the ground was
defined as zero angle and clockwise rotation as the positive
direction( @ >0 ). [18] mentioned that the normal range of
motion of the human wrist joint pre- and post-rotation is
60°and 140-.Therefore, the range of « would translate

toa €[-60 140].

v Rotary Encoder
Afduif6Megh © © & & & & & &

Fig. 4 Experimental Setup of Rotation Angle Validation Study.

There is a section of the SurGlove in the Fig.5 where no
data was recorded, due to the fact that the optical locator may
have been obscured or otherwise affected. This is the biggest
drawback of the OTS. During surgery, a short loss of
command does not affect the safety of the procedure, as the
slave robot will stop operating due to lack of command. For a
more objective response to the error, the missing data in this
paragraph were therefore excluded and then compared. More
specifically, the mean absolute error (MAE) of the SurGlove
angles with respect to the reference was 1.88°, resulting in a
maximum relative error of 1.05% of 180°. Such rotational
measurement errors are a significant improvement over the
methods in [6] and [11] are more promising for clinical
application. In summary, SurGlove is competent to perform
the job of rotational measurement of the manipulator master of
the VIS robot.
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Fig. 5 Comparison of rotation angle measurement by SurGolve and the
reference encoder.

B.  Study II: Translation Estimation

In this part, the purpose of the experiments is to evaluate
the translation estimation performance of the SurGlove. The
experimental setup for the evaluation experiments is shown in
Fig. 6, and consists of the pull line linear displacement
encoder (E6B2-CWZ6C, Omron Co., Shanghai, China), OTS
to track markers to acquire the displacement of the SurGlove
and an Arduino Mega transmits encoder data to PC. In this
experiment, the operator wore the SurGlove and pulled the
encoder, and the optical positioner collected the spatial
displacement of the operator's hands in real-time. The inner
circumference of this pull line linear displacement encoder is
100mm and the maximum stretch length is 500mm.

In order to compare with the reference data, the spatial
translation displacement L needs to be derived from the
translation matrix 7 acquired by the OTS.

The spatial displacement is obtained as

L=|Tl_Tz|=\/(x1_x2)2+(y1_y2)2+(zl_22)2 . (16)

The results of the displacement validation experiment is
shown in Fig.7. The results show that our method performs in
good agreement with the reference when performing
displacement measurements. The maximum error is around
Smm and stays below 2mm most of the time. More
specifically, the MAE of the SurGlove displacement with
respect to the reference was 1.53mm. The results demonstrate
the ability of the SurGlove to assume the displacement
measurement of the master manipulator of the vascular
intervention surgical robotic system.

o O® © ©
Arduino Mega

@© - - -

o e
Linear Encoders

Fig. 6 Experimental Setup of Displacement Validation Study.
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Fig. 7 Comparison of displacement measurement by SurGolve and the
reference encoder.

IV. CONCLUSION

This study developed a wearable master manipulator
SurGlove for VIS. The surgeon can wear the SurGolve as the
common medical glove and handle the catheter and guidewire
directly, which is in line with the surgeon's traditional
operation and accumulated clinical experience. The wearable
design reduces the impact of the master manipulator's inherent
inertia on the tactile sensation of the surgeon's hands. It is of
great help to improve the sense of presence when surgeons
operate the master-slave VIS robotic system.

The validation experiment results indicated that the
SurGlove can measure the rotation and displacement of the
surgeon’s hands with a high accuracy and refresh rate. The
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data distribution of the validation experimental results is
shown in Fig.5 and Fig.7. The evaluation experiments showed
that the proposed device had an MAE of 1.88° and a
maximum error of less than 3° in rotation angle measurement.
The maximum displacement error was less than 5 mm and the
MAE was 1.53 mm.

In addition, the proposed device simplifies the complex
structure of traditional master manipulators. For example,
conventional master manipulators are manufactured in such a
way that the coaxial positioning relationship must be
guaranteed to ensure the operational accuracy of the main
manipulator. However, absolute coaxial positioning is very
difficult to achieve and there will always be a certain amount
of error.

However, there are some limitations in this study. Firstly,
as the OST requires tracking markers for positioning, this may
not work if the light is obscured. To overcome this limitation,
the use of a user interface and vibration to alert the operator
that OTS tracking has failed could be considered in the future.
Secondly, SurGlove currently handles the rotation of the
catheter and guidewire by detecting the rotation of the
operator's wrist. In the future, a motion capture camera could
be considered to track marker points fixed to the index finger
and thumb, calculating the relative motion of the two fingers
to control the rotation of the guidewire and catheter. Finally,
the SurGlove lacks a force feedback device to give the
operator the force on the guidewire and catheter during the
operation. [19] and [20] mentioned that many experiments
have shown that master manipulator with force feedback can
improve safety and reduce the duration of the operation. In
future studies, the focus will be on how to add non-contact
force feedback methods, such as electromagnetic forces, to
SurGlove. In conclusion, the SurGlove is still not perfect now
and much work remains to be done to improve it. However,
this study still provides a new idea for future research on the
master manipulator for vascular interventional robotic
systems.
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