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Abstract

Background Endoscope is the eye of surgeon in minimally invasive surgery (MIS). Prevailing handheld endoscopes are
manually steered, which can cause endoscope-instrument fencing. Robotic endoscopes can reduce the fatigue but could not
reduce collisions. Handheld endoscopes with a flexible bending tip can reduce the shaft pivoting and collisions. However,
its steering is challenging. In this paper, we present a robotic flexible endoscope with auto-tracking function and compare it
with the conventional rigid endoscopes.

Methods A robotic flexible endoscope (RFE) with shared autonomy is developed. The RFE could either track the instru-
ments automatically or be controlled by a foot pedal. A mockup cholecystectomy was designed to evaluate the performance.
Five surgeons were invited to perform the mockup cholecystectomy in an abdominal cavity phantom with a manual rigid
endoscope (MRE), a robotic rigid endoscope (RRE), and the RFE. Space occupation, time consumption, and questionnaires
based on the NASA task load index were adopted to evaluate the performances and compare the three endoscope systems.
An ex vivo experiment was conducted to demonstrate the feasibility of using the RFE in a biological tissue environment.
Results All surgeons completed the mockup cholecystectomy with the RFE independently. Failure occurred in the cases
involving the RRE and the MRE. Inside the body cavity, the space occupied when using the RFE is 17.28% and 23.95%
(» <0.05) of that when using the MRE and the RRE, respectively. Outside the body cavity, the space occupied when using
the RFE is 14.60% and 15.53% (p <0.05) of that by using MRE and RRE. Time consumed in the operations with MRE,
RRE, and RFE are 28.3 s, 93.2 s and 34.8 s, respectively. Questionnaires reveal that the performance of the RFE is the best
among the three endoscope systems.

Conclusions The RFE provides a wider field of view (FOV) and occupies less space than rigid endoscopes.
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Minimally invasive surgery (MIS) has revolutionized the

traditional surgery with its advantages of less suffering,
less chance of postoperative infection, and quicker post-

Chengzhi Song, Xin Ma and Zheng Li contributed equally to this operative recovery [1]. In MIS, the endoscope is inserted
work. through a trocar and provides surgeons with the vision
) inside body cavity [2]. Nowadays, prevailing endoscopes
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these endoscopes are: (1) making the endoscope assistants
suffer from fatigue; (2) highly dependent on smooth coop-
eration between the endoscope assistant and the surgeons
[3]; (3) demanding large motion space when pivoting the
rigid structure endoscope [4]; and (4) limited FOV. To
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endoscope, and smooth the operations. Notable systems
are the 4-DOF automated endoscope system for optimal
positioning (AESOP) [5], the laparoscopic assistant robot
system [6], the EndoAssist [7], the vision control endos-
copy [8], the lightweight synthetic muscle actuator-based
robotic technology [9], low-cost RoboLens [10], and the
SOLOASSIST [11], etc. However, these systems are based
on rigid structure which leads to a lack of dexterity and
limited FOV as reported in reference [12]. A large motion
space of the robotic endoscopes holding systems is needed
when operating the rigid robotic endoscopes [13-16].
Endoscopes with bendable distal section such as the manu-
ally controlled EndoEye Flex [17] and Cardioscope [18]
are proposed. However, driving endoscopes with flexible
structure entails a long learning curve. One promising
solution is integrating the flexible structure based endo-
scope with the robotic endoscope holding system. In ref-
erence [19], attempts are made to motorize the bending
of the flexible tip with a manually controlled shaft. More
recently, a head-mounted Gyro and a foot pedal are used as
human-robot interfaces to control the motion of a flexible
endoscope [20]. However, these two systems mainly rely
on the manual view control. In this paper, the RFE with
shared autonomyj, i.e., automatic view tracking combined
with user control override, is proposed.

Materials and methods

This work does not contain animal/human study. No IRB
(institutional review board) approval is required.

The robotic flexible endoscope

As shown in Fig. 1, the RFE is mainly composed of three
parts: a flexible endoscope module, a robotic holding sys-
tem (Patient Side Manipulator from dVRK [21]), and a user
interface (FPT).

1) The flexible endoscope module, as shown in Fig. 2,
consists of four parts: a flexible wrist, a camera mod-
ule, a carbon-fiber shaft, and a self-designed mount-
ing backend. The design of the flexible wrist is based
on the continuum mechanism [22, 23]. It has eight
disks and two adapters, as shown in Fig. 3A. The
length and the outer diameter of the flexible wrist
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Fig.2 Prototype of the flexible endoscope module. It consists of four
parts: a camera module, a flexible wrist, a carbon-fiber shaft, and a
mounting backend. This module provides three motions: one rolling
motion and two orthogonal bending motions

Fig.1 The CAD model of

the RFE system: a flexible
endoscope module, a robotic
holding system, and a foot pedal
interface for shared control

Robotic
holding system

Insertion

FPT Interface
1
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Fig.3 Design and the dimension of the flexible wrist. A The design
of the flexible wrist is based on the continuum mechanism which is
driven by four cables. The flexible wrist consists of eight disks. On
each disk, there are four holes symmetrically distributed to pilot
the cables. The flexible wrist can provide two orthogonal bending
motions. B The prototype of the flexible wrist. The thickness of each
disk is 1 mm. And the eight disks are equally spaced with a distance
of 2 mm, which makes the total length of flexible wrist 26 mm. Ver-
tebrae have an outer diameter of 7.5 mm, with 4 pilot holes that have
a diameter of 1 mm. The camera module is installed at the end of the
flexible wrist by a 25 mm long adapter

are 26 mm and 7.5 mm, respectively. As shown in
Fig. 3B, the camera module is a mini camera (MD-
V21106L-128, MISUMI ELECTRONIC CORP)
which has a resolution of 640 x 480 pixel and runs
at thirty frames per second. The length of the car-
bon-fiber shaft is 416 mm. The self-designed mount-
ing backend is the interface for integrating with the
robotic holding system.

2) Robotic holding system: the patient side manipulator
(PSM) from the dVRK is adopted as the robotic hold-
ing system which provides yaw, pitch, and in/out inser-
tion motions for the flexible endoscope module.

3) Control interface: the foot pedal tray (FPT) is utilized
as the interface for surgeons. As shown in Fig. 4, five
buttons on the foot pedal tray are activated to receive the
commands from operating surgeons.

Shared autonomy control for the RFE

In this paper, a vision command combined (VCC) inter-
face is proposed to realize the shared autonomy of the
RFE. The ‘vision’ refers to the vision-based auto-track-
ing function, and the ‘command’ means the commands
obtained from the surgeons through an interface (FPT)
[24]. With the proposed VCC interface, surgeons can turn
ON/OFF the auto-tracking function, rotate the endoscope
axially, and zoom IN/OUT the endoscope through a foot
pedal tray (FPT), as shown in Fig. 4.

Auto-tracking is realized with visual servoing [24, 25].
As illustrated by the flow chart in Fig. 4, once the button
‘COAG’ is pressed, the RFE starts auto-tracking. Dur-
ing the auto-tracking, the images obtained by the RFE
are collected and processed to detect blue markers. If the
RFE successfully detects a marker, the program proceeds
to extract the coordinate (position in the images) of the
detected blue marker. The controller will then minimize
the error between the extracted coordinate and the center
of the images. If two or more markers are detected at the
same time, the geometrical center of the markers will be
tracked.

Study design: mockup cholecystectomy

In this work, mockup cholecystectomy is designed to
compare the performances of the three endoscope systems
which are based on the same hardware. By disabling the
bending motions, the RFE system is able to simulate one
control group, i.e., the robotic rigid endoscope (RRE)
system. By further disabling all the motions, the system
can be adopted as the other control group, i.e., the manu-
ally controlled rigid endoscope (MRE) system.

Apart from time consumption, the occupied space is
another important indicator of performance of the RFE
to be evaluated. In this paper, the occupied space refers
to the spatial volume occupied by the systems’ hardware.
And the occupied space can be computed as follows: (1)
all joint positions are recorded by a computer at 100 Hz
frequency during the whole operation; (2) kinematic
model is used to describe the configuration of the three
endoscope systems respectively with the recorded joint
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Fig.4 Shared autonomy control
for the RFE. The correspond-
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ing functions of the five buttons
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positions; (3) the occupied space is determined by the
envelope of all the configurations in the tracking process.

The setup for the mockup cholecystectomy is shown
in Fig. 5. A silicon liver model is placed inside the phan-
tom, and the dark green balloon is used to simulate the
gallbladder. The green straw is used to simulate the cystic
duct, as shown in Fig. 6. Three laparoscopic instruments
are used in this study: a pair of scissors, a grasper, and a
retractor. Blue markers were attached on the tip of each
instrument.

The mockup cholecystectomy includes six steps:

1) Insert a grasper until it appears on the image display;
2) Guide the endoscope (automatic/manual) with the
grasper to the ‘gallbladder’ with a satisfactory view;

3) Insert the retractor until it appears on the image display;

4) Lift the ‘gallbladder’ and liver with the retractor until
the cystic duct is exposed;

5) Insert the scissors and cut the cystic duct (green straw);

6) Retrieve specimen (the dissected ‘gallbladder’) with the
grasper.

Five skilled surgeons participated in this study. Each
surgeon was asked to perform the mockup cholecystec-
tomy three times by using the three different endoscope
systems (MRE, RRE, and RFE) through the conventional
port (incision #1, as shown in Fig. 5), respectively. In
addition, it is expected that there is a higher chance of

@ Springer

instrument-endoscope fencing at incision #1 of the umbili-
cus area, which can show the differences between the
three endoscope systems clearly. All the operations were
repeated in an unconventional location (incision #2 of the
epigastrium region, as shown in Fig. 5) where there is a
lower chance of fencing. During the study, the operating
time and endoscope motions were recorded at a frequency
of 100 Hz for quantitative analysis.

Cholecystectomy: ex vivo experiment

The ex vivo cholecystectomy with porcine liver and gall-
bladder was conducted by another skilled surgeon. The
objective of this experiment is to demonstrate the feasibil-
ity of the RFE to work in a biological tissue environment,
as shown in Fig. 6. The surgeon controlled the RFE with
the shared autonomy method. The porcine liver and gall-
bladder were placed on a steel plate inside the phantom.

Results

The FOV

The maximum pitch angle of the robotic holding system
and the maximum yaw angle are 60° and 90°, respec-
tively. The motion range of insertion is from 0 to 240 cm.
The rotation range of the rolling shaft is from — 180° to
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Fig.5 System setup for the
mockup cholecystectomy and
the simulation environment.
Incision #1 (umbilicus area) on
the phantom is the conventional
location for endoscope insertion
in cholecystectomy. Incision #2
(epigastrium) on the phantom

is chosen as the location to
repeat the operation. A System
setup for the mockup cholecys-
tectomy. An optical bench is
utilized to place the RFE sys-
tem. The laparoscopic phantom
is set on a medical trolley. The
monitors are placed near the
system for streaming. The PC

is placed on the bottom layer

of the trolley. B Setup of the
mockup cholecystectomy within
the phantom. A 1:1 liver model,
a dark green balloon (gallblad-
der), and a green straw (cystic
duct) are set inside the phantom
to simulate the cholecystectomy
(Color figure online)

Fig.6 Ex vivo cholecystectomy experiment with porcine liver and gallbladder

B

Endoscope
In Incision #2
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Fig.7 The illustration of the FOV of rigid and flexible endoscope
systems with the same camera and the same robotic holding system
(PSM). A The FOV of the rigid endoscope at one configuration,
which is only determined by the camera’s FOV (128°). B The FOV
of the RFE is enlarged from 128° to 308° due to the +90° bending
motion provided by the flexible wrist

180°. The maximum bending angle of the flexible wrist
could reach +90°. Compared with a rigid endoscope, the
proposed RFE can expand the FOV from 128° to 308°
without moving the robotic holding system as illustrated
in Fig. 7. With a larger FOV, the RFE has more options
of incision locations (taking incision #2 in the mockup
cholecystectomy as an example).

Analysis of occupied space

A total of thirty operations were conducted by five sur-
geons. The first fifteen operations were conducted with
endoscopes inserted at the umbilicus area (incision #1).
At this port, subjects were all able to finish the operations
by using the RRE and the RFE without any help from
endoscope assistants. In the case of the MRE, an endo-
scope assistant was needed to manipulate the endoscope
under the instruction of the subject. In the other fifteen
operations, endoscopes were inserted at the epigastrium

@ Springer

Fig.8 The visualized reproduction of sampled trajectories conducted»
by one participant using the three endoscope systems respectively.
Blue lines illustrate the trajectory of the robotic holding system. Red
lines are the trajectories of rigid endoscope module of the RRE/MRE
and the rolling shaft of the RFE. Green curves represent the trajecto-
ries by the flexible wrist of the flexible endoscope module. A Trajec-
tory of the MRE in incision #1. B Trajectory of the RRE in incision
#1. C Trajectory of the RFE in incision #1. D Trajectory of the MRE
in incision #2. E Trajectory of the RRE in incision #2. F Trajectory
of the RFE in incision #2 (Color figure online)

area (incision #2). When using the MRE or the RRE,
another assistant was needed to help to lift the ‘liver’ to
expose the gallbladder. In cases with the RFE, no assistant
was needed. Incision #2 was set further away from the
locations for the operating instruments compared with
incision #1. Therefore, there would be more space for
the operation and lower possibility of collision with the
instruments.

By recording the joint values of the robotic holding
system and applying the kinematic model, the motion
sequences of the endoscopes during the operations could
be drawn as in Fig. 8. Then the occupied space can be
calculated. The results are summarized in Tables 1 and 2.

The statistic results of the occupied space with differ-
ent endoscope systems are shown in Fig. 9. The smallest
occupied space was registered by RFE with a statisti-
cally significant difference, as compared with the MRE
(p <0.05) and RRE (p <0.05). However, in each opera-
tion, the desired view and position of the endoscope for
each operating surgeon could be different. Therefore, the
ratio of the occupied space by using the flexible endo-
scope to that of rigid endoscope varied in the range of
8.28-33.97%, as listed in Tables 1 and 2.

More specifically, in incision #1, the ratios of occupied
space by using the RFE to that by using the MRE and the
RRE are 20.11-25.69% inside the body cavity (phantom).
The ratios of occupied space outside the phantom by using
the RFE are reduced to 14.28% and 14.96% to that by using
the MRE and RRE, respectively. The corresponding ratios
with respect to incision #2 are 14.44% and 22.21%, inside
the phantom; 14.92%, and 16.10%, outside the phantom,
respectively.

The average ratios of occupied space inside the phan-
tom by using the RFE to the occupied space by using the
MRE and the RRE are 17.28% and 23.95%, respectively;
the average space occupied outside the phantom by the
proposed RFE are 14.60% and 15.53% to that by using the
MRE and RRE, respectively. Therefore, it could be con-
cluded that the proposed RFE could significantly reduce
the space occupation compared with rigid endoscopes,
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Fig.9 Comparison of the occupied motion space by using three
endoscope systems. A Average occupied space through Incision #1; B
Average occupied space through Incision #2

including RRE and MRE. The reduced space occupation
could provide more space for the surgeons to operate and
reduce the chance of collisions with instruments.

Operating time

The operating time for cholecystectomy with different
endoscope systems is shown in Fig. 10. Through incision
#1, it takes 28.3 s, 93.2 s, and 34.8 s on average to per-
form cholecystectomy with the MRE, the RRE, and the
RFE, respectively. Through incision #2, it takes 31.6 s,
67.8 s, and 45.2 s for the MRE, the RRE, and the RFE,
respectively to complete the procedure. Among all the
cases, the shortest overall operating time is 24.5 s. It is
registered in a case with the MRE, in which two assistants
were involved (one for steering the MRE and the other for
retracting the liver). The RRE took the longest time and
was a lot longer than that with the MRE and the RFE. The
operation time with MRE was a little shorter than that with
RFE. The reason is that the moving speed of the robot was
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20 4

Subjects

Fig. 10 Charts for operating time. The horizontal axis represents the
subjects 1-5. Vertical axis stands for the time cost chart for each step
with the endoscopes. For each subject, three bars represent time cost
with the MRE, the RRE, and the RFE, respectively. The total time
cost is the sum of the time cost for each step. The dark blue box rep-
resents the time cost to manipulate the instruments in the view of the
endoscope. Green box, pink box, blue box, red box, and black box
represent time cost for task 2—-6 sequentially. A Incision #1. B Inci-
sion #2 (Color figure online)

restricted for safety reasons. The operating time by using
the RFE was much shorter than the operating time with
the RRE. The reason might be that the surgeons need to
take care of the fencing with the endoscope-holding robot
due to the largest occupied space of the rigid endoscope.
In addition, the motion of the RRE is larger, which also
leads to a long operating time.

In the case of incision #1, step 2 (guiding the endoscopes)
and step 5 (inserting the scissors and cutting the cystic duct)
contribute a lot to subject the one with RRE. This subject
shows concern of collision with instruments during operat-
ing the rigid endoscope alone which slows down the pro-
cedure. Step 4 (retracting the gallbladder and exposing the
cystic duct) and step 5 play a major role in time consumption
for subjects two, three, and four during operations with the
RRE. The feedback of the subjects reveals that they all have
concern on the possible collisions with the robot arm during
the operation with the RRE.
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the information for MRE. The black bars are the information for RRE

In the case of incision #2, the time cost with the RRE
decreased except for subject five. All subjects showed
fewer concerns of fencing with instruments due to the
further distance of the endoscope. While for subject five,
step 4 took far longer than that of others. This was because
of the suboptimal retraction from the helper that led to
limited exposure to the cystic duct.

Questionnaire

In this study, a questionnaire was designed based on
the NASA task load index (TLX) to evaluate the user
experience with the endoscopes [26]. The NASA-TLX
was initially used as a tool for subjective evaluation of
individual’s workload in flight simulation, automated
and manual control, etc. [27]. Nowadays, it has also been
used for the assessment of user experience with medi-
cal robots/devices [28]. In the questionnaire, the subjects
were required to rate the ‘Mental Demand’, ‘Physical
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TIME PRESSURE

OVERALL
PERFORMANCE

EFFORT FRUSTRATION

and the red bars are the information for the RFE. A Assessment for
three endoscope systems through incision #1. B Assessment for three
endoscope systems through incision #2 (Color figure online)

Demand’, ‘Time Pressure’, ‘Effort’, ‘Frustration’, and
‘Overall Performance’ from 0 to 10. In all these items,
lower marks reflect better evaluation, expect for the
‘Overall Performance’.

The results are shown in Fig. 11. In all the operations,
the MRE scored the lowest in terms of ‘Mental Demand’,
‘Physical Demand’, ‘Time Pressure’, and ‘Effort’. This
is partially attributed to the fact that an additional endo-
scope assistant is involved and the subjects are more
familiar with it. In these items, the RFE scored lower
than the RRE. In terms of ‘Frustration’, the RFE scored
the lowest. In terms of ‘Overall Performance’, the RFE
scored the highest. The possible reason is that the RFE
could track the instruments with a wider FOV. In addi-
tion, it is found that among all the endoscope systems,
the score with incision #1 was over than that with inci-
sion #2 in terms of ‘Mental Demand’, ‘Physical Demand’,
‘Time Pressure’, and ‘Effort’. For the ‘Frustration’, the
score for RFE was lower with incision #2. In terms of
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‘Performance’, the MRE and the RRE showed higher
score with incision #1, while the RFE showed higher
score with incision #2.

Discussion

The proposed RFE provides a larger FOV inside the body
cavity compared with rigid endoscopes (the MRE and the
RRE). With the enlarged FOV, the choice of port for flexible
endoscope systems could be more flexible. This allows the
surgeons choosing ports that are far away from the instru-
ment ports during the operation.

According to the comparison of the occupied space by
using the three endoscope systems, the occupied space of
the MRE was the largest. The RRE and RFE are automati-
cally controlled with visual guidance, which provides a more
precise vision control. The drastic reduction of the occupied
motion space with the RFE has two reasons: the first one is
that the flexible structure of the proposed RFE allows for
distal viewing angle control, and the second one is that the
joints’ motions were further reduced by the control algo-
rithm, in which weight factors were used to control the joint
motion.

The operating time with the RFE is much shorter than the
operating time with RRE. That might be due to the subjects’
concerns of the collision when they were operating with the
rigid endoscopes. On the other hand, since the RRE does
not allow distal view control, it requires larger motion that
costs more time. The least time cost of performing chol-
ecystectomy is by using the MRE. It could be explained
by that the speed of the robot was restricted to eliminate
the safety concerns from the participants since they are not
used to operating alongside the robot. On the other hand, the
speed of manually steering the endoscope was unrestricted.
Another possible reason is that the surgeons are more confi-
dent when working along with the assistant. This also helps
to speed up the operation.

The NASA-TLX assessment showed that subjects con-
sider the RFE better than the RRE in terms of all dimen-
sions. This might be because that the RFE was easier to
control with the VCC method for subjects, and it provides
smooth tracking with smaller occupied space. Although
operations with the RFE demand more than those with the
MRE in terms of ‘Mental Demand’, ‘Physical Demand’,
‘Time Pressure’, and ‘Effort’” dimension, the RFE still
outperformed the MRE with respect to the frustration
and performance. Decreased frustration level could be
explained by the reduction of the motion space, which
helps to reduce the surgeons’ concerns of fencing during
operations.

According to the assessment of operations with endo-
scopes inserted through different ports, incision #1 was

better for both the MRE and RRE. When the MRE and
the RRE were inserted through incision #1, a better view
than that with incision #2 was presented. In addition,
the manipulation of the endoscopes was more intuitive.
When inserted through incision #2, the assistant’s sup-
port was more frequent. In terms of the RFE, the use of
incision #1 and incision #2 showed similar performance,
including space occupation and operation time. From the
NASA-TLX, the overall performance when using incision
#2 is a little better. One of the possible reasons is that
the endoscope was placed further away from the instru-
ments, thus allowing more space for operation. This also
shows that with the wider FOV and enhanced dexterity
inside the body cavity, the flexible endoscope provided
more options for the port placement without sacrificing
the performance.

It should be pointed out that the presented RFE is only
a prototype. To be used in clinical settings, much refine-
ment remains to be done. For example, the image quality
needs to be advanced to higher definition (HD), or even
stereovision. The dimension of the shaft is § mm and
could be further reduced to 5 mm. Lens cleaning and
defogging needs to be considered to reduce the retrac-
tion during operation. Last, sterilization needs to be
considered.
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