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Abstract - In this paper, in order to solve the problem of
tracking stability of a master—slave vascular interventional robotic
system, the related research was made. A conditioning circuit and
a filtering algorithm were designed to suppress the problem of the
jitter from the slave of the robot. The master-slave tracking system
uses differential control, and the stability of the input signal
directly affects the stability of the differential control. In order to
obtain a stable and accurate master-slave axial displacement
signal, a linear attenuation circuit with filter follow-up function is
designed as the acquisition and conditioning circuit, and the
collected information is Kalman filtered to obtain a stable and
accurate axis displacement signal. The axial displacement signal
acts as the input to the master-slave tracking system, and the
stability of the input enhances the stability of the differential
control. The experimental results showed that the linear
attenuation filter follower circuit and Kalman filter can effectively
enhance the stability of the acquired signal, which enhances the
motion stability of the master-slave tracking system with
differential control and the problem of dither from the slave
manipulator during the motion is solved.

Index Terms -Vascular interventional robot, Stability of the
master-slave tracking, Linear attenuation tracking filter circuit,
Kalman filter

1. INTRODUCTION

In recent years, many countries have begun to pay more
attention to cardiovascular and cerebrovascular diseases [1].
Cardiovascular and cerebrovascular diseases are usually treated
in two ways, one is traditional open surgery and the other is
catheterization. Among them, open surgery is performed at the
location of the lesion. The surgical procedure is very damaging
to the patient. The patient needs to bear a lot of pain and the risk
of surgery is high [2]. The catheter intervention is guided by
medical imaging. Special medical catheters and guide wires are
introduced into the blood vessels to treat the lesions in the blood
vessels accordingly. The incisions are only the size of rice
grains [3].

The development of robotics in the medical field has also
made a major breakthrough, and medical robots have emerged
[4]. The vascular interventional robot can not only assist the
doctor to complete complicated surgical operations, but also
reduce human error during the operation to improve the safety
and stability of the operation, protect the doctor from X-ray
damage, and the robot operation ratio Manual operation is more
stable [5-6].
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Motion scaling based master-slave control is proposed by
Zhenqgiu Feng et al for different stages of the vascular
interventional robot delivery to improve the safety of surgery
[7]. Laura Cercenelli et al developed a highly compact and
versatile remote catheter navigation system named CathROB
which has the inherently safe design and the automatic
navigation functionalities [8-9]. HJ Cha et al designed a
catheter intervention system to treat ablation of the heart. The
system has three degrees of freedom: axial, radial and rolling,
which can change the size of the operating force by changing
the current in the motor [10].

The master-slave tracking synchronization accuracy
problem is an important issue in the study of vascular
interventional surgery robots, and the stability of displacement
acquisition information is the premise of master-slave tracking
synchronization accuracy.

II. OVERVIEW OF THE MASTER—SLAVE VASCULAR
INTERVENTIONAL ROBOTIC SYSTEM

The vascular interventional surgery robot we designed is a
master-slave teleoperation system. A device for cooperative
operation of a catheter and a guide wire in a vascular
interventional procedure, the device being divided into a
master-side and a slave slave, chara’cterized in that it can
simultaneously control the catheter and the guide wire and
perform cooperative operation. The master-side portion
includes a master operator, a force feedback damper, a master
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Fig. 1 Schematic diagram of the master-slave teleoperation system



controller and a PC display screen, wherein the master operator
is divided into a catheter operating device and a guide wire
operating device; theslave slave portion includes an IP camera,
a slave operator, and a slave controller, catheter and guide wire.
The operation flow is as follows: the doctor uses both hands to
separately control the catheter operating device and the guide
wire operating device of the master operator, and the master
controller collects the operation information of the doctor,
including axial displacement information and radial rotational
displacement information, and then the master controller passes
the information [11]. CAN communication is transmitted to the
slave controller; from the input slave of the controller, the
doctor operation information transmitted by the master
controller and the force information of the catheter and the
guide wire collected from the sensor on the operator are
received, and then the output terminal is connected to the master
controller, The force information is transmitted to the master
controller through the CAN bus; the master controller controls
the master operator force feedback damper to feed the force
back to the doctor [10]; the IP high-definition camera collects
the real-time motion image of the scene from the operator, and
the output slave and the master-side PC The display is
connected via the Internet and the doctor can watch it on the
display of the master PC. The display can also display
information about the movement of the catheter and guidewire
as well as the force information, providing visual feedback to
the doctor. The schematic diagram of the master-slave
teleoperation system is shown in Fig. 1.

The paper introduce es a master-slave minimally invasive
vascular interventional robot that meets the doctor's operating
habits and can realize the coordinated operation of the catheter
and guide wire. It can realize the coordinated intervention of the
catheter and the guide wire, and enables the doctor to go like a
traditional operation. Operation, in line with the doctor's
operating habits, can also directly feedback the real-time force
and visual information to the doctor, increase the doctor's sense
of presence during surgery, improve the safety and operability
of the interventional surgery, and the structure is simple and
easy to implement. The mechanical structure of the master-

slave manipulator is shown in Fig. 2.
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IIT STABILITY TRACKING CONTROL BASED ON FILTERING
ALGORITHM

A. Design of linear attenuation filter circuit

This design uses the linear displacement sensor of the non-
contact magnetostrictive measurement principle to detect the
axial displacement of the master operator. The sensor uses
NOVOSTRICTIVE measurement technology to directly,
accurately and absolutely reflect the linear displacement.
Sensor measurement is achieved by using a floating magnetic
block non-contact method, so the sensor has no mechanical
wear, and the output signal is 0.1-10 VDC (load = 5kQ)
corresponding to a working range of 200 mm.

Since the voltage acquisition range of the single-chip ADC
used is 0-3.37, it is necessary to linearly attenuate the sensor
output voltage signal. The linear attenuation of the signal can
be simply processed by the principle of resistor divider.
However, the simple use of resistor divider may cause
impedance mismatch or output voltage fluctuation. The circuit
in this paper is based on resistor divider, second-order passive
low-pass filter , and voltage follow-up. The signal attenuation
circuit designed by the principle of the device can realize the
linear attenuation, filtering and load-increasing function of the
signal. As the pre-stage circuit of the single-chip ADC
acquisition circuit, the usability and stability of the collected
information are effectively improved. The circuit diagram of
linear attenuation filter follower is shown in Fig. 3.
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Fig. 3 Circuit diagram of linear attenuation filter follower

1) Design of voltage divider circuit

In Fig. 3, R/ and R2 divide the voltage of Vin to linearly
attenuate the output voltage to meet the ADC voltage
acquisition range of the microcontroller. The relationship
between Vin and V1 is as follows:

_ R2 Vin (1)
R1+R2
=—100K Vinlein
200K +100K 3 )
When Vin =10V
Vl:%xlOV:3.3V 3)

It can be obtained from (1), (2) and (3). The sensor voltage
output 0-107 can be linearly converted to 0-3.3V, thus
satisfying the ADC voltage acquisition range of the single chip
microcomputer.

2) Design of second-order passive low-pass filter circuit



In Fig. 4, resistor R3, capacitor C/, resistor R4, and resistor C2
together form a second-order passive low-pass filter. A filter is
an electronic device that can pass a useful frequency signal
while suppressing or greatly attenuating the unwanted
frequency signal. Usually, the signal frequency range that can
pass is defined as a pass band, and the blocked or attenuated
signal frequency range is called a resistance. The boundary
frequency of the band, pass band and stop band is called the
cutoff frequency. The ideal filter circuit should have a zero-
attenuation amplitude-frequency response and a linear phase
response in the passband, and should have an infinite amplitude
attenuation in the stopband. In this paper, the low-pass filter
circuit is used to filter V1. The schematic diagram of amplitude-
frequency response curve of low-pass filtering is shown in Fig.
4.
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Fig. 4 Schematic diagram of amplitude-frequency response curve of low-pass
filtering

In Fig. 4, H, represents the amplitude of the low frequency gain
| H(jow) |. It can be seen from the figure that its function is to
completely attenuate all frequencies greater than w. by a low-
frequency signal from zero to a certain cut-off angle frequency
., 80 its bandwidth B=w,, second-order passive low-pass filter
in multi-frequency, the frequency response analysis in the
domaster is as follows.

In Fig. 3, Vi(jw) is used as the excitation signal of the second-
order filtering, and V3(jw) is the response signal of the second-
order filtering, where R; =R,=R, C;=C>=C.

Then the gain of the filter in the passband is:

“4)

The transfer function in the complex frequency domaster is:

Hio =292 - 1y w)ze@ O
Vijw) 1-o'R°C + j3wRC

The amplitude-frequency characteristic equation is:

. 1
|H(j o] = (6)
JA-@R*C*Y +9a R°C?
| H(jw) | is the amplitude gain in (6).
The phase frequency characteristic equation is:
3wRC
O(w) = —arctan(———— ™
(@) Corc

If the gain of the filter in the passband is K, the corresponding
frequency is called the cutoff frequency w. when its gain drops
to KA2, that is, the gain is reduced by 3dB.
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From 201gHH(J W)H:201g‘ 1 ‘:_3 8)
K| 1=’ R°C) +9°R*C?|
Got: @, =37.40 ©
Then the cutoff angle frequency:
o, = 1 _0.3742 (10)
2.6724RC T

Where: r:i (11)

RC
The cutoff frequency is:  f = @ (12)

R 4

When R = 100K and C = 0.1uF, £:=5.96 is obtained from
(10), (11), and (12). Simulation by Multisim, as shown in Fig.
5, The filter amplitude-frequency characteristic curve (a) and
the phase-frequency characteristic curve (b) are obtained as
shown in Fig. 6.

As shown in Fig. 6, it can be seen from Fig. 6 (a) that the
cutoff frequency at -3dB is 5.953Hz, and the frequency higher
than 5.953Hz can be effectively filtered out, resulting in a more

stable output DC voltage signal, thus meeting the stability

requirements of this paper. It can be seen in Fig. 6 (b) that the
corresponding phase angle at the cutoff frequency w. is -
52.529°.

3) Design of voltage follower

A voltage follower is a type of electronic component that
implements a change in the output voltage following the input
voltage. That is, the voltage amplification of the voltage
follower is always less than and close to one. The high input
impedance of the voltage follower and the low output work
better and it also has the function of buffering, isolating and
improving the load capacity [12]. The role. It can be stage;
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Fig. 5 The circuit diagram of second order RC low-pass filter

when the output impedance is very low, the circuit of the latter
stage is equivalent to a constant voltage source, that is, the
output voltage is not affected by the impedance of the
subsequent stage circuit. influences. A circuit that is equivalent
to an open circuit to the pre-stage circuit and whose output to
an open circuit to the pre-stage circuit and whose output voltage
is not affected by the impedance of the latter stage is of course
isolated, so that the circuits of the front and rear stages do not
affect each other. Another advantage of applying the voltage
follower is that the input is improved. Impedance, in this way,
the capacity of the input capacitor can be greatly reduced,



providing a prerequisite for the application of high-quality
capacitors.

As shown in Fig. 3, the voltage follower is composed of
OPO7CP integrated op amp. OP07 is a low noise, high open
loop gain, non-chopper-stabilized bipolar op amp IC. By using
the linear attenuation filter follower circuit as the pre-stage
circuit collected by the single-chip ADC. The schematic
diagram of linear filter follower circuit as pre-stage circuit
acquisition is shown in Fig. 7.
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Fig. 6 Simulation of the amplitude and frequency characteristics of the filter
amplitude

B.  Kalman Filtering Algorithm

The stability and accuracy of the axial displacement
information output by the master linear displacement sensor
collected by the single-chip microcomputer is an important
problem of accurate and stable follow-up of the axial
displacement of the master and secondary slaves. In this paper,
the Kalman filter algorithm is used to process the axial
displacement information collected by the ADC to reduce the
error and noise, thus enhancing the accuracy and stability.

1) The concept of Kalman Filter

Kalman filter is R. E. An iterative algorithm applied to
discrete linear filtering from Kalman's 1960 estimate of system
state from noise-containing measurements [13]. Since its
solution is calculated by recursion, Kalman filtering is also a
real-time recursive algorithm that can be implemented by a
computer. The filtering process is divided into two parts: state
update and measurement update. Firstly, the system of the next
state is estimated according to the current system state and noise
variance by the state update equation [14]. Then, the

1390

measurement update equation is used to add the observation of
the system as the input of the filter. In the a priori estimation
state obtained by the state update equation, the posterior
estimation of the system state is obtained, and the optimal
system state is estimated by continuously performing the
variance recursion.

2) Design of Kalman filter

The operation of the Kalman filter masterly consists of two
phases, estimation and update [15]. In the estimation phase, the
filter estimates the current time state according to the state of
the previous time; in the update phase, the filter optimizes the
system prediction value obtained in the estimation phase by
using the current time observation value to obtain a more
accurate new estimation value. The specific implementation
process is as follows.
Prior state prediction equation:

X(k|k-1) = FX(k—1|k—l) + Bu, (13)

In (13),)?(k|k_1)is system prediction value at time &, and
X(k—1| k—1) is the estimated value at time k-1, F For the state
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Fig. 7 Schematic diagram of linear filter follower circuit as pre-stage circuit
acquisition

transition matrix, B is the control matrix, and u . is the system
control, which uses the state of the previous moment to estimate
the current state.

Prior state prediction error covariance transfer equation:

Biyny = FP(k—uk—l)FT +0 (14)

In (14), Papg-1) is the a priori prediction error covariance
matrix at time k; Pg-s-1) s the posterior state at time k-7 The
prediction error covariance matrix reflects the accuracy of the
previous state estimation, and Q is the system noise covariance
matrix.

Observation equation:
Z, =HX +V (15)

In (15), Z is the observation matrix at time k, H is the
observation transformation matrix, and v is the observation

noise at time k.
Kalman gain equation:

_ Rk\k—l)HT
g (HP,y . H + B

In (16), R is the covariance matrix of the observed noise,

and K, is the Kalman gain at time £.
Posterior state prediction equation:

X(Hk) = A(k|k—1) +K.(Z, _HX(k\k-l)) (17)

In (17), the predicted value is adjusted using the dynamic
change of the Kalman gain K.
Posterior state prediction error covariance equation:

Pyo= U-KH) By

(16)

(18)



In (18), I is an identity matrix, and the update of the Kalman
gain K. is achieved by updating P ).

In this paper, only the Kalman filter is applied to the
voltage value of the linear displacement sensor collected by the
ADCI16]. The observed variable selects the ADC acquisition
value, so the state variable is selected as the scalar, where F=1,
B:], H:], Uk-1) =0.

Then the above formula is simplified:

)%(k\k»l) = )z(k—l\k—l) 19)

Py = Pu—ie-1y T4 (20)

z, =x,+V (20)

k, = Py (22)
(p(k\k-1)+ r)

)e(k\k) = )%(k\k-l) +k; (Zk_)%(k\k-l)) (23)

p(k\k):(1'kk )p(k\k—l) (24)

The above parameters are all scalar, which is convenient
for implementing the algorithm in C language by C language,
which reduces the programming complexity of the algorithm.
The actual measured Kalman filter C program has an execution
event of no more than 10us, which ensures the real-time
measurement. The size of q and r determines the effect of the
Kal filter on the filtering of the collected information. After
simulation and analysis, this paper uses ¢=1.0e-8 and
r=1.1171e-06.

IV EXPERIMENTAL DESIGN AND ANALYSIS

A. Experimental design

In this paper, a more stable acquisition of the master line
linear displacement sensor output analog voltage, a linear
attenuation filter follower circuit is designed as the pre-stage
circuit of the single-chip ADC acquisition, and the Kalman filter
algorithm is used again to denoise the acquisition voltage of the
single-chip ADC. The result is a more stable voltage signal.
Compared with the simple resistor divider circuit, the linear
attenuation filter follower circuit can output a more stable
voltage signal, and the Kalman filter algorithm can further
remove the signal of the collected voltage to obtain a more
stable voltage signal. The experiment is masterly divided into
displacement sensor remasters unchanged during data
recording; In the second step, the position of the sliding
magnetic block is three steps. The first step is to use the N/ USB-
6210 acquisition card to collect the analog voltage value output
by the linear displacement sensor after simple series resistance
partial voltage. The position of the sliding magnetic block of
the linear kept unchanged, and the analog voltage outputted by
the linear attenuation filter following circuit is collected by the
acquisition card[17], and the position of the sliding magnetic
block is kept unchanged during the same acquisition process;
the third step is to perform Kalman filtering programming with
matlb. Simulation, which uses the principle mentioned in
Section 3.2 to carry out Kalman algorithm programming, the
data uses the voltage value collected in the second step, and
finally draws the three graphs with matlab for comparison. The
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schematic diagram of the experimental process is shown in Fig.
8.
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Fig. 8 Schematic diagram of the experimental process

B.  Experimental results

Through the above experimental flow, three sets of data, a
set of data obtained by simple resistor divider, the second set is
the data obtained by the linear attenuation filter follower circuit,
and the third set is obtained by the Kalman filter of the second
set of data. Data, then a comparison graph of three sets of data
is drawn by matlab, as shown in Fig. 9.
C. Experimental analysis

In Fig. 9, the blue line is the data obtained by the resistor
divider, the red line is the data obtained by the linear attenuation
filter circuit, and the yellow line is the Kalman filter to obtain
the data. It can be seen from the figure that using only the
resistor divider to achieve linear attenuation of the signal will
generate some noise[18-19], making the output voltage
unstable, and the stability and accuracy of the vascular
interventional surgery robot is a great influencing factor, so the
data is made . It is very important to become more stable and
accurate; the red line is the voltage output obtained by the linear
attenuation filter follower circuit designed in this paper. It can
be seen that this circuit can effectively suppress the noise and
make the data more stable and accurate; The data is stable and
accurate. In this paper, the Kalman filter processing is
performed on the data obtained by the linear attenuation filter
follower circuit, and finally the more stable data is obtained,
which has an important influence on the stability and control of
the platform.
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Fig. 9 Experimental comparison Curve of three schemes
Because the master-slave tracking system designed in this
paper adopts the difference control, the difference between the



input and feedback values is used to control the start and stop
of the system motion, and the stability of the input directly
affects the stability of the difference. When the difference is
close to zero, if the input is fluctuating, the difference will be
close to the fluctuation of zero small range, and the larger the
input fluctuation, the larger the fluctuation of the difference,
which will cause the slave robot to shake when it stops. In this
paper, the conditioning circuit and the filtering algorithm
effectively suppress the fluctuation of the input signal, thus
effectively suppressing the jitter problem of the slave
manipulator.

V CONCLUSIONS

In this paper, the motion stability of the master-slave
tracking system of the vascular intervention robot was
effectively improved, and the jitter problem of the slave
manipulator in the process of motion was effectively
suppressed. Compared with the traditional resistance voltage
divider circuit, it was verified that the linear attenuation circuit
with filtering and tracking function can better enhance the
stability of slave motion. At the same time, it was verified that
Kalman filter can make the slave stable motion more than the
first two schemes. The result showed that the stability of the
motion process was effectively enhanced.
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