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designed [16], [17], remote-control communication was
studied based on the Vascular Interventional Surgical Robot
(VISR) [18], and collision detection was adopted for safety
warning [19]
For aforementioned researches, all the robotic systems
utilizes master-slave controlling method. However, long-time
operation of surgeons’ work, according to medical researches,
would cause the hand tremor of master side which will
influence the efficiency and successful rate of the surgery [20].
Tremor defined as an involuntary, rhythmic, oscillatory
movement of a body part [21] is classified as action-tremor
and rest-tremor from the perspectives of activation
classification [22].
Considering the impacts of physiological tremor, several
groups devoted their efforts to suppress it in the surgical
robots. In reference [23], a surgical robotic device was
designed by a research group of Johns Hopkins University,
Nanyang Institute of Technology and Carnegie Mellon
University, for microsurgery, which consists of sensing
module, filtering module with low-pass filter and operating
module to correct operator wrong motion. Meanwhile, such
instrument has been applied in real microsurgery and
possesses a filtering rate of 50%. However, such algorithm
adopted in this research is too simple to filter the tremor
signal. Another team applied a bandlimited multiple Fourier
linear combiner (BMFLC) algorithm for real time estimation
of the operator’s physiological tremor [24]. But some tremor
signals and involuntary noise of accelerometers have the same
bandwidth. For tremor suppression time delay, a team of
Tianjin Polytechnic University proposed a zero phase adaptive
fuzzy Kalman filter in reference [25]. Nevertheless, the
adopted filter can only maintain the master side and the slaveside device still vibrates. From the aspects of tremor signal
analysis, although, the empirical mode decomposition-based
filter was developed for fatigue induced hand tremor in
laparoscopic manipulation [26] and autoregressive (AR)
model was designed for physiological tremor estimation [27].
The characteristics of physiological hand tremor haven’t been
discovered and fully utilized in the tremor suppression system.
The AR model and EMP-based filter increases the complicity
of the controlling system, in which time-delay would occur.

Abstract - With the development of surgical robotic
technology, more and more requirements on safety property were
raised upon the surgical robots. For master-slave control surgical
robots, it’s physiological hand tremor that influences the accuracy
and success rate of the robot-assisted surgery. Focusing on the
physiological tremor recognition and cancelling, this paper
proposes a moving-window-least-square-support-vector-machinebased recognition algorithm and adaptive filter method to rectify
the wrong operations caused by physiological tremor. The
performance assessment was shown with the indicator of
accuracy, which implies that the MWLSSVMAF reduces
accuracy error of the tremor signal. The comparison between
recognition results and surface electromyographic signal is
conducted for assessing the classification accuracy rate. Also,
some experiments on correction effects are carried out. The
results indicate that the method proposed by our research
possesses better classifying accuracy rate of 83% and that the
secure property requests of vascular interventional surgical robot
have been improved obviously.
Index Terms – Vascular Intervention Surgical Robot (VISR),
Least Square Support Vector Machine (LS-SVM), Physiological
Tremor, Tremor Recognition Algorithm, Mass-spring-damping
Model.

I. INTRODUCTION
These years, researches on vascular interventional surgical
robots have developed rapidly, in which surgeons are released
from the risks of over-exposure to the radiation and heavy
radiation-shielded garments [1]. Hence, four main commercial
VIRs have been designed which are the Corpath robot system
developed by Corindus Vascular Robotics [2], the Sensei and
Magellan robot system designed by Hansen Medical [3], [4],
the Amigo robot system invented by Catheter Robotic Inc. [5]
and the Niobe robot system developed by Stereotaxis Inc. [6].
Meanwhile, many research groups have studied VISRs and
such studies have been published after 2010 [7]-[11]. In our
previous study, several novel VISRs were developed to
operate catheters with two DOFs which can measure the
proximal force and accurately realize the force feedback from
the aspects of safety [12]-[15]. From the aspects of the security
of the robot-assisted surgery, the controlling algorithm was
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Although these approaches have partly solved tremor
suppression problems, there are still some troubles to solve as
follows:
1) The algorithm can only classify tremor signals offline;
2) The approaches proposed, which adopts complex
computation, introduce time delay to the system;
To address these problems, this paper proposes a Least
Square-Support Vector Machine (LS-SVM) based recognition
algorithm and establishes an MCK model to rectify wrong
operation caused by physiological tremor. Section II will
focuses on the materials and theory applied in this research.
Then, the experimental setups are described in the Section III .
The results are discussed by Section IV later and finally our
conclusions are given in Section V.

Based on the primary version of VISR [32], a cooperation
of catheters and guidewires was proposed to imitate the
operations of surgeons’ hands, under which the catheters and
guidewires are operated by the catheter controlling unit and
the guidewire controlling unit [33], [34]. To handle the
cooperation of catheters and guidewires, two commercial
haptic devices (Geomagic® TouchTMX, 3D Systems, Inc.,
USA), which is shown in Fig. 2, are applied as catheter and
guidewire haptic devices in the master side. For the slave
instrument as shown in Fig. 3, a linear motion platform was
designed from the aspect of security of the whole system. Such
design of slave platform simplifies the 3D motion into 1D
motion, in which the incorrect manipulations of surgeons’
hands on master devices in other 2 directions are left out.

II. METHOD AND MATERIALS
Use either SI (MKS) or CGS as primary units. (SI units
are encouraged.) English units may be used as secondary units
(in parentheses). An exception would be the use of English
units as identifiers in trade, such as “3.5-inch disk drive.”
A. The VISR Platform
The VISR system was designed as a remote-control
master-slave robotic system, which provides precise force
feedback from the slave side [28]-[31], consisting of a master
device, central controller and a slave instrument. The masterside and slave-side parts work together to manipulate the
catheter and the guide wire. The master side of the system
utilizes a force feedback interference instrument. Such
instrument, which offers virtual haptic feedback to the
operator, transforms 3D coordinates and the force value of
operator’s hand to the central controller. The slave instrument
replicates the motion of the surgeon and measures the force of
catheter/guide wire. During this process, the force feedback is
transmitted from the slave instrument to the master device. A
conceptual schema of the system, in which the operation
process and interactions of three components are presented, is
shown in Fig. 1.

Fig. 2. Master manipulation device of the VISR.

Fig. 3. A linear motion platform in slave side.

For usual surgical robotic experiments, there are blood
vessel models applied for evaluation of the performance of the
master-slave robotic system. And for our research, a human
blood vessel model is adopted to mimic the real surgical
situation and to obtain realistic moving data of surgical
operation when tremor happens. And the human blood vessel
model is shown as Fig. 4.

Fig. 4. The human blood vessel model for experiments.

Fig. 1. Schema diagram of the VISR system.
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B. Moving Window LS-SVM (MWLSSVM)
LS-SVM is the least squares version of support vector
machines (SVM). Optimal solution with LS-SVM is obtained
directly by solving a set of linear equations rather than a
convex quadratic program. Moreover, computational
complexity of LS-SVM is less compared to SVM because of
this reformulation. The regression model of N samples for LSSVM is:

y = wT ϕ ( x) + b

(1)
And in LS-SVM, the optimization problem for the
function estimation is defined as follows:
. min J ( w, e) =
w ,b , e

N
1 T
w w + C  ei2
2
i =1

(2)
Fig. 5. Block diagram representation for tremor prediction with MWLSSVM.

The corresponding Lagrangian function for optimization
problem is defined as

Algorithm 1: MWLSSVM for tremor prediction.

N

L( w, b, e; α ) = J ( w, e) −  α i wT ϕ ( xi ) + b + ei − ni (3)
i =1

with the Lagrangian multipliers

α i ∈ ℜ, i = 1,2, , N .

After eliminating ei and w from the Karush-KuhunTucker (KKT) [35] conditions for optimality obtained from
(3), the solution is obtained as:

δ N = ψ N−1 y N .

(4)

In this work, the Kernel function which is RBF Kernel
function is employed, K(x,xi) = exp{-

|| x − xi ||

σ2

}.

From (1) and (4), the prediction model with LS-SVM is
obtained as
N

yˆ (k + T ) =  α i K ( xi , xk ) + b; k = N + 1, , l. (5)
i =1

where b and ɑ are from

δ N , equ. (4) and l is the length of test

signal.
For online training of LS-SVM, whenever a new sample
arrives, the trained offline is updated by incrementing the
training set and decreasing the oldest samples, which is shown
as Fig. 5. For incremental algorithm, the incremented training
set is given by

δ N +1 = ψ N−1+1 y N +1 .

(6)

Fig. 6. Mathematical model of the proposed MWLSSVM

And for decremental algorithm, without explicitly
calculating the matrix inversion for the N data pairs, the
update rule was obtained in (6) as

ψ ij = ψ ij −

ψ ikψ kj
ψ kk

.

C. The Theory of LSSVMAF
In order to realize adaptive filtering of tremor signals, a
mathematical model is established to cancel tremor signal
briefly and clearly. As shown in Fig. 6, d(k) is a desired
operation signal, which is corrupted by a tremor signal n(k).

the estimation value of n(k) id denoted as n (k ) . the primary
signal s(k) includes the desired signal d(k) and the tremor
signal n(k), which is presented as
s (k ) = d (k ) + n(k ).
(8)

(7)

To perform the multi-step prediction of physiological
tremor with MWLSSVM, consider N samples of tremor data
to form a training set. Algorithmic representation for the
procedure employed fot predicting tremor by updating the
training set at each instant of time with MWLSSVM is
provided in Algorithm 1.


n (k ) and s(k), y(k) can be attained:


y (k ) = s (k ) − n (k ) = d (k ) + n(k ) − n (k ).

According to
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(9)

where e is the prediction error between the actual signal and
the predicted signal.

From the formulation (9), it can be concluded that the hand

tremor can be cancelled completely when n(k) = n (k ) , that is
y(k) = d(k). Thus, a novel adaptive filter based on
MWLSSVM is presented to overcome the hand tremor.

B. Setups of Evaluation Experiment
As being researched before, sEMG is claimed to be a
better standard method to verify physiological tremor than
regular movement signal analysis. In our research, sEMG
signal is sampled together with the moving records. The set of
sEMG electrode patches is that the wrist, forearm and middle
finger are equipped with patches. Hence, the sEMG signal
would be recorded relatively accurate in order to obtain ideal
sEMG records.

III. EXPERIMENTS, RESULTS AND DISCUSSION
In this section, we first describe the experimental setups of
recognition experiments and evaluation experiments. Later,
performance analysis for MWLSSVM and LS-SVM is
discussed. Then, the comparison results between the
movement records and sEMG records are demonstrated.

C. Results of Recognition Experiment and Discussion
In this part, the result of comparison between LS-SVM
and MWLSSVM is firstly shown. Later, the comparison
among MWLSSVMAF and other algorithms is listed. Then,
the recognition evaluation result compared to standard sEMG
signal is demonstrated.
For the first comparison test, the prediction error of LSSVM and that of MWLSSVM is demonstrated in Fig. 8, in
which (a) is the actual signal, (b) is the result of MWLSSVM
and (c) is the prediction error of LS-SVM. The average
estimation accuracy obtained with MWLSSVM is 96.62 ±
1.24%.

A. Setups of Recognition Experiment
For physiological tremor signal sampling during the
surgical situation, a blood vessel model is adopted which has
been shown in Fig. 4. In this research, 10 volunteers were
recruited for surgical operation of linearly pushing the
catheter/ guide wire within 100 mm in the aorta and fixed
rotating the catheter/ guide wire at the carotid bifurcation,
which are shown in Fig. 7. The sampling frequency is 250Hz
and each volunteer is required to conduct the motion for 5
times for linear pushing and fixed rotating respectively.

(a)

(b)

(c)

Fig. 7. Experimental Setups for Operative Paths.

The performance analysis of the algorithm are dicussed
within data. To quantify the performance, we employ the root
mean square (RMS) defined as
RMS(s) =

(k =1 ( sk ) 2 / m) ,
k =m

Fig. 8. Experimental Setups for Operative Paths (figure (a)represents the
signal of tremor and the prediction signal, (b) demonstrates the prediction
error with MWLSSVM, and the (c) shows the prediction error with LS-SVM).

(10)

where m is the number of samples and sk is the input signal at
instant k. Based on RMS, %Accuracy is defined as

%Accuracy =

RMS ( s ) − RMS (e)
× 100;
RMS ( s )

Meanwhile, our research compared the proposed method
with other methods from Ref. [36] in order to validate our
designed approach. The estimation accuracy of MWLSSVMAF, BMFLC-KF [36], WFLC-KF [36] and LS-SVM are

(11)
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approach will be conducted and the improvement will be the
focuses of our future work.

tabulated in Table 1. MWLSSVM-AF shows good estimation
performance.
Table. 1 Comparison with existing methods.

S. No.
1
2
3
4

Method
WFLC-KF
BMFLC-KF
LS-SVM
MWLSSVM

% Accuracy
92.43±0.64
99.97±0.02
94.54±2.56
96.62±1.24
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The third experimental result focuses on the comparison
between the MWLSSVMAF and the standard sEMG
signals.from the actual experiment, the consistency between
the recognition result of proposed method and that of standard
sEMG records is 83%, which confirms the feasible of our
designed approach. The comparative figure is shown as Fig. 9.
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