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Vi0-Com: Feed-Forward Compensation Using
Vision-Based Optimization for High-Precision
Surgical Manipulation

DongHoon Baek, Young-Hoon Nho

Abstract—Tendon-sheath mechanisms offer a means for a flex-
ible surgical robot to be operated efficiently in restricted envi-
ronments, for example, the long and narrow paths inside human
organs. However, nonlinear hysteresis interferes with the precise
motion control of a flexible robot. Generally, the characteristics of
hysteresis can change due to changes in cable-related effects and
robot shapes, which increase the difficulty associated with achieving
precise control of surgical robots. Although several methods have
been proposed to solve this problem, most of these methods offer
limited performance and are unstable in realistic situations. In this
letter, we present a vision-based optimized feedforward compen-
sation (ViO-Com) scheme for a cable-driven surgical robot that
reduces hysteresis as a practical approach, regardless of any un-
measured hysteresis while maintaining stable motion. A CycleGAN
and a Siamese CNN were used to estimate the actual joint angle of
a surgical manipulator, and the Bouc—Wen model with optimized
parameters was used for feed-forward compensation. The results
obtained using a real surgical robot platform K-FLEX suggest that
the performance of ViO-Com is superior to that of vision-based
feedback compensation under various hysteresis condition, and its
accuracy is improved by 67 %.

Index Terms—Al-based methods, machine learning for robot
control, medical robots and systems.

I. INTRODUCTION

LEXIBLE cable-driven surgical robots are expected to be
F the future of robotic surgery owing to their suitability for
use in minimally invasive surgery, such as their high trans-
mission power, dexterity, and flexibility [1], [2]. With these
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advantages, flexible surgical robots can access clinical targets
along long, narrow, and tortuous paths without the need for
making any abdominal incisions in the human body.

Most surgical robots are based on tendon-sheath mechanisms
(TSMs) that can transmit mechanical power from an actuator
to the distal joint of a surgical manipulator located at a remote
site through a flexible insertion tube [1], [2]. This mechanism
consists of a hollow coiled wire (sheath) and an internal cable
(tendon), and it helps to operate a surgical robot by transmitting
force/motion in extremely constrained and compact spaces.
Moreover, a high-power electrical actuator is not required at
the distal end to move a surgical manipulator.

Although it is preferrable to use TSMs in many cable-driven
surgical robots, the hysteresis caused by nonlinear friction,
backlash, and cable-related effects (e.g., wire elongation, wire
slack, and buckling) degrades the control accuracy of a surgical
manipulator [3]. In addition, it is not possible to attach additional
sensors at the surgical manipulator due to their size and the
sterilization compliance requirements of medical devices. Even
though surgeons are able to use visual feedback during robotic
surgery, their surgical performance might decrease, especially
in complex sites with large hysteresis, where the robot shape is
significantly deformed [4].

Many studies have been conducted to autonomously increase
the control accuracy of cable-driven surgical robots. Although
some of them are able to be implemented in real surgery, to
the best of our knowledge, there is no existing solution to
achieve high-precision surgical manipulation in a stable and
practical manner when faced with diverse and unknown sheath
configurations.

In the present work, as a practical solution, we propose
a vision-based optimized feed-forward compensation scheme
(ViO-Com) that uses a Bouc—Wen hysteresis model with op-
timized parameters identified by using only an endoscopic
camera. The method requires only a simple calibration scheme
that is commonly performed in many robots before they are
operated, ViO-Com offers more effective compensation perfor-
mance in comparison to the feedback approach without any
manual parameter tuning while ensuring control stability even
with unknown and unmeasured robot shapes. This strategy is
performed offline before starting operation and make use of fixed
optimized parameter during surgery.

The contributions of this work are as follows: (1) ViO-Com,
a new pipeline is proposed for the hysteresis compensation
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of cable-driven flexible robots that can enhance their surgical
manipulation abilities practically without any prior knowledge
of the present robot shape or the use of external sensors.
(2) Experimental results indicate that ViO-Com considerably
outperforms the current state-of-the-art vision-based feedback
compensator in terms of accuracy while offering superior
control stability. (3) In the process of suggesting the most
appropriate method, 10 different optimization methods are
evaluated and analyzed to rapidly identify the parameters of
the Bouc—Wen model with high accuracy and success rate.
(4) ViO-Com has potential for use in other surgical robots, as
indicated by the results of an experiment involving the robot
K-FLEX, because it enhances control performance.

II. RELATED WORK

Literature for addressing the hysteresis of the TSM can be
grouped into two categories depending on whether the underly-
ing methods use external sensors during robot operation: offline
methods and online methods.

Offline methods are based on static models that do not change
during a surgical operation (e.g., model-based feedforward com-
pensation, learning kinematic model, and calibration technique).
Many mathematical models and suitable control strategies have
been proposed to mitigate the effects of hysteresis. The Bouc—
Wen model and the Prandtl-Ishlinskii model that can reflect
dynamic characteristics are widely used in the robotics field and
they are implemented after the parameter optimization process
[51, [6]. Do et al. [6] introduced a novel backlash hysteresis
model based on the Bouc—Wen model and an inverse control
scheme to enhance the control accuracy of a single TSM, but
this model is limited only to a fixed sheath configuration of
the TSM. In a later study, they proposed an adaptive control
scheme and compared it to a direct Bouc—Wen-model-based
feedforward compensation scheme [7]. Although the adaptive
method was able to reduce the hysteresis due to changes in
the tendon-sheath configuration, the evaluation was performed
under several impractical assumptions. Jung et al. [8] introduced
a feedforward torque control scheme with a double tendon-
sheath actuation mechanism and applied it to a multiple-degrees-
of-freedom (DoFs) system. However, the performance of this
scheme deteriorated when the moving direction of the tendon
was changed. Recently, with the advent of deep learning, several
data-driven methods for learning the inverse kinematics of TSMs
have been proposed [9]-[11]. These can describe the hysteresis
without using any mathematical model but has still limitation
in an environment with unknown hysteresis. Lee et al. [12]
proposed a hysteresis model to simultaneously compensate for
backlash and dead zone. Although this method used a practical
approach to identify the model parameters by using the motor
current during the calibration step, it could not compensate for
the influence of changes in the sheath shape.

In spite of their many advantages, the accuracy of offline
methods can easily decrease when a prior hysteresis change
occurs because of reasons such as a deformation of sheath
configuration and change in instrument (surgical manipula-
tor). Moreover, to identify the parameters of a mathematical
model (e.g., Bouc—Wen model), the use of an external sensor is
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configuration of a flexible surgical robot in actual surgery, a more
robust and practical approach is required.

To cope with the uncertainties and dynamic disturbances
encountered in surgical environments, online methods that use
closed-loop controllers with feedback information have been
proposed. Electromagnetic position sensors have been used to
measure the pose of a surgical manipulator [13], but it is diffi-
cult to integrate these sensors into actual surgical applications
because of sterilization-related issues. Several pose estimation
algorithms using a camera have been claimed as well [14]-[16].
Even though these are presented their performance in ex-vivo
condition, they focused on and experimented for pose estimation
rather than hysteresis reduction. Some researchers have been
tried to alleviate hysteresis using vision-based estimator [17]—
[20]. These methods offer more robust control performance than
offline methods when the prior hysteresis changes. However,
considering the nature of these methods, changes in illumina-
tion (e.g., a change of light) and occlusion can degrade their
performance. Baek et al. proposed a feedback compensator on
the basis of a learning-based hybrid estimator. This compensator
reduced hysteresis even under the simultaneous occurrence of
occlusion and sheath deformation [21]. However, its control
performance was unstable in an intricate situation involving
inevitable occlusion.

1. METHOD

The overall pipeline of the proposed ViO-Com method is
based on the executed sequence illustrated in Fig. 2. First,
generative adversarial network (GAN)-based surgical manip-
ulator segmentation is performed to obtain a binary segmented
image. Next, we acquire a data sequence, including estimated
joint angles, by calibrating the robot. Finally, the parameters
of the Bouc—Wen model are identified using the optimization
method, and are applied to the feedforward controller. Overall
implementation codes can be accessible via https://github.com/
nhoyh/hysteresis_compensation_ROS.

A. Flexible Surgical Robot, K-FLEX

A cable-driven surgical robot K-FLEX [1] was utilized to
validate the performance of ViO-Com (Fig. 1). The system
consisted of a fixed 2D RGB camera with 1920 x 1080 resolu-
tion (MD-V31105L-77, MISUMI, Taiwan), a four-DoF surgical
manipulator (translation d, rotation 6y, yaw 65, and pitch 63),
and a flexible tube. The manipulator was driven using a TSM
and controlled using inverse kinematics with the same of the
previous work [21]. For measuring the actual joint angle of
the manipulator 6,, an Aurora sensor (Northern Digital Inc.,
Canada) was used. To be less affected by the metal material, we
used a plastic holder made of a rapid prototype. All developed
software was integrated using Robot Operating System (ROS).
The desired input was given through the graphic user interface.

B. Surgical Manipulator Segmentation using Generative
Adversarial Network

The surgical tool segmentation was addressed to reduce the
variance from diverse surgical backgrounds in the joint angle
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Fig. 1. Experimental setup for evaluating ViO-Com with a flexible sur-
gical robot. Different size of surgical manipulators and the robot with variant
sheath configurations have disparate cabling properties and hysteresis.

segmentation images used as the input for joint angle estimation
were obtained by modifying CycleGAN [23]. The main concept
of GAN is adversarial training between the generator (G) and the
discriminator (D). The adversarial training aims D to be non-
differentiated between the real image and the generated or fake
image from G. To do so, G has to make a fake image as similar
as the real image. In Fig. 2, G generates the binary image (In:)
without background from the input RGB image (/rap) using
CycleGAN. CycleGAN is a domain transfer algorithm which
uses two generator (G and F'), and it has provided outstanding
results in many applications [24], [25].

The loss function of the original CycleGAN was modified
because camera images (RGB domain) should be accurately
converted into segmented images (binary domain) in pixel units.
For details, the L loss between the pair of I »; generated from
the Ircp and the real binary images (;.cq1p;) Was added to the
original loss given in Equation 1.

Loss = CycleGANloss + ||G(IraB) — Ireawill1- (1)

We collected 5,040 RGB images (/rap, 84 cases of organ
image from LapGyn4 dataset [26] x 60 cases of joint angle 6,,),
and annotated the corresponding real binary images (Ircqipi)
with annotation tool [27]. The segmentation network was im-
plemented using Tensorflow [28]. The ADAM Optimizer [29]
with the learning rate = 0.0001, 5, = 0.9, and 2 = 0.999 was
used for the optimization process. Xavier initialization [30] was
used to initialize the weights of the network. The number of
epochs was 30 with a single batch size for each training process.

C. Estimating Joint Angle of Surgical Manipulator using
Siamese Convolutional Neural Network

Considering a real surgical robot application, we used a
marker-less joint angle estimation scheme [19] with robust
surgical manipulator segmentation. The concept is to find

the most similar image I (@) (2=1,2,...,m) from a pre-built

vir
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database I,;, (I, 53 € I,;) relative to the image jbi obtained
through GAN-based surgical manipulator segmentation. Herein,
I,;» was obtained using the Gazebo simulator. The similarity
between two images is defined as the Euclidean distance between
the feature vectors f,; and fy;, which are the Siamese con-
volutional neural network (SCNN) outputs of the two images.
Calculation of the distance between the feature vectors to search
for the most similar image was performed using a k-d tree, a
well-known and efficient searching algorithm.

We collected data to train the SCNN to build the joint an-
gle estimator. The data were constructed using several paired

data (S(j),fég),fgl)jj\il, M=2xmxtxv, m=061,.=
100, v = 3. The range of 6, (= m) was determined based on an
angle that is widely used in real surgeries [31]. The parameters
v and ¢ were set empirically based on the diversity of the data
distribution. If ] é:) and [, 1()3 represent the same joint angle, the
label S'is 1; otherwise, S is 0. Each image was named based on
its representative joint angle 0, in degree (e.g., 01,02,...,60.png),
and 6, was measured using an electromagnetic sensor called
Aurora (Northern Digital Inc, Canada), which is commonly used
in the medical robotics field.

The architectures of the SCNN, optimization function, and
initialization method are identical to those described in [19].
During the training of the SCNN, the size of the input images
(fbi, 1,ir) was 128, and the batch size was 100.

Generally, the sampling rate of an endoscopic camera is less
than 30 Hz, which is considerably lower than the sampling rate
of the desired input signal (1 kHz). In addition, because the
estimated joint angle 6 can oscillate unsteadily due to unexpected
noise, we applied a Kalman filter to predict 6 in consideration
of advantages in helping unstable sensors or estimators more
accurate and stable by using a mathematical model information.
The mathematical model and the structure of the proposed
method are identical to those of the previous method [19], except
that only one measurement is used in the proposed method.

D. Identifying Bouc-wen Hysteresis Model Parameters and
Designing Feed-Forward Controller

1) Bouc-Wen hysteresis and its inverse model: The Bouc-
Wen model has six hyperparameters that must be predefined
before operating a system. The hyperparameters A, B, C, and n
determine the shape and size of the hysteresis loop; «, and § are
scale factors representing the ratio between él()k), 0512 ireqs and
h¥). The symmetric Bouc—Wen model and its inverse model

used in this work can be expressed as follows:

él(;k) = aeglz?sired + Bh(k)’ (2)

h(k) = Aét(ii?sired - B|é((i];.)sired |h|n71h - Céz(ilz)sired|h|n’ (3)
1k

agk) = a(oc(ielired o ﬂh(k))’ @

where é(()k) is the estimated joint angle obtained from the Bouc-

‘Wen model; 9;2"6 4 1s a time-series desired input. The internal
state (%) is the solution of differential Equation 3. In order to

apply the Bouc-Wen model into a feedforward controller, we
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Fig. 2. Pipeline of ViO-Com. RGB organ image (I pc p) acquired from an endoscopic camera is converted to the binary image (Ip) by using the modified

CycleGAN. The SCNN extracted the features in the binary image and this feature is utilized to search the most similar virtual image to the binary image in the
pre-built virtual image dataset ([,;,-). During the calibration phase, the sinusoidal periodic signal is given to the surgical manipulator so the sequence data in
calibration period (k € 0,1,..., N) including the desired angles (ng)sired) and the estimated angles (é(k)) is obtained simultaneously. With this data, the BFGS
optimization method identifies the Bouc-Wen model parameters (non-optimized, P) and the feed-forward compensation using the Bouc-Wen model with optimized

parameters (P*) is finally available to apply to a surgical manipulator.

optimized the six parameters P* = [A, B,C,n,«, /3] via our
vision-based joint angle estimation. The compensated input HEk)
can be calculated and implemented in a cable-driven robot after
the calibration process.

2) Bouc-Wen hysteresis model parameter identification: In
the robot calibration phase before the operation, the unknown
model parameters P of the proposed system must be identified,
meaning that accuracy and speed of the optimization should
be considered for making the use of practical applications. In
parameter optimization, the fitness function given by Equation
5 is used.

1 - -
min i (H(k) — ng))2, 5)

M=

>
Il

1

where NV is total number of samples acquired during calibration,
6*) the estimated joint angle obtained using the vision-based
joint angle estimator, and éék) output of the Bouc-Wen model.

We suggest the use of the Broyden Fletcher Goldfarb Shanno
(BFGS) algorithm [18, 19] that typically requires fewer func-
tion calls instead of the simplex algorithm (e.g., Powell and
Nelder—Mead) to identify the Bouc—Wen model parameters for
accurately describing the hysteresis properties. This approach
eliminates the need for hyperparameter tuning during param-
eter optimization by using the SciPy package [32], and it is
often faster than the gradient descent approach when applied
to nonlinear parameter estimation. To provide a more grounded
suggestion, we evaluated nine different optimization algorithms,
including BFGS, as described in Section IV.

IV. EXPERIMENT
A. Optimization Comparison for Bouc-Wen Model

The first experiment in Section V-A aimed to find the most
adequate optimization algorithm for identifying the Bouc-Wen
model parameters in terms of the accuracy and the time cost.
Mean square error (MSE) was used as an accuracy indicator. If
the system fails to optimize during operation, it will bring critical
adverse effect due to unexpected movement of the manipulator.
So we predefined the optimization success when the MSE of
the algorithm gets less than 3°, and the time cost was recorded
under the satisfied condition. Meanwhile, the succeed rate was
compared.

Nine traditional optimization algorithms, namely genetic al-
gorithm (GA); particle swarm algorithm (PSO); and several
optimization methods included in the SciPy package, such
as Nelder-Mead, Powell, CG, BFGS, TNC, COBYLA, and
SLSQP, were compared and evaluated [32]. We acquired 18
different hysteresis cases by changing the sheath configuration
(a flexible tube) of the robot from 0° to 255° in steps of 15°.
Because the optimization performance is strongly affected by the
initial parameter settings, the initial parameters were arbitrarily
selected to ensure a fair assessment. Based on our empirical
knowledge, the lower and upper bounds of the initial parameters
at 0° and 255°, respectively, were determined beforehand by
referring to the optimized parameters identified using a GA
available in the MATLAB global optimization toolbox.

B. Quantitative Evaluation of ViO-Com

The second experiment in Section V-B was conducted
to validate the ViO-Com. In order to compose multiplex
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Fig. 3. Comparison results between optimization algorithms. (mean-+tsd)
(a) Accuracy (b) Time cost.

circumstance with unknown variant prior hysteresis, We
changed the hysteresis condition from case one to case four
by deforming a flexible tube and altering the diameter of the
kinematic parameter, which is similar to switching to another
surgical manipulator. For investigating the influence according
to the change of the movement speed of the manipulator, Three
different periodic motions (with the same amplitude and differ-
ent frequencies) and a non-periodic motion (a combination of
three signals) were applied. Root mean square error (RMSE)
between the desired input 6, and the actual joint angle 6, was
used as an evaluation criterion. Five trials were carried out per
individual case.

To verify the feasibility of ViO-Com in various hysteresis
cases (Cases 1-4) that cannot be measured during real surgical
operation, we have benchmarked ViO-Com against two base-
lines: (1) Without compensation (Without Com), (2) Vision-
based feedback compensation (Feedback Com)[21].

In each condition of the experiment, Bouc-Wen model param-
eters of ViO-Com was optimized respectively by the joint angle
estimator with GAN-based surgical manipulator segmentation.
The accuracy of the joint angle estimator used in this evaluation
is less than 3°, computed as the root mean square error (RMSE)
between the 6 and 6,. Sinusoidal input (30sinwt+30° and fre-
quency of 0.1592 Hz) was provided as the calibration signal in
all of the cases. Fig. 4. presents the sample results of each of
the partial methods that were executed in the ViO-Com process.
The GAN-based surgical tool segmentation generated a similar
outputimage by extracting an only the surgical manipulator from
a variety of surgical backgrounds. The estimation performance
was similar to that obtained in our study [21], which was
conducted under unsophisticated conditions.

V. RESULT AND DISCUSSION
A. Comparison and Analysis of Optimization Methods

In our implementation, BFGS was selected due to the best
accuracy and time cost. Fig. 3 indicates the optimization abil-
ity between nine algorithms for Bouc-Wen model. Since we
predefined the optimization success condition as 3°under the
MSE, all of the MSEs of algorithms are under 3°. SLSQP
seems the best algorithm owing to its fastest convergence speed,
however, it only recorded 3 successes among 18 trials; whereas
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BFGS recorded 17 successes in the same trials. Powell also
got 17 successes and similar MSE with BFGS, the time cost
difference makes Powell not be chosen. Therefore, after the
calibration, ViO-Com elicits Bouc-Wen model parameters using
BFGS which well reflects hysteresis characteristics with high
convergence speed.

BFGS has a comparatively low computational time, because
it requires fewer function calls than simplex algorithms, such
as Powell and NM, and does not need a matrix inversion.
Although evolutionary optimization methods such as GA and
PSO have been proven to be efficient for global optimization
problems, their performance lags behind the performance of
simplex methods. Simplex optimization algorithms are highly
accurate and fast when compared to other methods when the
objective function and constraints are linear functions of the
variables. However, because the identification of the Bouc—Wen
model parameters is a considerably nonlinear problem, it is
necessary to simplify or linearize the problem to make use
of the specificity of the simplex method. We expect that by
determining the initial parameter values based on our heuristic
knowledge, which use bounded parameters of smallest and
biggest hysteresis, might positively influence the process of
redefining optimization problems to simplify them.

B. Verifying ViO-Com in terms of Compensating Hysteresis

We have summarized the performance of ViO-Com in Table I.
ViO-Com shows an average performance increase of more than
67% in four cases compared to the without-compensation sce-
nario. In addition, the performance of ViO-Com is superior to
that of vision-based feedback compensation in all cases, except
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TABLE I
HYSTERESIS COMPENSATION PERFORMANCE BENCHMARK. EACH CASE HAS DIFFERENT PRIOR HYSTERESIS. PERIODIC MOTIONS (P) WITH DIFFERENT
FREQUENCY AND NON-PERIODIC MOTION (N-P) ARE GIVEN AS AN INPUT SIGNAL. ALL RESULTS MEAN RMSE(°) BETWEEN 6,3 AND 6,,.

Hysteresis Case 1 Case 2 Case 3 Case 4
Signal (w) P (0.25) P (0.5) P (1) N-P (1)|P (0.25) P (0.5) P (1) N-P (1)|P (0.25) P (0.5) P (1) N-P (1)|P (0.25) P (0.5) P (1) N-P (1)
W(l:t(l)lr?]ut 21.37 1938 22.66 1892 | 18.08 1798 18.66 15.07 | 16.66 16.50 17.08 8.35 13.53 1496 14.08 13.17
Average 20.58 17.45 14.64 13.93
Feedback 646 634 9.66 8.40 6.09 7.66 853 8.03 4.18 522 711 644 3.37 382 521 540
Com +0.40 +0.88 +£0.46 +£0.14 | £0.06 +£0.09 +0.11 +0.18 | £0.16 +0.07 £0.04 +£0.16 | £0.06 £0.06 +0.06 =+0.10
Average 7.72 7.58 5.74 4.45
ViO-Com 6.13 7.01 655 5.99 396 4.02 451 396 492 427 477 645 5.61 478 478 648
+0.51 +0.56 +£0.27 +£0.38 | £0.05 +£0.14 +0.10 +0.18 | £1.27 +1.21 £0.82 +0.55 | £0.70 £0.30 +1.26 +0.52
Average 6.42 4.09 5.10 541
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Hysteresis compensation result of ViO-Com in comparison with two baselines (Without Com and With Feedback Com). Figure (a) to (d) indicate

the tracking performance for periodic motion in accordance passing of time (Input and output signals are described as a dotted line and a solid line, respectively)
and figure (e) to (h) show the comparison of hysteresis compensation performance of each methods. The figures in same column are result in the same experiment
condition (Casel - Case4). The size of prior hysteresis become smaller from casel to case4.

case 4. In the case with small hysteresis, the error between the
target and the current positions decreases relatively quickly,
even when using only low control parameter values, meaning
that the section affected by the slow vision-based feedback
provided using a low camera sampling rate (30 Hz) might not
strongly influence the control performance. We believe that
for this reason, the vision-based feedback method performed
better than ViO-Com in the last case. Unlike the vision-based
feedback compensation scheme that is affected by frequency
changes and magnitude of hysteresis, the performance of the
proposed method is almost unaffected by changes in frequency.
This suggests that ViO-Com can maintain the desired surgical
performance, regardless of individual users’ personality traits
(e.g., master’s operation speed). According to Fig. 5, the results
obtained using ViO-Com are significantly more stable than those
obtained using the vision-based method. Because ViO-Com
uses constant parameter values in feedforward compensation,

it enables keep safe movement regardless of changes in external
conditions (e.g., surgical smoke, debris, unstable sensor or es-
timator output). The result of ViO-Com seems to deviate to the
left of the plot in the section where the desired angle 04 sireq 1S
small. This is because the condensed force accumulated while
initially stationary due to static friction acted momentarily. Fig. 6
displays the hysteresis performance results of ViO-Com given a
non-periodic signal that is similar to the actual master device
input. The results are not substantially different from those
obtained by providing a periodic signal.

ViO-Com is proposed in view of practical circumstances, and
the calibration phase for optimizing the Bouc—Wen model pa-
rameters by using an endoscopic camera lasts less than 1 min (In-
putsignal: 20sec, Optimization process: 10 20sec). Considering
the high cost of external sensors (e.g., electromagnetic sensor,
FBG sensor) and the uncertainty of robot shape, ViO-Com can be
regarded a realistic solution to compensate for the hysteresis of
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Fig. 6. Tracking Performance Result of ViO-Com. Each figure indicates comparison result of ViO-Com and two baselines given non-periodic signal. Input

and output signals are represented as same as Fig. 3.

flexible cable-driven surgical robots in constrained conditions,
where arbitrary unknown robot shapes and unexpected surgical
situations may be encountered. The experimental compensation
results indicate that ViO-Com facilitates the smooth operation
of a flexible cable-driven robot even inside a colon with a
decently curved section. Additionally, ViO-Com can be easily
implemented with a simple feed-forward controller.

Although we demonstrated the ViO-Com in only bending
joint, it can easily expand to two bending joint because ViO-Com
does not require a large amount of data for applying this to other
bending joint. Moreover, we assumed that the change of robot
shape is the most influential factor in hysteresis compared to
other factors if initial wire elongation is not large, so apply-
ing the same optimized parameter to two bending joints looks
reasonable approach and we present this result as a video. In
this work, we focused on reducing hysteresis of the bending
joint of the manipulator because it can considerably increase
surgical performance [4]. However, in surgical scenarios where
the overtube changes in real time, the performance of ViO-Com
may be limited. This limitation can be overcome by combining
the proposed method with an online parameter estimation or
update method, such as the unscented Kalman filter. Evidently,
the performance of the proposed method might also deteriorate
when the appearance of the tool change and occlusion exist.
Although it is hard to apply the same trained model to different
surgical robot, ViO-Com is robust against the variation of sheath
length and end-tips since it uses binary image focusing on 2D
shape of tool body. Also, ViO-Com is performed before surgical
operation, and therefore, we assumed that the level of occlusion
is low.

VI. CONCLUSION

We presented a novel hysteresis compensation pipeline called
ViO-Com that improves the control accuracy of a cable-driven
surgical robot without requiring the use prior hysteresis knowl-
edge as a utilitarian solution. ViO-Com uses a Bouc—Wen-
model-based feedforward controller that is optimized by utiliz-
ing only a two-dimensional camera image. Because ViO-Com
does not rely on an estimator or sensors during operation, it
cannot be negatively affected by dynamic surgical environments,
meaning that it can maintain stable manipulator motion. The
validation results of ViO-Com shows that it enhances the control

accuracy of a surgical manipulator under various hysteresis
condition. Moreover, its performance is superior to that of
vision-based feedback compensation.

In future works, we will investigate how to increase the
accuracy and robustness of joint angle estimation, maintain
control accuracy during surgical operation, and apply ViO-Com
to two surgical arms of K-FLEX for verifying its performance
by conducting ex-vivo surgical tasks.
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