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Autonomous Flexible Endoscope for Minimally
Invasive Surgery With Enhanced Safety

Xin Ma , Chengzhi Song, Philip Waiyan Chiu , and Zheng Li, Member, IEEE

Abstract—Automation in robotic surgery has become an increas-
ingly attractive topic. Although full automation remains fictional,
task autonomy and conditional autonomy are highly achievable.
Apart from the performance of task fulfillment, one major con-
cern in robotic surgery is safety. In this paper, we present a flexible
endoscope that can help to guide the minimally invasive surgical op-
erations automatically. It is developed based on the tendon-driven
continuum mechanism and is integrated with the da Vinci research
kit. In total, the proposed flexible endoscope has six degree-of-
freedoms. Visual servoing is adopted to automatically track the
surgical instruments. During the tracking, optimal control method
is used to minimize the motion and space occupation of the flexible
endoscope, which will improve the safety of both the robot system
and the assistants nearby. Compared with the existing rigid en-
doscope, both the experimental results and the user study results
show that the proposed flexible endoscope has advantages of being
safer and less space occupation without reducing its comfort level.

Index Terms—Surgical robotics, laparoscopy, visual tracking,
robot safety.

I. INTRODUCTION

M INIMALLY invasive surgery (MIS) is becoming a stan-
dard of care due to its advantages over open surgery such

as less blood loss, shorter hospital stay, less postoperative pain
and better cosmesis [1]. In MIS, an endoscope is inserted into
the patient’s body to guide surgical operations. Typically, the
endoscope is held and maneuvered by an assistant, namely an
endoscope holder, during the surgery. The assistant maneuvers
the endoscope to view the region of interest (ROI) and places the
ROI in the center of the endoscope view [2]. Yet, holding the
endoscope is physically demanding. In lengthy surgeries, en-
doscope holder would suffer from fatigue, which may, in turn,
affect the performance. One promising approach of addressing
the problem is to develop automatic endoscopes that can adjust
the view without frequent instructions from surgeons. Apart
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from providing the desired view, another important considera-
tion is safety. For example, during surgeries, it has to be made
sure that the endoscope does not collide with the surgical in-
struments inside the body cavity and the clinician/instruments
outside the body cavity.

To reduce the fatigue of assistant surgeons, the endoscope
holder could be robotized and controlled by surgeons [4]. For
example, Naviot [5] proposed a remotely operated endoscope
which can be manipulated with buttons. However, surgeons can-
not reach the buttons when both hands are occupied. In the da
Vinci Surgical System (Intuitive Surgical Inc., Sunnyvale, CA)
and AESOP (Automated Endoscopic System for Optimal Posi-
tioning) system [6], the surgeon controls the endoscopic manip-
ulator by switching the control mode. Nonetheless, the motion
of the endoscope and instruments cannot be controlled at the
same time [7]. Kim et al. proposed an improved novel master
interface (iNMS) based endoscope control method and system.
However, the iNMS is controlled by the hands of the surgeon
who operates the da Vinci Surgical System, which increases the
difficulty of the surgery [8].

An alternate way is to control the view of the endoscope by
using the facial/eye/mouth motion or the voice of the operat-
ing surgeon. Firstly, a novel human–machine interface that can
track surgeons’ facial motions has been proposed to control the
view of the endoscope [9]. However, it is difficult for surgeons
to control their facial motions during surgeries. Then, a voice-
controlled robotic assisting scope holder AESOP is developed
[10]. However, voice based control methods prevent surgeons
from giving verbal orders to assistants, which is essential dur-
ing surgical operations. Eye-motion based method is another
popular hands-off endoscope control method. Eye movements
are essential motor movements controlled by human cognitive
system [11], [12]. Stand-alone eye trackers are used to obtain
the position of the eye gaze to control endoscope. However, the
effects of unconscious eye movements (glancing and saccades)
pose great challenges for eye tracking based endoscope control
system.

Another popular hands-off endoscope control method is tip
tracking based method. A novel tip tracking control method for a
rigid robotic endoscope holder during laparoscopic surgeries is
proposed and applied to the robot ViKY [15]. With this method,
additional sensors and attention of operating surgeons are not
needed to control the view of the endoscope. There is no doubt
that these systems/methods could help surgeons to control the
endoscope. However, the safety factors are not adequately taken
into consideration in these automatic endoscope systems. These
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Fig. 1. The structure of the 6-DOF flexible endoscope. The proposed flexible
endoscope has six DOFs, where joint 1, 2, 3, 4 of the PSM control the pitch,
yaw, insertion and roll of the proposed flexible endoscope, respectively; joint 5
and 6 of the PSM control the bending of the TCM.

systems are built on commercial rigid endoscopes which rely
on pivoting motion to adjust the viewing direction.

In this work, a 6-DOF automatic flexible endoscope integrated
with the DVRK is proposed, as shown in Fig. 1. The proposed
flexible endoscope could adjust its view by tracking surgical in-
struments, which frees the hands of surgeons. More importantly,
combined with the optimal control, both the internal space and
the external space occupied by the flexible endoscope during
the operation is minimized. This could avoid potential instru-
ments fencing and improve the safety of surgeries. The main
contribution of this paper is as follows:

1) developed a 6-DOF automatic flexible endoscope based
on the tendon-driven continuum mechanism (TCM) and
integrated it with the DVRK;

2) developed the kinematic model of the 6-DOF automatic
flexible endoscope and achieved instruments tracking with
visual servoing control;

3) developed the optimal control of the 6-DOF flexible endo-
scope with minimal motion, and studied the space occu-
pation of rigid endoscope and flexible endoscope during
instruments tracking process.

The rest of this paper is organized as follows. In
Section II, the kinematic model of the 6-DOF flexible endo-
scope is introduced. In Section III, the vision-based tacking
method and model are elaborated. In Section IV, the optimal

control method for the 6-DOF flexible endoscope is proposed.
In Section V, the experimental results are shown in detail. At
last, Section VI concludes this work.

II. FLEXIBLE ENDOSCOPE

As shown in Fig. 1, the proposed flexible endoscope has six
DOFs, where joint 1, 2, 3, 4 of the PSM control the pitch,
yaw, insertion and roll of the flexible endoscope; joint 5 and 6
of the PSM control the bending of the TCM. The TCM could
bend in two orthogonal directions independently [19], [20]. And
it is connected to a rigid shaft, which can roll and translate.
Therefore, the first four joints of the proposed flexible endoscope
are conventional rigid joints (rigid part) and the last two joints
of the proposed flexible endoscope control the TCM (flexible
part). In the following parts, the kinematics model of the 6-DOF
flexible endoscope is introduced.

A. The Kinematics of Rigid Part

TCM is installed on the 4th frame of the PSM (origin of frame
{4}), so the transformation from space frame (frame {0}) to
frame {4} of the proposed flexible endoscope is the same as
the transformation from space frame (frame {0}) to frame {4}
of the PSM, as shown in Fig. 1. The forward kinematics of the
rigid part can be computed by using Denavit–Hartenberg (D-H)
convention:

0T 4 = 0T 1
1T 2

2T 4
3T 4 (1)

where iT j represents the transformation from frame {i} to frame
{j}; 3T 4 , 2T 3 , 1T 2 , 0T 1 are the homogeneous transformation
matrixes of the 4th 3rd 2nd and 1st joint respectively, which can
be found in reference [16]. The velocity of each joints of the
rigid part (Q̇rigid ) is related to direct kinematics via a Jacobian
matrix J rigid for rigid part shown below:

0Ẋ4 = J rigidQ̇rigid (2)

where 0Ẋ4 is the velocity vector which consists of linear veloc-
ity and angular velocity for the frame {4} represented in space
frame {0}.

B. The Kinematics of Flexible Part

The TCM is installed on the 4th frame of the PSM. There-
fore, frame {4} is the base frame of the flexible part of the
proposed endoscope. The homogeneous transformation matrix
from frame {4} to the body frame (4T b ) of the TCM can be
calculated [17], [18] as in equation (3) shown at the bottom of
this page, where θ is the bending angle of the flexible part; Φ
is the bending direction of the TCM and l is the length of the
flexible part. The linear and angular velocity related to flexible

4T b =

⎡
⎢⎢⎢⎣

cos2Φ(cos θ − 1) + 1 sin Φ cos Φ(cos θ − 1) cos Φ sin θ l
θ (1 − cos(θ)) cos(Φ)

sin Φ cos Φ(cos θ − 1) cos2Φ(1 − cos θ) + cos θ sin Φ sin θ l
θ (1 − cos(θ)) sin(Φ)

− cos Φ sin θ − sin Φ sin θ cos θ l
θ sin(θ)

0 0 0 1

⎤
⎥⎥⎥⎦ (3)
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part can be drawn from the below Jacobian matrix (Jf lex ):

Jf lex =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

sinΦ(cosθ − 1) l
θ

l
θ2 cos Φ(cos θ + θ sin θ − 1)

−cosΦ(cosθ − 1) l
θ

l
θ2 sin Φ(cos θ + θ sin θ − 1)

0 − l
θ2 (sin θ − θ cos θ)

− cos Φ sin θ − sin Φ
− sin Φ sin θ cos Φ

1 − cos θ 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)
The velocity of the joints of the flexible part is shown as:

4Ẋb = Jf lexQ̇f lex (5)

in which Q̇f lex is the velocity of the joints with respect to the
flexible part. 4Ẋb is the vector consisting of the linear veloc-
ity and angular velocity for the body frame {b} of the TCM
represented in frame {4}.

C. The Kinematics of the 6-DOF Flexible Endoscope

The forward kinematics model of the 6-DOF flexible endo-
scope is shown below:

0T c = 0T 4
4T b

bT c = 0T 4
4T c (6)

where

bT c =

⎡
⎢⎢⎣

1 0 0 0
0 1 0 0
0 0 1 lbc

0 0 0 0

⎤
⎥⎥⎦

is a constant link transformation matrix from body frame {b} of
TCM to camera frame {c}. lbc is the distance between the origin
of the body frame {b} and optical center of the endoscope. The
velocity of end-effector of the 6-DOF flexible endoscope can be
computed by:

Ẋ = JQ̇ (7)

where Q̇ is the velocity of each joints of the 6-DOF flexible
endoscope. The velocity map of 6-DOF flexible endoscope (J)
is given by following 6 × 6 Jacobian matrix:

J =
[
J rigid Jf lex

]
(8)

III. VISION FEEDBACK

This section first presents the surgical instruments tracking
method of the proposed flexible endoscope, and then introduces
the visual servoing model.

A. Tracking Method

To automatically track the motion of surgical instruments with
the proposed 6-DOF flexible endoscope, the coordinates of the
markers on the images need to be obtained [19]. Difficulties for
tracking the surgical instruments are as follows: (1) the rapid
changing of the background of the images obtained by endo-
scope; (2) the instruments’ rolling motion and the uncertainty
of the number of instruments.

In this paper, green is chosen as the marker’s color, since
it is rarely seen naturally inside human bodies. Markers are

Fig. 2. The principle of vision tracking. The green markers are attached on
the tip of the surgical instruments.

Fig. 3. The principle of pinhole model. P is the positional coordinate in the
camera coordinate system. p is the positional coordinate in the image coordinate
system.

applied to the surface of the surgical instruments’ distal end.
The tracking method is as follows: (1) At first, green areas on
each RGB frame are recognized on the basis of the color-based
image segmentation method [21]. Once green area detection is
complete, the RGB frame is converted to gray scale where it
is then smoothed by using a Gaussian filter. (2) Then image
connected regions are selected and the connected areas below
a fixed size threshold (60 pixels) are removed. The threshold
selected is based on the size of the original RGB image so that
a range of cameras are applicable. (3) Lastly, the gray centroid
method is used to obtain the center coordinates of all selected
connected areas. And the mean value of these center coordinates
is used as tracking points to control the motion of the proposed
6-DOF flexible endoscope as shown in Fig. 2.

B. Visual Servo Model

Camera model is the relationship between the 2D information
of images and the 3D information of the world. In the follow-
ing part, two types of coordinate systems (image and global
coordinate systems) are involved in transforming the 2D image
coordinates obtained from the camera to 3D global coordinates
information, as shown in Fig. 3.

In this paper, pinhole model is taken as the imaging model,
which can be written as the following equation [20], [22]:

Zc

⎡
⎣

u
v
1

⎤
⎦ =

⎡
⎢⎣

f/ρw 0 u0 0

0 f/ρh v0 0

0 0 1 0

⎤
⎥⎦

⎡
⎢⎢⎣

x
y
z
1

⎤
⎥⎥⎦ (9)

where (u0 v0 ) represents the center coordinate of image cap-
tured by the endoscope; (u v ) represents the extracted image

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on April 29,2020 at 02:48:58 UTC from IEEE Xplore.  Restrictions apply. 



2610 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 3, JULY 2019

coordinate after image distortion correcting; P = [x, y, z]T is
the positional coordinate in the camera coordinate system; Zc

is the scale factor; f is the focal length of the lens; ρw and ρh

are the weight and length of each pixel on the image sensor. In
typical cases where ρw = ρh , we can express the focal length
in pixels λ = f/ρw = f/ρh ; The distortion of the endoscope is
corrected by using the method in reference [20]. Then we use
a state-of-the-art 2D visual servoing control approach (image-
based control) to control the motion of the proposed flexible
endoscope. [ u̇ v̇ ] can be obtained by [23]:

[
u̇
v̇

]
=

[
λ
z 0 −u

z −uv
λ

λ2 +u2

λ
−v

0 λ
z − v

z
−λ2 −v 2

λ
uv
λ

−u

]
⎡
⎢⎢⎢⎢⎢⎢⎣

vx

vy

vz

ωx

ωy

ωz

⎤
⎥⎥⎥⎥⎥⎥⎦

=
[
1
z
HV ,Hω

]
· Ẋ =

[
1
z
HV ,Hω

]
· J · Q̇ (10)

Suppose that the end-effector is moving with both angular
velocity [ωx ωy ωz ] and translation velocity [ vx vy vz ] with
respect to the camera frame in fixed camera system. Hω =
[ −uv/λ

(−λ2 −v 2 )/λ

(λ2 +u2 )/λ

uv/λ

−v
−u ], HV = [ λ

0
0
λ

−u
−v ]. We can see that the

parameter z in Jacobian is also unknown. Therefore, we use
the measurements of robot and image motion to online estimate
the value of z. The value of z can be linearly estimated from
equation (10) by using least-squares [24].

IV. VISION-BASED CONTROL METHOD

In this part, an optimal control with constraints of minimal
motion is proposed firstly. Then visual servoing control loop for
6-DOF flexible endoscope is introduced.

A. Optimal Control With Minimal Movement

In the optimal control algorithm, a penalty function to opti-
mize Qk = (qk

1 , qk
2 , qk

3 , qk
4 , qk

5 , qk
6 ) is employed [25]. qj

i is the
movement of the i−th joint at the time j. The constraints for
the boundary minimum are:

qk
1 < qmax

1 and qk
2 < qmax

2 (11)

With constraints (11), the following penalty function is de-
veloped as:

f(Qk) = α
(∥∥qk

1 − qk−1
1

∥∥ +
∥∥qk

2 − qk−1
2

∥∥)
+ β

(∥∥qk
3 − qk−1

3

∥∥
+

∥∥qk
4 − qk−1

4

∥∥ +
∥∥qk

5 − qk−1
5

∥∥ +
∥∥qk

6 − qk−1
6

∥∥)

+ r1 min
{
0, qmax

1 − qk
1
}2

+ r2 min
{
0, qmax

2 − qk
2
}2

(12)

where r1 and r2 are safety factors which make sure that the
value of qk

1 is smaller than qmax
1 and the value of qk

2 is smaller
thanqmax

2 . The factor α and β are weight factors to reduce the
movements of the first and the second joint. And the parameters
qk
1 , qk

2 , qk
3 , qk

4 , qk
5 and qk

6 can be estimated by minimizing the ob-
jective function equation (13). Here the Levenberg–Marquardt

Fig. 4. Framework of the control loop for tracking the tips. After target’s
depth information estimating, the images jacobian can be calculated. Then the
proposed minimal movements optimal control method is used to online obtain
the value of the Qk .

algorithm is used to perform the optimization.

minimize f(Qk )

subject to

[
u̇
v̇

]
=

[
1
z
HV ,Hω

]
· J · Q̇ (13)

B. Control Loop for Tracking the Instruments

The developed flexible endoscope is installed onto the PSM
and controlled by computer. Fig. 4 shows the overall framework
of the visual servoing control method.

As shown in Fig. 4, in the tracking framework, the image
coordinate (uk , vk ) of targets is obtained by the endoscope.
Then the tracking error Et can be calculated by:

Et =
√

(uk − ud)
2 + (vk − vd)

2 (14)

where (ud, vd) is the desired image coordinate of the target and
Ed is the permissible error. If Et > Ed , the image Jacobian (Jk )
and the depth information of the target (Zk ) can be estimated
via equation (10). Then by using the proposed optimal con-
trol method, the motion of each joint (Qk ) can be minimized.
Lastly, controllers will give command to the actuators and make
sure the flexible endoscope can reach the desired position and
orientation.

V. EXPERIMENTS

In this section, tracking performances of stationary and mov-
ing targets are tested at first. Then, ex vivo experiments and
surgical FLS tasks are done to evaluate the performance of the
proposed 6-DOF flexible endoscope. Lastly, user experiences
are studied to compare the proposed flexible endoscope with
rigid endoscope.

A. Experimental Setup

As shown in Fig. 5, the test setup includes two parts: a 6-
DOF flexible endoscope and a DVRK. The PSM is controlled
by the DVRK controller. The flexible endoscope includes 3
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Fig. 5. The experimental platform. The test bench includes two parts: a 6-DOF
flexible endoscope and a PSM of the DVRK. A computer is used to display the
images obtained from the endoscope. A number of surgical instruments with
green markers are prepared for ex vivo experiments.

TABLE I
ENDOSCOPE PARAMETERS

components: (1) a camera with the resolution of 640 × 480 pix-
els is installed on the distal end, communicating with computer
through USB. Its frame rate can reach 30 Hz; (2) flexible bend-
ing section consisting of 10 vertebras with an elastic backbone.
The length of the flexible bending section is 40 mm and the
outer diameter is 7.5 mm; (3) a rolling shaft from the DVRK
instruments and self-designed mounting back-end.

The endoscope has been calibrated with Zhang’s calibration
method [20]. And the endoscope parameters are shown in Ta-
ble I. k1 , k2 , p1 and p2 stand for the first order radial distortion
coefficient, the second order radial distortion coefficient, the
first order tangential distortion coefficient and the second order
tangential distortion coefficient respectively.

B. Tracking Stationary Target

In this part, a stationary green marker is tracked three times
by the 6-DOF flexible endoscope system. The diameter of the
marker is 3 mm. The value of the permissible error is set as 10
pixels (Ed = 10 pixels). The target image coordinate (ud, vd)
is the center coordinate of the image (320, 240) and the initial
position is at the lower right corner. The tests are repeated three
times and the tracking trajectories are shown in Figure 6. Results
show that the tracking is reliable.

The tracking error (Et) in each convergence step is shown in
Fig. 7(a). The color points show that the value of the tracking
error Et reduces to 10 pixels in 11 steps. At the first 4 steps, the
value of tracking error Et is decreasing rapidly from 270 pixels
to less than 100 pixels.

The tracking time in each convergence step is shown in
Fig. 7(b). The tracking error Et will drop from 270 pixels to 10
pixels within 1.71 seconds. And the tracking speed is mainly
determined by the movement distance of the proposed flexible
endoscope.

Fig. 6. Target tracking trajectory on the image. The pink symbols are the
desired position and initial position of the target on the image. The color points
are the coordinates of the target in each step during tracking.

Fig. 7. (a) Color points shows the value of the tracking error Et reduces to
10 pixels in 11 convergence steps. (b) The color points are the tracking time in
each convergence step during tracking processing.

Fig. 8. Moving target tracking experiment. A surgical instrument attached by
a green marker is used as a moving target. The instrument passes through the
1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th point. The 4-DOF rigid endoscope and the
6-DOF flexible endoscope are used to track the surgical instrument.

C. Tracking Moving Targets

In this part, the tracking performance of the proposed 6-
DOF flexible endoscope is tested to compare with that of a
4-DOF endoscope. The 4-DOF rigid endoscope has the same
viewing angle and the same resolution as the proposed flexible
endoscope. Then the proposed 6-DOF flexible endoscope and
the 4-DOF endoscope are used to track a moving target in two
different spaces (200 mm × 200 mm × 100 mm rectangular
space and 100 mm × 100 mm × 100 mm cube space). The
moving trajectory is shown in Fig. 8 (the target passes through
the 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th point in sequence).
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Fig. 9. Comparison of spaces occupied by the 4-DOF rigid endoscope (in
blue) and the 6-DOF flexible endoscope (in red). (a) tracking a rectangular
space with a dimension of 200 mm × 200 mm × 100 mm; (b) tracking a cubic
space with a dimension of 100 mm × 100 mm × 100 mm.

As shown in Fig. 9(a), the blue area is the motion space of the
4-DOF endoscope in the process of tracking the moving target
in the rectangular space. The red area is the motion space of the
6-DOF flexible endoscope in the process of tracking the moving
target in the same space. The motion space of the 6-DOF flexible
endoscope is 8.05 cm3 inside the body and 580.16 cm3 outside
the body. By contrast, the motion space of the 4-DOF endoscope
is 51.44 cm3 inside the body and 5903.1 cm3 outside the body.
The motion space of the 6-DOF flexible endoscope is reduced
to 15.55% of the motion space of the 4-DOF rigid endoscope
inside the body and 9.83% of the motion space of the 4-DOF
rigid endoscope outside the body.

And as shown in Fig. 9(b), the blue area is the motion space
of the 4-DOF endoscope which tracks a moving target in cube
space, and the red area is the motion space of the 6-DOF
flexible endoscope which tracks a moving target in the same
space. The motion space of the 6-DOF flexible endoscope is
2.87 cm3 inside the body and 301.64 cm3 outside the body. And
the motion space of the 4-DOF endoscope is 11.56 cm3 inside
the body and 1882.3 cm3 outside the body. The motion space of
the proposed 6-DOF flexible endoscope is reduced to 24.83% of
the motion space of the 4-DOF rigid endoscope inside the body
and 16.3% of the motion space of the 4-DOF rigid endoscope
outside the body.

D. Ex Vivo Experiments

In this section, ex vivo tests are conducted to evaluate the
feasibility of the proposed 6-DOF flexible endoscope. As shown

Fig. 10. Intestine and stomach inspection using the proposed endoscope. The
left image is the picture of the ex vivo experiment field. And the right images
are the images in the model of human body.

Fig. 11. The comparation between the proposed flexible endoscope and the
4-DOF rigid endoscope. The blue columns are the information for flexible
endoscope, and the red columns are the information for the rigid endoscope. (a)
occupied space inside of the body during peg transfer task of 10 participants. (b)
occupied space outside of the body during peg transfer task of 10 participants.
(c) Operation time of the peg transfer time. (d) The scores of the comfort level.

in Fig. 10, porcine stomach and intestine are placed in a position
that resembles the one in vivo. The flexible endoscope is used
to guide a surgical instrument to inspect the overall region. The
porcine stomach size is around 15 cm × 30 cm, with thickness
ranging from 50 mm to 60 mm. The porcine intestine region
is around 3 cm × 30 cm. All samples are contained in a test
box with a width of 18 cm and a length of 40 cm. The flexible
endoscope is introduced into the test box via an opening. During
the inspection, the instruments can be well tracked, and all the
details of the experimental samples can be captured by the 6-
DOF flexible endoscope.

E. User Study

In the fundamentals of laparoscopic surgery (FLS) manual
skills, there are 5 training tasks [26]. These tasks include peg
transfer, precision cutting, ligating loop, intracorporeal knotting
and extracoporeal knotting. During peg transfer, precision cut-
ting and extracorporeal knotting tasks, instruments need to be
operated in a relatively large field, which requires manipulat-
ing the endoscope to guide the task. Therefore, in the evalua-
tion, three tasks (peg transfer, precision cutting and extracor-
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TABLE II
COMPARISON BETWEEN THE FLEXIBLE AND THE RIGID ENDOSCOPE

poreal knotting) are chosen to evaluate the performance of the
automatic flexible endoscope. The tasks are operated by two
hand-held flexible instruments. During the three tasks, the two
instruments can be well tracked. What’s more, 10 participants
(including six participants with engineering background, three
medical students and one surgeon) have been invited to do the
three FLS tasks using both the flexible endoscope and the 4-
DOF rigid endoscope. Then they score for the comfort level
of the two endoscopes (0–10 points). The results are shown in
Fig. 11.

From Fig. 11, we can see that compared with 4-DOF rigid
endoscope, both the internal and external occupied space of
the proposed flexible endoscope is significantly reduced, which
can enhance the safety of the endoscope system during surgery
and enlarge the operating space for surgeons. The scores of
the comfort level and the task operation time by using the two
endoscopes are very close to each other. The advantages of the
proposed flexible endoscope are shown in Table II.

VI. CONCLUSION

In this paper, an automatic 6-DOF flexible endoscope with
enhanced safety is presented. The proposed flexible endoscope
has a distal bending section based on the TCM. It is integrated
with the da Vinci Research Kit (DVRK) with a total of six DOFs.
Automatic instruments tracking by visual servoing is achieved.
The endoscope movement is minimized by using optimal con-
trol method during instrument tracking process. This helps to
reduce the instruments fencing inside the surgical cavity as well
as arms collision outside the body. Experimental testing are used
to evaluate the performance of the proposed automatic flexible
endoscope. Experimental results show that the proposed flexible
endoscope can well track both stationary and moving targets. In
tracking a volume of 200 mm × 200 mm × 100 mm, the inter-
nal space and external space occupied by the flexible endoscope
are 15.55% and 9.87% of conventional rigid endoscopes respec-
tively. This shows that the proposed flexible endoscope could
significantly save the space and reduce the safety problems dur-
ing the MIS procedures. Lastly, user study involving10 subjects
validated that the flexible endoscope can be used in MIS tasks
and could provide wider field of view, and safer operation com-
pared with rigid endoscopes. Limitations still exist in current
system, including blurred image and uneven illumination in-
side body cavity. Our future work aims at reducing image blur
caused by fast motion of instruments. Furthermore, stereoscopic
3D vision will be combined with the proposed system in future
development.

REFERENCES

[1] S. Horgan and D. Vanuno, “Robots in laparoscopic surgery,” J. Laparoen-
doscopic Adv. Surg. Techn., vol. 11, no. 6, pp. 415–419, 2001.

[2] M. Hashizume, K. Konishi, K. Okazaki, and K. Tanoue, “Fundamen-
tal training for safe endoscopic surgery,” Innov. Med. Technol., vol. 49,
pp. 49–51, 2005.

[3] J. H. Kaouk et al., “Single-port laparoscopic surgery in urology: initial
experience,” Urology, vol. 71, no. 1, pp. 3–6, 2008.

[4] Z. Li, J. Feiling, H. Ren, and H. Yu, “A novel tele-operated flexible robot
targeted for minimally invasive robotic surgery,” Engineering, vol. 1, no. 1,
pp. 73–78, 2015.

[5] T. Yasunaga et al., “Remote-controlled laparoscope manipulator system,
naviot, for endoscopic surgery,” Int. Congr. Ser., vol. 1256, pp. 678–683,
2003.

[6] Y. Wang, K. P. Laby, D. R. Uecker, A. A. Mangaser, and M. Ghodoussi,
“Automated endoscope system for optimal positioning,” U.S. Patent 5 878
193, Mar. 2, 1999.

[7] A. Meyer and D. Oleynikov, “Surgical robotics,” in Mastery of Endoscopic
and Laparoscopic Surgery, 4th ed. Norwell, MA, USA: Kluwer, 2013.

[8] M. Kim, C. Lee, N. Hong, Y. J. Kim, and S. Kim, “Development of stereo
endoscope system with its innovative master interface for continuous sur-
gical operation,” Biomed. Eng., vol. 16, no. 1, pp. 12938–12, 2017.

[9] A. Nishikawa et al., “Face mouse: A novel human-machine interface for
controlling the position of a laparoscope,” IEEE Trans. Robot. Automat.,
vol. 19, no. 5, pp. 825–841, Oct. 2003.

[10] C.-A. O. Nathan, V. Chakradeo, K. Malhotra, H. D’Agostino, and R.
Patwardhan, “The voice-controlled robotic assist scope holder aesop
for the endoscopic approach to the sella,” Skull Base, vol. 16, no. 3,
pp. 123–131, 2006.

[11] U. Schwarz and T. Schmuckle, “Cognitive eyes,” Archives suisses de
neurologie et de psychiatrie, vol. 153, no. 4, pp. 175–179, 2002.
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