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Visual Servo of a 6-DOF Robotic Stereo Flexible
Endoscope Based on da Vinci
Research Kit (dVRK) System

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

Abstract—Endoscopes play an important role in minimally inva-
sive surgery (MIS). Due to the advantages of less occupied motion
space and enhanced safety, flexible endoscopes are drawing more
and more attention. However, the structure of the flexible section
makes it difficult for surgeons to manually rotate and guide the
view of endoscopes. To solve these problems, we developed a 6-DOF
robotic stereo flexible endoscope (RSFE) based on the da Vinci
Research Kit (dVRK). Then an image-based endoscope guidance
method with depth information is proposed for the RSFE. With this
method, the view and insertion depth of the RSFE can be adjusted
by tracking the surgical instruments automatically. Additionally,
an image-based view rotation control method is proposed, with
which the rotation of the view can be controlled by tracking two
surgical instruments. The experimental results show that the pro-
posed methods control the direction and rotation of the view of the
flexible endoscope faster than the manual control method. Lastly,
an ex vivo experiment is performed to demonstrate the feasibility
of the proposed control method and system.

Index Terms—Surgical robotics, laparoscopy, visual tracking,
flexible robots.

I. INTRODUCTION

ENDOSCOPES act as the eyes of the surgeon in MIS.
Their safety and flexibility have major influence on the

performance of surgeries. Therefore, many novel endoscopes
have been developed in the last decade such as magnetic actu-
ated endoscopes [1] and flexible endoscopes [2]. The magnetic
actuated endoscopes [3] have realized noncontact control and
smaller motion space occupation. But their performances are
highly affected by the magnetic and electric fields, thus causing
inconvenience during surgeries. Flexible endoscopes have the
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advantages of smaller occupied space, enhanced safety and
higher dexterity [4]. However, most of existing flexible endo-
scopes used in the laparoscopic surgery are manually controlled,
such as the EndoEYE [5] and an articulated universal joint
based flexible access robot proposed in reference [6]. These
manually controlled flexible endoscopes often bring confusion
to camera drivers and increase the learning curve [7]. What’s
worse, driving manually controlled endoscopes will cause the
fatigue of assistant surgeons. To address these challenges, some
semi-robotic flexible endoscope systems have been proposed
in references [8]–[10]. But only two or three DOFs can be
controlled by motors in these semi-robotic flexible endoscope
systems [8]–[10]. Tsutomu et al. propose a new 4 DOFs robotic-
assisted flexible endoscope [11]. In our previous works [12],
[13], a 6-DOF robotic monocular flexible endoscope based on
dVRK is proposed. Yet, the results of the user study and ex-vivo
experiments with the proposed endoscope show that the view
control methods of the robotized flexible endoscope need to be
further studied.

Recently, the remote-control method is used commonly to
control robotic endoscopes [11]. For example, Naviot in [14]
adopts two buttons as hand controller; the da Vinci platform,
which is introduced by Intuitive [15], combines master tool
manipulator with foot pedal tray to remotely control robotic
endoscopes. However, these methods have some drawbacks
such as discontinuous surgical flow. In 2017, an innovative
master interface, which enables the continuous surgical flow,
is introduced [16]. Another popular remote-control method is
to adjust the view of the endoscope by using facial [17], eye
[18] or voice [19] information. In 2003, Nishikawa et al. pro-
posed a facial motion-based interface with which surgeons can
control endoscopes by facial expressions [14]. Then, an eye
motion-based interface is presented [18], in which stand-alone
eye trackers are used to obtain the position of the eye gaze
to control endoscope. However, it is difficult for surgeons to
control their eye or facial motions during surgeries. In 2006,
Nathan et al. tested the voice-controlled robotic assist scope
holder AESOP [19]. It is not perfect either: operating surgeons
cannot give verbal orders to assistants and AESOP at the same
time. Worse still, manipulating these controllers makes it more
complex and difficult for surgeons to perform operations.

Image-based control [20], [21], which can reduce the diffi-
culties of operating endoscopes for surgeons, is another way to
adjust the view of endoscopes. In 2005, a semi-robotic flexible
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endoscope system, whose view direction can be adjusted by
tracking the markers attached on the surgical instruments, is
developed. In the work [11], two DOFs of a flexible endoscope
can be automatically controlled based on the target’s depth
information. The depth information is estimated by using the
homography matrix. Then in 2014, surgical instruments tracking
interface is applied on the rigid structure robot ViKY [22]. Our
previous work extends this technique to a 6-DOF monocular
flexible endoscope system [13]. A predictive controller is used
to estimate the depth information of the surgical instruments.
However, the depth information estimated by the predictive con-
troller is not accurate. Additionally, the insertion depth and the
rotation view of the endoscope cannot be adjusted automatically
based on the above systems.

In this article, an RSFE integrated with the dVRK is proposed.
It can provide the depth information of the end-effectors of
surgical instruments by using the stereo vision technic. Then,
an image-based endoscope guidance method with depth infor-
mation is proposed for the RSFE. Furthermore, an image-based
view rotation control method is presented. In short, the inser-
tion depth and the rotation view of the existing commercial
endoscope systems cannot be adjusted automatically. With the
proposed method and system, the depth and the view can be au-
tomatically controlled by tracking surgical instruments without
causing miscommunication. Main contributions of this paper are
as follows:

1) developed a RSFE based on the tendon-driven contin-
uum mechanism (TCM) [23] and integrated it with the
dVRK; proposed an image-based endoscope view guid-
ance method with depth information;

2) presented an image-based view rotation control method
for the RSFE.

The rest of this paper is organized as follows. In Section II,
the modelling of the RSFE is introduced. In Section III, the
image-based view guidance method for the RSFE with depth
information is detailed. In Section IV, the image-based view
rotation control method is proposed. In Section V, the experi-
mental results are shown in detail. At last, Section VI concludes
this paper.

II. THE MODELING OF THE RSFE

The structure of the RSFE is shown in Fig. 1. In this design, a
flexible endoscope module is developed, which is mechanically
integrated with the patient side manipulator (PSM) through a
modified mounting backend. The flexible endoscope module
includes two mini-cameras, a TCM and a shaft. The PSM is
a 7-DOF actuated manipulator containing 7 joints, six of which
are adopted in our proposed system. Joints 1 to 4 control the
pitch, yaw, insertion and roll of the attached flexible endoscope
module separately. The 5th joint and 6th joints are coupled
together to actuate the orthogonal bending motions of the TCM.
The coordinate frames for modeling are shown in Fig. 1. The
attachments of frame {0} to frame {4} are the same as those of
the original dVRK system [24]. The frame {4} is attached to the
distal end of the shaft, which is also set as the base frame for the
TCM. The frame {e} is attached to the distal end of the TCM. The

Fig. 1. The structure of the proposed RSFE and the coordinate frames for
kinematics modeling.

TABLE I
HYBRID DH TABLE

frame {cam} is attached to the center of the two mini-cameras.
In this article, the kinematic modeling of the proposed RSFE
follows the Denavit-Hartenberg (DH) convention. The matrix
0
cT is the relationship between the joint positions and the pose of
the frame {c}, which can be computed by the following equation:

0
cT = 0

1T
1
2T

2
3T

3
4T

4
eT

e
cT (1)

where e
cT is the transformation from the frame {e} to the

frame {c}, 4
eT is the transformation from frame {4} to frame

{e} and j−1
j T (j ∈ [1, 4]) stands for the transformation from

frame {j − 1} to frame {j}, which can be obtained with the
hybrid table of DH parameters shown in Table I. In Table I,
parameter a represents the movement along the X axis relative
to the current frame; α represents the rotation around the X axis
relative to the current frame; D represents the movement along
the Z axis relative to the current frame; θ represents the rotation
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around the Z axis relative to the current frame; k represents
the curvature of the TCM, and ϕ represents the bending angle
out of bending plane. q1, q2, q3, q4, q5, q6 represent the absolute
angles of the 1st, 2nd, 3rd, 4th, 5th and 6th joint, respectively.
The structure parameters in the system are: lRCC = 0.4318m,
which is the distance from the origin of the 3rd frame to the
remote center point; ltool = 0.4162m, which is the length of the
shaft; lcam = 0.03m, which is the distance from the origin of
frame {e} to frame {cam}. Type 1, 2, 3 and 0 represent revolute
joint, prismatic joint, flexible joint and no joint, respectively.

In this paper, the direct kinematics of the TCM (4eT ) can be
drawn from the following matrix [25]: eq. (2) shown at the
bottom of this page, where cks = cos(k · s), sks = sin(k · s),
cϕ = cos(ϕ), sϕ = sin(ϕ), s stands for the length of the TCM,
ϕ and k are the direction out of bending plane and the curvature
of the TCM, separately. Lastly, the transformation from frame
{e} to the frame on camera {c} is a constant matrix e

cT :

e
cT =

⎡
⎢⎢⎢⎣

1 0 0 0

0 1 0 0

0 0 1 lcam

0 0 0 1

⎤
⎥⎥⎥⎦ (3)

The relationship between the joint motion and the motion
of the frame {cam} with respect to the frame {0} is described
through the Jacobian 0Jc. 0Jc(i1), i1 ∈ [1, 6] is the i1-th col-
umn of the 0Jc. The first 4 columns of the 0Jc with reference
to the frame {0} (0Jc(i1), i1 ∈ [1, 4]) can be obtained by dif-
ferential inverse kinematics equation from [26]. The 5th and 6th
columns of 0Jc can be computed by the following equation:

0Jc(i1), i1 ∈ [5, 6] = Adg04 · 4Jc (4)

where Adg04 = [
0
4R 03×3

03×3
0
4R

]6×6, 0
4R is the rotation matrix ob-

tained from 0
4T , and 4Jc can be computed by the following

equation:

4Jc

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(cks−1)sϕ
k − sks · lcam · sϕ c1 · cϕ + s · cks · lcam · cϕ

sks · lcam · cϕ− (cks−1)cϕ
k c1 · sϕ + s · cks · lcam · sϕ

0 − (sks−k·s·cks)
k2 − s · sks · lcam

−cϕ · sks −s · sϕ
−sϕ · sks s · cϕ
1− cks 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)

where c1 = (cks+k·s·sks−1)
k2 .

The relationship between the velocity of the joints (Q̇) and
the velocity of the frame {cam} (Ẋ) is shown as follows:

0JcQ̇ = Ẋ (6)

III. VISION GUIDANCE WITH DEPTH INFORMATION

In this paper, two identical endoscope cameras are installed
in parallel. Therefore, we assume that the focal lengths of two
cameras (f ) are the same, and b is the distance between the two
cameras.

The relationship between the image coordinate system and
camera coordinate system is shown as follows [27]:

lu = f
cx+ b

2
cz

, lv = f
cy
cz

ru = f
cx− b

2
cz

, rv = f
cy
cz

(7)

where the ( cx cy cz ) is the 3D coordinate of the point P
in the camera frame. pl = ( lu lv ) and pr = ( ru rv ) are the
coordinates of the point P on the left image and right image,
respectively. f is the focal lengths of the two cameras. We set
Ip = [ lu lv ru rv ]T . The derivative I ṗ is given by:

I ṗ = cJIẊ = cJI
0JcQ̇ (8)

where

cJI

=

⎡
⎢⎢⎢⎢⎢⎣

− sc
b 0 lu sc

bf

lulv
f

−lu(lu+ru)
2f − f lu

0 − sc
b

lv sc
bf

lv2

f + f −lv
lu+ru
2f − lu+ru

2

− sc
b 0 ru sc

bf

rulv
f

−ru(lu+ru)
2f − f lv

0 − sc
b

lv sc
bf

lv2

f + f −lv
lu+ru
2f − lu+ru

2

⎤
⎥⎥⎥⎥⎥⎦

and sc =
lu− ru.

A. Task Function for the Mean of the Image Points on the
Left Image

In order to make the surgical instruments at the center of the
left image, let φa � R2 denote a task function defined as the
sample mean:

φa =

(
1
m

∑m
i=1

lui

1
m

∑m
i=1

lvi

)
(9)

where m is the number of the surgical instruments detected on
the left image and the (lui,

lvi) is the coordinate of the i-th
surgical instrument’s tip on the left image. The time derivative

4
eT =

⎡
⎢⎢⎢⎢⎣

(cks − 1) · cϕ2 + 1 (cks − 1) · sϕ · cϕ sks · cϕ (1−cks)·cϕ
k

(cks − 1) · sϕ · cϕ (1− cks) · cϕ2 + cks sks · sϕ (1−cks)·sϕ
k

−sks · cϕ −sks · sϕ cks
sks

k

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(2)
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Fig. 2. The model of the stereo vision system.
∑

l and
∑

l represent the left
and right image coordinate systems, respectively.

∑
c represents the camera

coordinate system.

Fig. 3. The process of the angle calculation on the images.

φa is given by:

φ̇a = Ja

⎡
⎢⎢⎢⎢⎣

I ṗ1

I ṗ2

...
I ṗk

⎤
⎥⎥⎥⎥⎦
= Ja

⎡
⎢⎢⎢⎢⎣

c1JI

c2JI

...
ckJI

⎤
⎥⎥⎥⎥⎦
Ẋ = Ja

⎡
⎢⎢⎢⎢⎣

c1JI

c2JI

...
ckJI

⎤
⎥⎥⎥⎥⎦

0JcQ̇

(10)

where Ja = 1
m [ ag2×4 · · · ag2×4 ] and ag2×4 is the 2× 4 ma-

trix repsseated for m times. ag2×4 = [
1 0 0 0
0 1 0 0

]. ciJI is the ith

target’s Jacobian for image represented in the camera frame. I ṗi

is the time derivative of the ith Ip.

B. Task Function for Insertion Depth Control

As shown in Fig. 2, the depth information of each tip of the
surgical instruments can be obtained by the following equation:

czi =
bf

lui − rui
(11)

where czsi is the depth information of the ith surgical instru-
ment’s tip. (lui,

lvi) and (rui,
rvi) are the coordinates of the

ith surgical instrument’s tip on the left image and right image,
respectively. Let φb � R1 denote a task function defined as the
mean depth of the target, which can be shown as follows:

φb =
1

m

m∑
i=1

zi =
1

m

m∑
i=1

bf
lui − rui

(12)

The time derivative of φb is given by:

φ̇b = Jb

⎡
⎢⎢⎢⎢⎣

I ṗ1

I ṗ2

...
I ṗk

⎤
⎥⎥⎥⎥⎦
= Jb

⎡
⎢⎢⎢⎢⎣

IJc1

IJc2

...
IJck

⎤
⎥⎥⎥⎥⎦
Ẋ = Jb

⎡
⎢⎢⎢⎢⎣

IJc1

IJc2

...
IJck

⎤
⎥⎥⎥⎥⎦

0JcQ̇

(13)

whereJb =
1
m [ bg1×4 · · · bg1×4 ] and bg1×4 is the 1× 4matrix

repeated for m times. bg1×4 = [− bf

(lui−rui)
2 0 bf

(lui−rui)
2 0 ].

C. View and Insertion Depth Control for RSFE

In this paper, the optimal control method is used to achieve
the image-based control with the depth information. The object
function is shown as follows:

f(Q̇) = β1((q̇1)
2 + (q̇2)

2) + β2((q̇3)
2 + (q̇4)

2

+ (q̇5)
2 + (q̇6)

2) (14)

where β1 and β2 are weight factors to reduce the movements of
the first and the second joints. The q̇i is the angle changes of
the ith joint and Q̇ = (q̇1, q̇2, q̇3, q̇4, q̇5, q̇6)T can be estimated
by minimizing the objective function. Here the Levenberg–
Marquardt algorithm is used to perform the optimization.

minimize f(Q̇)

subject to

[
φ̇a

φ̇b

]
=

[
Ja

Jb

]
⎡
⎢⎢⎢⎢⎣

c1JI

c2JI

...
ckJI

⎤
⎥⎥⎥⎥⎦

0JcQ̇ (15)

IV. VIEW ROLLING WITH VISION GUIDANCE

In this section, a novel image-based view rotation control
method is proposed. With this method, the rotation of the view of
the RSFE can be controlled by tracking two surgical instruments.

A. Image Processing Method

In this paper, green is chosen as the marker’s color. Markers
are attached on the surface of the surgical instruments’ distal end
[28]. The image processing method is as follows [11], [29]: (1)
Color-based image segmentation method is utilized to segment
the green areas on each RGB frame [30], [31]. Once green areas
are selected, the RGB frame is converted to gray scale where
it is then smoothed by using a Gaussian filter. The connected
areas below a fixed size threshold (60 pixels) are removed. (2)
shown at the bottom of the previous page, Then, the center
coordinates of all selected connected areas are obtained by using
the gray centroid method. (3) Lastly, the angle between the line
connecting two points and the horizontal line on the images is
calculated.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on April 29,2020 at 02:50:05 UTC from IEEE Xplore.  Restrictions apply. 



824 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 2, APRIL 2020

B. Task Function for the View Rotation of the Image

Let φc � R1 denote a task function defined as the angle (θ)
between the horizontal line and the obtained line on the image
plane, which can be expressed as follows:

φc = θ = arc tan

(
lu1 − lu2

lv1 − lv2

)
(16)

where (lu1,
lv1) is the coordinate of the first surgical instrument

on the left image, and (lu2,
lv2) is the coordinate of the second

surgical instrument on the left image. We set Δu = lu1 − lu2

and Δv = lv1 − lv2. Then the derivative of φc is given by:

φ̇c = Jc

[
I ṗ1
I ṗ2

]
= Jc

[
IJc1
IJc2

]
0JcQ̇ (17)

where

Jc =

[
1

1 + (Δu
Δv )

2 − Δu

(1 + (Δu
Δv )

2
)Δv2

0 0

− 1

1 + (Δu
Δv )

2

Δu

(1 + (Δu
Δv )

2
)Δv2

0 0
]
.

C. Rotation Control for RSFE

Due to possible assembly and manufacturing error, friction
and plastic deformation of the wires with the proposed endo-
scope system, the view of the endoscope may deviate from its
normal direction when it is being rotated. The deviation will, in
turn, cause the surgical instruments to move out of the view. To
solve this problem, in this paper, the instruments are tracked as
the view is being rotated. The optimal control method is used,
and the object function is shown as follows:

f(Q̇) = β1((q̇1)
2 + (q̇2)

2) + β2((q̇3)
2

+ (q̇4)
2 + (q̇5)

2 + (q̇6)
2) (18)

where β1 and β2 are weight factors to reduce the movements of
the first and the second joints, and Q̇ can be estimated by min-
imizing the objective function. Here the Levenberg–Marquardt
algorithm is used to perform the optimization.

minimize f(Q̇)

subject to

[
φ̇a

φ̇c

]
=

[
Ja

Jc

] [
c1JI
c2JI

]
cJ0Q̇ (19)

V. EXPERIMENTS

A. Experimental Platform

As shown in Fig. 4, the experimental platform consists of
four parts: a flexible endoscope module, a PSM, a controller
and a computer. The flexible endoscope module includes two
mini-cameras, a TCM, a shaft and a backend. The resolution of
the two mini-cameras is 640× 480 with the 8 mm base length.
The diameter of each mini-camera is 7.5 mm, and its frequency
is 30 fps. The shaft is made by hollow carbon material with
a length of 416 mm. The TCM is 40 mm long and is made
with 8 vertebras equally placed along the elastic backbone.
Two groups of actuating tendons are fixed on the distal end of
TCM through the pilot holes on each vertebra. All tendons are

Fig. 4. Experimental platform.

passed through the hollow shaft and anchored on the capstans
assembled on the modified mounting backend. The backend is
an interface to integrate the flexible endoscope module into the
robotic holding system. As the surgeons suggest, a foot pedal
tray from dVRK is adopted to receive command from operating
surgeons. The ‘COAG’ button is adopted to switch ON/OFF, the
auto tracking function (direction tracking and depth tracking).
The ‘CAMERA’ button is adopted to initiate the distal rolling
for image-based view rotation.

B. Stationary Target Tracking Experiments

In this part, a stationary green marker is tracked by using the
RSFE, as shown in Fig. 4(a). The diameter of the marker is 1cm.
The value of the permissible image error is set as 10 pixels,
and the value of the permissible depth error is set as 3 mm.
The desired target image coordinate is the center coordinate
of the image (320, 240), and the desired distance between the
endoscope and the target is 60 mm. In the meantime, an NDI
3D Guidance trakSTAR system is used to measure the depth
information of the target as ground truth. The static position
accuracy of the 6 degrees-of-freedom (DOF) EM sensor is
1.4 mm within the measurable ranges. The measurable ranges
of the trakSTAR system is 290 mm × 184 mm × 64 mm, and
the update rate is 80HZ. The tracking tests are repeated for three
times.

The stationary target tracking trajectories on the left image
are shown in Fig. 5(a). The pink triangles are the initial and the
desired positions on the image, respectively. The blue, red and
black lines are the trajectories of the three tests, respectively.
The image errors and depth errors are shown in Fig. 5(b) and
Fig. 5(c), respectively. Fig. 5(d) shows the run time of each
step. In this paper, the image error is defined as the distance
between the target’s current image coordinates and the desired
image coordinates. The depth error is defined as the distance
between the endoscope and the desired target’s position in the
camera coordinate system. We can see that the stationary target
can be moved to the desired image position and the desired depth
rapidly and reliably.
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Fig. 5. Stationary target tracking results. (a) The pink points are the initial and
the desired image positions, respectively. The blue, red and black lines are the
trajectories of the three tests. (b) The blue, red and black lines are the image
errors of each step in the three tests, respectively. (c) The blue, red and black
lines are the target’s depth information of each step in the three tests measured
by two cameras, respectively. The blue, red and black dotted lines are the target’s
depth information of each step in the three tests measured by two EM sensors,
respectively. (d) The blue, red and black lines are the run time of each step in
the three tests, respectively.

Fig. 6. Rotation control of the view of the RSFE. The blue, red and black lines
represent the distance and angle errors in each test.

C. View Rotating Experiments

As shown in Fig. 4(b), in order to test the performance of the
proposed view rotation control method, two stationary targets
are tracked to control the view rotation of the RSFE three times.
In this study, the line generated by two stationary targets is
adjusted to be parallel to the horizontal line on the image. The
initial angle between the obtained line and the horizontal line
on the image is 37°. The initial distance between the midpoint
of the two targets and the center of the left image is 190 pixels.
The desired target image coordinates are the center coordinate
of the image (320, 240), and the desired angle is 0°. The value
of the permissible image error is set as 10 pixels, and the value
of the permissible angle error is set as 5°. The distances from
the midpoint of the two targets to the center of the left images in
each step are shown in Fig. 6(a). The angle errors on the image
are shown in Fig. 6(b). The blue, red and black lines represent
the image error and angle error in each test. We can see that the
image error decreases from 190 pixels to less than 5 pixels in 20
steps, and the angle error decreases from 33° to less than 5° in
20 steps.

Fig. 7. The comparison experiments between the proposed view guidance
method and the manual control method. The four red points are the target points
which spread out in a phantom model at varying positions.

Fig. 8. The required time with both the proposed view guidance method and
the manual control method. The blue boxes are the required time by using the
proposed method. The red boxes are the required time by using the manual
control method.

D. Comparison Experiments Between the Proposed View
Guidance Method and the Manual Control Method

In this part, an experiment is designed in which a participant
needs to control the RSFE with both the proposed control method
and manual control method ten times. The purpose of this study
is to assess the feasibility of the proposed control method by
determining whether it brings any improvement in terms of
speed and convenience over a manual control system. In this
study, four red points are the target points which spread out in
a phantom model at varying positions, as shown in Fig. 7. Then
the participant needs to control the RSFE to make each target to
the center of the field of the view. Meanwhile, insertion depth
needs to be adjusted to make the target within the field depth
of the mini-cameras. Manual control of the system is performed
via a foot pedal input. The view guidance tests are repeated for
ten times.

The required time of each test with both the proposed view
guidance method and the manual control method is shown in
Fig. 8. From the results we can see that the proposed image-based
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TABLE II
VIEW ROTATING METHOD COMPARISON RESULTS

view guidance method can move to the desired position faster
than the manual control method.

E. Comparison Experiments Between the Proposed View
Rotation Control Method and Kinematic Model based View
Rotation Control Method

The view rotation of the endoscope can be controlled by both
kinematic model-based view rotation control method and the
proposed image-based view rotation method. In this part, an
experiment is designed to compare the two view rotation control
methods. Two methods are used to make the same line parallel
to the horizontal line on the image. The line is generated by
two stationary points on the image. The initial angle differences
between the generated line and the horizontal line on the images
are set as 30°, 40°, 50° and 60°, separately. The initial distance
between the center of the two stationary points and the center
of the image is 5 pixels in all tests. Image errors and control
time are selected as criteria to compare the two methods. Image
error is defined as the distance error between the generated line
and the horizontal line on the images. Due to the manufacturing
error, the stationary points in the view will gradually drift and
go beyond the field of view with the kinematic model-based
method, which will stop the control before reaching parallel
with horizontal line. The stopping angle is θT . To compare the
two methods, control time is defined as the time to reach θT for
both kinematic model-based and the proposed control methods.
From Table II, we can see that compared with the kinematic
model-based control method, the proposed control method is
faster and more accurate.

Taking the initial angel of 50° as an example, the images
obtained from the left endoscope by using the two methods
during view rotating are shown in Fig. 9, and the experimental
results are shown in Fig. 10. We can see that the distance
between the center of the two stationary points and the center
of the image can be kept in a smaller value when rotating the
view by using the proposed image-based view rotation method.
However, due to possible assembly and manufacturing errors of
the endoscope system, the distance between the center of the two
stationary points and the center of the image may keep increas-
ing by using the kinematic model-based view rotation control
method. Additionally, compared with kinematic model-based
view rotation control method, by using the proposed method, the
angle between the obtained line and the horizontal line decreases
faster.

Fig. 9. The images obtained from the left endoscope with the two control
methods during the view rotating.

Fig. 10. View rotation experiment results with the initial rotation angel of 50°.
(a) The red and black lines are the distance error bsy using the proposed image-
based rotation control method and inverse kinematic based control method,
respectively. (b) The red line is the run time by using the manual control method.

Fig. 11. Porcine Intestine and Stomach Inspection Experiment. The Left
Image is the Setup of the Ex Vivo Experiments. The Right Image is the Images
in the Abdominal Cavity Model.

F. Ex Vivo Experiments

In this section, an ex vivo test is conducted to demonstrate the
feasibility of the RSFE and the proposed control methods.

In this experiment, a surgeon adjusts the view rotation angle
of the RSFE with proposed image-based view rotation control
method. Then the surgeon is required to observe the porcine
intestine and stomach by using the proposed image-based view
guidance method. As shown in Fig. 11, the size of the porcine
stomach is around 15 cm × 30 cm, with a thickness ranging from
40 mm to 55 mm. The size of the porcine intestine is around
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3 cm × 30 cm. All samples are contained in a test box with a
width of 18cm and a length of 40 cm. The RSFE is introduced
into the test box via an opening. During the observation, sur-
gical instruments can be well tracked, and all the details of the
experimental samples can be captured by the RSFE. The surgeon
indicated that the trace function of the proposed endoscope will
not interrupt the surgery or prolong the procedure. However,
the continuous camera movements do cause the images to blur.
Therefore, we set an area in the middle of the images, and when
the markers’ coordinates are in this area, the proposed endoscope
will not track them [13]. Notice that, the proposed RSFE can be
easily used in both manual and multi-port robotic laparoscopy. In
manual laparoscopies, it can reduce surgeons’ fatigue and avoid
miscommunication. And in multi-port robotic laparoscopies, it
can reduce the occupied space and avoid miscommunication.

VI. CONCLUSION

In this paper, a Robotic Stereo Flexible Endoscope is de-
veloped based on dVRK system. Then an image-based view
guidance method with depth information is proposed for the
RSFE. With this method, the view of the flexible endoscope can
be adjusted by tracking surgical instruments, and the insertion
depth of the flexible endoscope can be adjusted to keep the
distance between the endoscope and the surgical instrument in
the desired working range. Compared with the manual control
method, the endoscope can reach the desired view faster and
more accurately. Additionally, an image-based view rotation
control method for the RSFE is presented, in this paper. With
this method, the rotation of the view can be adjusted by tracking
two surgical instruments. Compared with the traditional inverse
kinematic based control method, the rotation of the view can
be controlled faster and more accurately. Lastly, the feasibility
of the proposed control method and system is demonstrated by
an ex vivo experiment with an abdomen phantom. Our future
work aims at reducing motion blur, integrating with augmented
reality and applying the proposed system to in vivo experiments.
Additionally, the marker attachment method has limitations such
as contamination by blood and light source dependence. A
learning-based instruments’ tips identification method will be
further studied.

REFERENCES

[1] C. D. Natali, M. Beccani, N. Simaan, and P. Valdastri, “Jacobian-based
iterative method for magnetic localization in robotic capsule endoscopy,”
IEEE Trans. Robot., vol. 32, no. 2, pp. 327–338, Mar. 2016.

[2] Z. Li, M. Z. OO, V. Nalam, V. D. Thang, H. Ren, T. Kofidis, and H.
Yu, “Design of a novel flexible endoscope—cardioscope,” J. Mechanisms
Robot., vol. 8, no. 5, Apr. 2016 Art. no. 051014.

[3] T. Cheng, W. Li, C. S. H. Ng, P. W. Y. Chiu, and Z. Li, “Visual servo con-
trol of a novel magnetic actuated endoscope for uniportal video-assisted
thoracic surgery,” IEEE Robot. Autom. Lett., vol. 4, no. 3, pp. 3098–3105,
Jun. 2019.

[4] N. Simaan, R. Taylor, and P. Flint, “A dexterous system for Laryngeal
surgery,” in Proc. IEEE Int. Conf. Robot. Autom., 2004, pp. 351–357.

[5] “Our Products, OLYMPUS MEDICAL Hong Kong, 2019. [Online]. Avail-
able: http://olympusmedical.com.hk/products/index.html. [Accessed: 04-
Sep. 2019].

[6] J. Shang et al., “An articulated universal joint based flexible access robot
for minimally invasive surgery,” in Proc. IEEE Int. Conf. Robot. Autom.,
2011, pp. 1147–1152.

[7] J. Perrone, C. Ames, Y. Yan, and J. Landman, “Evaluation of surgical
performance with standard rigid and flexible-tip laparoscopes,” Surgical
Endoscopy, vol. 19, no. 10, pp. 1325–1328, 2005.

[8] B. P. M. Yeung and T. Gourlay, “A technical review of flexible endoscopic
multitasking platforms,” Int. J. Surgery, vol. 10, no. 7, pp. 345–354, 2012.

[9] L. Ott, F. Nageotte, P. Zanne, and M. D. Mathelin, “Simultaneous phys-
iological motion cancellation and depth adaptation in flexible endoscopy
using visual servoing,” in Proc. 2nd Int. Conf. Biomed. Robot. Biomecha-
tronics, 2008, pp. 568–573.

[10] A. Agustinos, R. Wolf, J. A. Long, P. Cinquin, and S. Voros, “Visual servo-
ing of a robotic endoscope holder based on surgical instrument tracking,”
in Proc. 5th IEEE RAS/EMBS Int. Conf. Biomed. Robot. Biomechatronics,
2014, pp. 13–18.

[11] T. Iwasa et al., “A new robotic-assisted flexible endoscope with single-
hand control: Endoscopic submucosal dissection in the ex vivo Porcine
stomach,” Surgical Endoscopy, vol. 32, no. 7, pp. 3386–3392, Jul. 2018.

[12] C. Song, X. Ma, X. Xia, P. W. Y. Chiu, C. C. N. Chong, and Z. Li, “A
robotic flexible endoscope with shared autonomy: A study of mockup
Cholecystectomy,” Surgical Endoscopy, 2019. [Online]. Available: https:
//www.ncbi.nlm.nih.gov/pubmed/31722046.

[13] X. Ma, C. Song, P. W. Chiu, and Z. Li, “Autonomous flexible endoscope
for minimally invasive surgery with enhanced safety,” IEEE Robot. Autom.
Lett., vol. 4, no. 3, pp. 2607–2613, Jan. 2019.

[14] T. Yasunaga et al., “Remote-controlled laparoscope manipulator sys-
tem, Naviot, for endoscopic surgery,” in Proc. Int. Congr. Series, 2003,
vol. 1256, pp. 678–683.

[15] Intuitive Surgical, Intuitive|da Vinci|Robotic Surgical Systems, 2019.
[Online] Available at: https://www.intuitive.com/en-us/products-and-
services/da-vinci [Accessed 4 Sep. 2019].

[16] M. Kim, C. Lee, N. Hong, Y. J. Kim, and S. Kim, “Development of stereo
endoscope system with its innovative master interface for continuous
surgical operation,” BioMed. Eng. OnLine, vol. 16, no. 1, pp. 81-1–81-16,
Dec. 2017.

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

[18] U. Schwarz and T. Schmuckle, “Cognitive eyes,” Archives Suisses De
Neurologie Et De Psychiatrie, vol. 153, no. 4, pp. 175–179, 2002.

[19] C.-A. Nathan, V. Chakradeo, K. Malhotra, H. Dagostino, and R. Patward-
han, “The voice-controlled robotic assist scope holder AESOP for the
endoscopic approach to the sella,” Skull Base, vol. 16, no. 03, pp. 123–131,
Aug. 2006.

[20] C. S. Bell, K. L. Obstein, and P. Valdastri, “Image partitioning and illumina-
tion in image-based pose detection for teleoperated flexible endoscopes,”
Artif. Intell. Medicine, vol. 59, no. 3, pp. 185–196, Nov. 2013.

[21] R. Reilink, S. Stramigioli, and S. Misra, “Image-based flexible endoscope
steering,” IEEE/RSJ Int. Conf. Intell. Robots Syst., 2010, pp. 2339–2344.

[22] S.-Y. Ko, J. Kim, D.-S. Kwon, and W.-J. Lee, “Intelligent interaction be-
tween surgeon and laparoscopic assistant robot system,” in Proc. ROMAN.
IEEE Int. Workshop Robot Human Interactive Commun., 2005, pp. 60–65.

[23] Z. Li, L. Wu, H. Ren, and H. Yu, “Kinematic comparison of surgical
tendon-driven manipulators and concentric tube manipulators,” Mecha-
nism Mach. Theory, vol. 107, pp. 148–165, 2017.

[24] P. Kazanzides, Z. Chen, A. Deguet, G. S. Fischer, R. H. Taylor, and S. P.
Dimaio, “An open-source research kit for the da Vinci surgical system,”
in Proc. IEEE Int. Conf. Robot. Autom., pp. 6434–6439, 2014.

[25] R. J. Webster and B. A. Jones, “Design and kinematic modeling of constant
curvature continuum robots: A review,” Int. J. Robot. Res., vol. 29, no. 13,
pp. 1661–1683, Oct. 2010.

[26] B. Siciliano, L. Sciavicco, L. Villani, and G. Oriolo, Robotics: Modelling,
Planning and Control. London: Springer, 2010, Ch. 3.

[27] P. I. Corke, Visual Control of Robots: High-Performance Visual Servoing,
Taunton, Somerset, England: Research Studies Press, pp. 151–169, 1997.

[28] Z. Jia et al., “Pose measurement method and experiments for high-speed
rolling targets in a wind tunnel,” Sensors, vol. 14, no. 12, pp. 23933–23953,
Dec. 2014.

[29] Z. Wang et al., “Image-based trajectory tracking control of 4-DoF Laparo-
scopic instruments using a rotation distinguishing marker,” IEEE Robot.
Autom. Lett., vol. 2, no. 3, pp. 1586–1592, Mar. 2017.

[30] F. Garcia-Lamont, J. Cervantes, A. López, and L. Rodriguez, “Segmen-
tation of images by color features: A survey,” Neurocomputing, vol. 292,
pp. 1–27, May. 2018.

[31] L. Qian, A. Deguet, and P. Kazanzides, “ARssist: Augmented reality on a
head-mounted display for the first assistant in robotic surgery,” Healthcare
Technol. Lett., vol. 5, no. 5, pp. 194–200, Nov. 2018.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on April 29,2020 at 02:50:05 UTC from IEEE Xplore.  Restrictions apply. 

http://olympusmedical.com.hk/products/index.html
https://www.ncbi.nlm.nih.gov/pubmed/31722046
https://www.intuitive.com/en-us/products-and- ignorespaces services/da-vinci ignorespaces &lsqb;Accessed ignorespaces 4 ignorespaces Sep. ignorespaces 2019&rsqb;


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


