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Abstract—Transoral robotic surgery (TORS) allows for
access to oropharyngeal regions in an effective and minimally
invasive manner. However, safe TORS access to deep
pharyngeal (such as hypopharynx) sites remains a great
challenge for current surgical robotic systems. In this work,
we introduce a novel continuum robot with an optimized
flexible parallel mechanism, to meet stringent requirements
imposed by TORS on size, workspace, flexibility, and
compliance. The system is comprised of two parts, a guidance
part and an execution part, and achieves 11 controllable
degrees of freedom. The execution part of the robot, based
on the optimized flexible parallel mechanism, is able to reach
deep sites in the oropharynx and larynx with the assistance of
the continuum guidance part. In addition to the mechanical
design, extensive analysis and experiments were carried out.
Kinematic models were derived and the reachable workspace
of the robot was verified to cover the entire target surgical
area. Experimental results indicate that the robot achieves
significantly enhanced compliance. Additionally, the de-
signed robot can withstand a load of 1.5 N within the
allowable range of the deflection. The positioning errors
caused by the interference between different mechanisms can
be effectively eliminated using the proposed compensation
method. The maximum displacement error of this system
under various conditions is less than 2 mm and the maximum
bending error is less than 7.5°, which are satisfied for TORS.
Cadaver trials were conducted to further demonstrate the
feasibility. The reduced setup time and the reduced time to
access the target site indicate that the developed surgical
robotic system can achieve better operative efficiency in
TORS when compared with current systems.

Keywords—TORS, Surgical robot, Hybrid mechanism, Con-
tinuum robot, Flexible parallel robot.
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INTRODUCTION

The wupper aecrodigestive tract, including the
oropharynx and larynx, has a long, narrow, and
irregularly arc-shaped operative space, leading to great
difficulties in the treatment of diseases in these areas.'”
As a typical form of minimally invasive surgery (MIS),
transoral surgery (TOS) gains access to the surgical site
through the oral cavity. Therefore, TOS offer patients
alternatives to conventional open approaches with
minimized trauma, shortened hospital time, improved
outcome, and obvious cosmetic improvements. How-
ever, the development of TOS is facing a bottleneck
due to the use of traditional surgical instruments. The
insufficient distal dexterity of these instruments and the
fulcrum effect caused by the insertion port result in the
loss of direct hand-eye coordination and motion
scaling.'” Additionally, the use of the suspension
laryngoscope incurs a high risk of inducing a variety of
complications.?

Robotic technology is capable of restoring and
augmenting the reduced perception and motor skills of
surgeons in the confined intra-body environment,>’
which makes it possible to address challenges and
realize the full potential of TOS.'"" This emerging
procedure is termed transoral robotic surgery (TORS).
To the best of our knowledge, two surgical robotic
systems have obtained FDA approval to be marketed
for TORS. The Da Vinci® robotic system (Intuitive
Surgical, Inc., CA, USA) is a widely used surgical ro-
botic system in TORS. Although the system has
achieved encouraging oncological and functional out-
comes,”” bulky operating forearms and a rigid straight
configuration make operation in tight cavities chal-
lenging. Moreover, the workspace of this surgical ro-
botic system is constrained to the oropharynx,
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restricting its applications in deeper anatomical sites.
The Flex® surgical system (Medrobotics, Inc., Rayn-
ham, MA, USA) has increased flexibility and a larger
workspace. Nevertheless, the lack of the master—slave
control system, slow motion, and limited load capa-
bility deteriorate its performance in TORS.'®>

Technically, surgical robotic systems with various
mechanisms have been developed for MIS.>*3%3!
Most surgical robots adopt the serial mechanism,
which is composed of discrete and rigid links.”'*-%!
Because every joint is independently controllable, this
type of robot features a relatively large workspace and
achieves high dexterity as well as high motion accu-
racy. Nevertheless, the incapacity of rigid links to bend
continuously leads to decreased compliance.”* Scaling
down the size while retaining reliability is another
difficulty that precludes the utilization of such robots
in TORS. Parallel mechanisms, which are character-
ized by high precision, enhanced load -capacity,
increased dexterity, and excellent reliability, have also
been employed in the design of surgical robots.'>***’
In addition to minimizing of the size, their extremely
high stiffness and low compliance will lead to serious
safety issues.® Compared with these two mechanisms,
the continuum robot is more suitable for medical
application due to its inherent structural compliance
and ease of miniaturization, compared with rigid
multi-body kinematics.**>  However, complicated
modelling analysis results in decreased motion accu-
racy. In addition, the workspace and load capacity are
reduced compared with fully actuated robots.!”

Efforts have been made to investigate new design
concepts that integrate multiple mechanisms, termed
hybrid mechanisms. The serial robot and the continuum
robot are combined in the design of a multitasking sur-
gical robot,?® which contributes to improved flexibility
and a larger workspace. A similar design concept
involving the insertion of rigid joints between contin-
uum segments achieved better security than did serial
robots and more precise motion control than did con-
tinuum robots.® Recently, a bending mechanism, re-
ferred to as the parallel continuum mechanism, was
shown able to retain advantages of both the rigid-link
parallel robot and the continuum robot.* As shown in
Table 1, a single mechanism has its own merits and
demerits and cannot satisfy all the requirements of
TORS. In contrast, hybrid mechanisms, which inherit
advantages from every single mechanism and remedy
their shortcomings by drawing the strengths of others,
are able to achieve comprehensively improved perfor-
mance compared to single mechanisms. Therefore, a
suitable hybrid mechanism is believed to have the ability
to meet the strict requirements imposed by TORS.

In this work, a novel hybrid mechanism is proposed
and employed in developing a surgical robotic system
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for TORS. The major contributions of this work can
be captures by the following four aspects: To the best
of the authors’ knowledge, this is the first attempt to
connect the design concept of a continuum robot and
the flexible parallel mechanism in the development of a
surgical robot. Additionally, the flexible parallel
mechanism is optimized based on our previous
design,' which has a simplified structure for alleviat-
ing the interference between different mechanisms.
Furthermore, kinematic analysis and extensive inves-
tigations, including bending stiffness characterization,
positioning accuracy testing, and load capability eval-
uation were carried out to evaluate the performance of
the developed surgical robotic system. Finally, cadaver
trails were successfully implemented in a master—slave
teleoperation mode, demonstrating the feasibility and
efficiency of the designed surgical robotic system in
TORS.

MATERIALS AND METHODS

Design Goals

To pass through the oral cavity and conduct surgi-
cal interventions in the complex and confined envi-
ronments of the oropharynx and larynx, five design
goals should be achieved in the development of a robot
for TORS. First, the cross-section of the distal part of
the robot should be within a circle with a diameter of
20 mm.” Second, the robot should have the ability to
generate a bending motion with a maximum angle
larger than 90° to bypass the epiglottis. Third, the
reachable workspace of the robot should have a vol-
ume larger than 30 mm * 25 mm * 50 mm to cover
the whole space of target surgical areas.”*® Fourth, the
robot is expected to have a reasonable bending stiff-
ness to obtain adequate compliance and protect crucial
tissues. Finally, the robot should achieve quick
installation and shortened setup time during a surgery.

Robot Design

Figure 1 provides an overview of the surgical ro-
botic system developed in this work for TORS, which
consists of an execution part and a guidance part (see
Fig. 1c). During a typical TORS procedure, the exe-
cution part, which contains two manipulators and one
vision unit, is facilitated by the guidance part to reach
the target surgical site by traversing the oral cavity as
shown in Fig. Ib. The flexible parallel mechanism,
based on which two manipulators and a vision unit are
developed, is optimized to improve performance and
be combined with the bendable segment, which adopts
the design concept of a continuum robot to constitute
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TABLE 1. Features of surgical robots with different mechanisms.

Serial robots

Continuum robots

Parallel robots Hybrid mechanisms

Workspace +++++ +++
Flexibility + ++++
Dexterity +++ +
Compliance + +++++
Load capacity +++++ +
Accuracy ++++ +
Scaling down + +++++

+ +++++
+ +H+++
+H+++ +H+++
+ +H+++
+H+++ +++

+H+++ +H+++
+ +++
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FIGURE 1. Overview of the designed surgical robotic system: (a) surgical scenario. (b) Section view of the robot in the working
state. (c) Exploded diagram of the guidance part. (d) Execution part. (e) Linear motion unit. (f) Bendable segment. (g) Optimized

flexible parallel mechanism.

a novel hybrid mechanism. Owing to the nickel-tita-
nium (Ni—Ti) rod based actuation mechanism, the
actuation part is separated from the main body of the
robot, which further reduces the size of the robot.
Consequently, the designed robot has a compact
structure of 200 mm x 50 mm x 46.5 mm and a light
weight of 480 g, which can be easily attached to a
multi-degrees of freedom (multi-DOF) stand mounted
to a hospital bed, as depicted in Fig. 1a, satisfying the
compatibility requirement of most operating the-
atres.*”

The execution part is responsible for completing
surgical operations and providing visual feedback to
the operator. As illustrated in Fig. 1d, the vision unit is
located above two manipulators, which enables more
intuitive control of the manipulators. Both the
manipulator and the vision unit are developed based
on a flexible 3-PU parallel mechanism. In our previous

work,"? superelastic Ni-Ti rods were utilized to replace
part of the rigid links of a conventional parallel robot,
which was verified to provide significant improvements
to the robot in terms of compact structure and better
flexibility. This flexible parallel mechanism was further
optimized in this work such that both the manipulator
and the vision unit can be combined with the guidance
part. As depicted in Fig. 1g, each serial chain was
simply composed of a universal (U) joint and a Ni-Ti
rod (diameter 0.6 mm). One end of a universal joint is
fixed to the moving platform and the other end is
connected to a Ni-Ti rod. A Ni-Ti rod passing
through a hole in the base platform forms a prismatic
(P) joint, which is directly connected to the actuation
part. Taking advantage of the flexible deformation of
Ni-Ti rods, this optimized 3-PU flexible parallel
mechanism can still achieve 3-DOF motions, including
2-DOF bending motions and one linear motion, by

BIOMEDICAL
ENGINEERING
SOCIETY



1332 Gu et al.

pushing/pulling three Ni-Ti rods. Compared with our
previous design and other studies employing Ni—Ti
rods, the distinctions and superiorities of this mecha-
nism are embodied in the following four aspects: First,
rigid links are completely removed and replaced by
slender and super-elastic Ni—Ti rods, which contributes
to a more compact structure, simpler assembly process,
and reduced manufacturing cost. Second, the Ni-Ti
rod-based actuation method plays a similar role as the
cable-driven mechanism in reducing the size of the
robot. Moreover, errors caused by intermediate
transmission components, e.g., flexible shaft,' can be
eliminated. Third, in addition to two dexterous and
flexible manipulators, the vision unit possesses three
independently controllable DOFs, which are able to
provide the operator with a wider and more flexible
angle of view. Finally, the minimal bending radius of
this mechanism is 4.22 mm while other designs
employing Ni-Ti rods have a bending radius larger
than 5 mm,'>' which contributes to the better dex-
terity of this robot.

To quickly replace surgical instruments during sur-
gery, a detachable clamping device with a diameter of
5 mm was carefully designed, which is connected to the
moving platform by screw threads, as depicted in
Fig. 1d.

The guidance part, which is composed of a linear
motion unit and a bendable segment, was designed to
facilitate the execution part in reaching the target
surgical site. Figure le shows the CAD model of the
linear motion unit. The output shaft of a motor (RE
13, Maxon Motor, Inc., Sachseln, Switzerland) is
connected to a lead screw (diameter 4 mm, lead 1 mm)
via an elastic coupling. A square nut is matched with
the lead screw and fixed to the slide block of a linear
guide. Thus, the square nut has only one controllable
translational DOF with a maximum displacement
equal to 80 mm. To enhance the safety of the robot,
micro limit switches are utilized to avoid the collision
between the square nut and other components. Addi-
tionally, a linear displacement sensor (KP12-100,
Miran Technology Co., Ltd., Shenzhen, China) is
utilized to provide position information for feedback
control. The bendable segment, which is bolted to the
square nut of the linear motion unit (see Fig. 1c), is the
part that will move in the confined and complex intra-
body environment and has a high probability con-
tacting crucial tissues. For adequate flexibility and
compliance, the design concept of continuum robots is
employed in the design of this part. As depicted in
Fig. 1f, a number of identical vertebrae are sequen-
tially connected to form a series of revolute joints. For
each vertebra, the cross-section is 15 mm x 10.3 mm,
satisfying the design goal. By pulling a Ni-Ti rod (di-
ameter 0.3 mm) with one end fixed to the distal ver-
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tebra, the bendable segment can bend to a maximum
angle of 180°. In addition, tubes made of Teflon, which
is a type of self-lubricating material, are used as the
outer casings.

In this work, the optimized flexible parallel mecha-
nism and the continuum structure of the guidance part
were skillfully combined to constitute a novel hybrid
mechanism. As depicted in Fig. 1d, Ni-Ti rods, which
are used to drive motions of the execution part, pass
through pinholes in vertebrae with the distal vertebra
serving as the base platform for the manipulators and
the vision unit. Due to their superelasticity, the Ni-Ti
rods of the execution part can conform to the shape of
the bendable segment, in which case these Ni-Ti rods
can still generate pulling/pushing movements to con-
trol the motions of the flexible parallel mechanism. The
linear motion of these Ni—Ti has no influence on the
bending motion of the guidance part, as confirmed by
the results of the positioning accuracy tests. In this
hybrid mechanism, the guidance part operates as an
“arm” and the manipulator plays the role as a “wrist”.
For the guidance part, the super-elastic rods provide
the indispensable elasticity of the continuum structure,
which contributes to the robot’s enhanced compliance
and safer interactions with patient tissues of the robot.
Meanwhile, the maximum linear displacement of the
manipulator is increased from 20 to 120 mm and the
maximum bending angle is up to 225°. The total
number of controllable DOFs of the robot is 11.
Consequently, this hybrid mechanism contributes to
the compact structure, enhanced compliance, im-
proved flexibility, and increased workspace of the ro-
bot. Although the bending motion of the guidance part
will lead to the distortion of the manipulator and the
vision unit, this problem can be alleviated by keeping
the orientation of the manipulator and the vision unit
relative to the distal vertebra of the bendable segment
unchanged. This compensation method is also of great
importance for enhancing the maneuverability of the
manipulator. Additionally, the bending motion of the
bendable segment has no influence on the DOF or the
motion range of the execution part. The impact caused
by the bending motion on the positioning accuracy of
the manipulator was investigated as described in the
experimental part.

Figure 2 shows the actuation part of the surgical
robotic system, which contains four controller boards
(SIMLAB, Zeltom Co., Ltd., Michigan, USA), nine
identical small linear actuation units for the control of
the execution part, and one large linear actuation unit
for the actuation of the bending motion of the guid-
ance part. The bending motion of the guidance part
requires a relatively large actuation force. As a result, a
higher-power motor (RE25, Maxon Motor, Inc.,
Sachseln, Switzerland) is utilized in the large linear
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FIGURE 2. CAD model of the actuation part.
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FIGURE 3. Parameters for kinematic analysis. (a) Parameters of the guidance part. (b) Parameters of the side view of the distal
vertebra. (c) Parameters of the front view of the distal vertebra. (d) Parameters of the side view of the ith vertebra.

actuation unit. The small linear actuation unit adopts
the same motor as the linear motion unit. As illustrated
in Fig. 2, both linear motion units have a structure
similar to the linear motion unit and operate according
to the same principle. There are two major modifica-
tions. First, the outer casing of Ni—Ti rods is fixed to
the base using set screws, which can be easily removed
and replaced. Second, the Ni-Ti rod is connected to
the square nut via a force sensor. Thus, the actuation
force on the Ni-Ti rod can be measured.

Kinematic Analysis

The parameters of the guidance part are described
in a plane as shown in Fig. 3a. The coordinate frame
O-X7Y is attached to the center of the elastic coupling
with the X-axis coinciding with the center-line of the
lead screw. x is the position of point E on the X-axis,

which denotes the insertion depth of the guidance part.
The angle ¢ between the distal vertebra and the X-axis
is referred to as the bending angle of the guidance part.
According to the geometrical relationship, the inser-
tion depth x can be expressed as follows:

x=d+[+a(cosb +cosb,+---+cosb,_|)
+ecoso, (1)

where d is the displacement of the slide block of the
linear motion unit, /, « and b are geometric parameters,
n is the number of the vertebra, and 0; is the bending
angle between the ith vertebra and the X-axis. In the
absence of an external load, the bending angles
between adjacent vertebrae are assumed to be identi-
cal. Consequently, 0; can be expressed as follows:

gi:%xi (i=1,2,....n—1). (2)
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FIGURE 4. Parameters for kinematic analysis of the
optimized flexible parallel mechanism.

Substituting Eq. (2) into (1) yields:

d= (x—l—i—g) + (g—e) xcosa—gsinocot%.

3)

The bending angle of the guidance part is deter-
mined by the displacement of the Ni—Ti rod utilized to
control the bending motion. The displacement of this
Ni—Ti rod w can be written as follows:

w=nxAs=nx ((a—b)— (%—g) ><q)>,

(4)

where As is the variation in a single arc length, ¢ is the
degree of curvature of a single arc, and » and g are
geometric parameters of a vertebra. Geometrically, ¢
equals 6. Therefore, Eq. (4) can be represented as
follows:

a—>b o
W=nx ((a—b)— (m—g> x;) (o #0).
(5)

When o equals 0, the bendable segment is at its initial
state, in which case the displacement of the Ni—Ti rod
remains 0. Hence, if x and ¢ are given, d and w can be
obtained using Eqgs. (3) and (5).
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To implement the proposed compensation method,
Ni—Ti rods are required to shift by corresponding
distances according to the bending angle of the bend-
able segment. For jth Ni-Ti rod, the displacement ¢;
can be written as follows:

a—>b o
¢j=nx ((a—b)— <@‘f/> X;) (o #0),
(6)

where f; is the distance between the center of the hole
passed through by jth Ni-Ti rod and the rotation axis
of the vertebra.

In our previous work,'> the Ni-Ti rod based flexible
parallel mechanism was simplified as a 3-PRS mecha-
nism for the kinematic analysis, which was verified to
be effective to describe the relationship between the
motion of the moving platform and displacements of
three Ni-Ti rods. The derived kinematic model was
utilized in this work for the workspace analysis and
control of the designed manipulator, the effectiveness
of which was investigated as described in the experi-
ment part.

As illustrated in Fig. 4, two coordination frames O-
XYZ and p-uvw are attached to the center of the base
platform and moving platforms, respectively. Three
serial chains of the mechanism are marked by k
(k = 1, 2, 3). In serial chain k, P, is the intersection
between the center line of the prismatic joint and the
XY plane, R; denotes the center of the revolute joint,
and S; represents the center of the spherical joint. The
X-axis of O-XYZ is coincident with the vector P;. The
u-axis of p-uvw is aligned to the vector S,. P is the
position vector of P, expressed in the base coordinate
frame O-XYZ, which can be expressed as follows:

BPy = [Pex Pry Prz) = [rocos @y mysingy 0], (7)

where r, is the length of P, and ¢, is the angle
between P; and the X-axis.

Similarly, the position vector of Sy can be expressed
in the moving coordinate frame p-uvw as follows:

P Sk = [Sku Skv Skw] = [rpcos &g rpsindy 0] (8)

here ry, is the length of Sy, and J; is the angle between k
and the u-axis.

T is the center of the distal end of the moving
platform, whose position vector in the base platform
coordinate and in the moving platform coordinate can
be expressed respectively as:

PT = [00i, (9)
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TABLE 2. Configuration parameters of the guidance part.

Parameters  Values Units Parameters  Values Units

n 6 a 12.00 mm
I 98.50 mm b 3.00 mm
Omax 80.00 mm e 9.50 mm
Omax 180.00 ° g 8.05 mm

TABLE 3. Configuration parameters of the manipulator.

Parameters Values Units Parameters Values Units

I 1.50 mm 5 120(i— 1) °
I 1.50 mm Sk 3.50 mm
o« 1200 — 1) ° h 20.00 mm
Omax 45.00 ° Inax 20.00 mm
Brmax 45.00 °

Br =8y RPT = [Ty Ty T, (10)

where / is the thickness of the moving platform, ®p is
the position vector of P expressed in the base coordi-
nate frame, which can be expressed as follows:

Bp = [py py p2)" (11)

R is the rotation matrix represented by the Euler
angles (the first rotation of y about the Z-axis, followed
by the second rotation of o about the X-axis, and the
third rotation of f§ about the Y-axis), which can be
expressed as follows:

R = Ry(B)Rx(x)Rz(y)
cfey + sasfey  —cPsy + sasPey  cosf
= cosy cocy —sa |,
—sPcy 4+ sacfey  sasy + sacfey  cacf

(12)

where ¢ represents cos, and s represents for sin.

For the inverse kinematic analysis, the following
vector-loop equations can be obtained from the
geometry of serial chains:

BSk = [Skx Sky Skz)” = Bp + RS}, (13)

where BS; is the position vector of S, in the base
coordinate frame.

Mechanical constraints imposed by revolute joints
allow Sj to move only in the plane defined by O, Py,
Ry, and S;. As a result, the following equations can be
derived:

Six

tan ; = S (14)
iy

Substituting Egs. (7)—(12), and (14) into (13) yields:

px =5 (cfey + sasfsy — cacy),
Py = —Ipcasy,

pz = Tz — hcac, (15)
V= tan_l Ciﬁfﬁ'

According to Eq. (15), if T, o, and f§ are given, all
components of p (p = [px py pz") can be determined.
Thus, r, which represents the displacement of Ni-Ti
rods, can be obtained according to the geometry of the
mechanism:

Sy 60
@) 5 " (c)
i _ 40
E 30 80
> 20
100 .
50
X(mm)
> £ 40
I £
£ (b) 204
L _45
P E 0-
(E30 J
* 45 20 |
-20 . 10 1 -205»0‘7 i
_ 5 { 9
«

P © 10
)y 10 0207 1°

—

150 7;5‘0 T T90 7’@\“\\
X (mm)

FIGURE 5. Simulation result of the workspace analysis. (a) Workspace of the guidance part. (b) Work space of the manipulator. (c)

Workspace of the robot.
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FIGURE 6. Bending stiffness test of the bendable segment with different numbers of vertebrae. (a) 2 Vertebrae. Left: experimental
setup. Right: experimental results. (b) 4 Vertebrae. Left: experimental setup. Right: experimental results. (c) 6 Vertebrae. Left:

experimental setup. Right: experimental results.

e = Sk — \/s,% — (Skx — Pix)*—(Sky — Pry)*. (16)

Workspace Analysis

The reachable workspace of a robot is referred to as
the set of positions that its distal end can access to,
which serves as an important criterion for evaluating
the kinematic performance of a robot and can be
obtained by traversing all the variates of the configu-
ration parameters within their limits with a certain step
in MATLAB."” Tables 2 and 3 present values of the
configuration parameter of the guidance part and the
manipulator, respectively, for workspace analysis.
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Figure 5a illustrates the workspace of the guidance
part. The guidance part can access most target points
within the workspace at different bending angles,
effectively enhancing flexibility and dexterity of the
system. Figure 5Sb shows the workspace of two
manipulators relative to the distal vertebra, which
covers an area of 40 mm x 20 mm x 20 mm. The
overlapped area of 10 mm x 20 mm x 20 mm indi-
cates the ability of two manipulators to complete
bimanual manipulations, which will not cause any
damage to the manipulator due to the enhanced
compliance resulting from the optimized parallel
mechanism. The workspace of the designed robot is
demonstrated in Fig. 3c, which is the combination of
the workspaces of the guidance part and two manip-
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FIGURE 7. Bending stiffness test of the manipulator in different conditions. (a) Experimental setup for the test of the bending
stiffness of the manipulator in the XY plane. (b) Experimental setup for the test of the bending stiffness of the manipulator in the XZ
plane. (c) Displacement 0 mm. Top left: XY plane. Bottom left: XZ plane. Right: experimental results. (d) Displacement 5 mm. Top
left: XY plane. Bottom left: XZ plane. Right: experimental results. (e) Displacement 10 mm. Top left: XY plane. Bottom left: XZ plane.
Right: experimental results. (f) Displacement 20 mm. Top left: XY plane. Bottom left: XZ plane. Right: experimental results.

ulators. This arc-like area is markedly larger than the
design goal.

Experimental Evaluation

As one of the most important characteristics, the
bending stiffness determines the compliance of a robot,
which was defined as the ratio of the applied force to
the deflection generated in this experiment. Figures 6
and 7 illustrate the experimental setup for the bending
stiffness analysis of the robot. As shown in the figure, a
force sensor (JLBS-MD-1KG, Bengbu Sensor System

Engineering Co., Ltd., Anhui, China) was mounted to
the slide block of a manual linear stage (PT48-75G,
PDV Instrument Co., Ltd., Beijing, China). Both the
robot and the linear stage were fixed to a solid alu-
minum optical breadboard (PT-02PB300x300, PDV
Instrument Co., Ltd., Beijing, China), with the direc-
tion of the applied force in line with that of the
deflection of the experiment object. In the experiment,
the force sensor was moved by the linear stage with a
fixed step to force the object to produce a deflection.
Values of the deflection and the applied force were
recorded to obtain the bending stiffness. The bending
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FIGURE 9. Positioning accuracy test of the robot. (a) Experimental setup. (b) Extracted edge feature of the robot. (c) Robot with
enlarged widths. (d) Positioning accuracy test of the manipulator with different displacements in the XZ plane: (i) 0 mm, (ii) 5 mm,
(iii) 10 mm, and (iv) 20 mm. (e) Positioning accuracy test of the manipulator with different displacements in the XY plane: (i) 0 mm,
(i) 5 mm, (iii)) 10 mm, and (iv) 20 mm. (f) Positioning accuracy test of the manipulator when the bendable segment at different
bending angles: (i) 0°, (ii) 60°, (iiij) 120°, and (iv) 180°.

stiffness of the bendable segment was characterized for
different numbers of vertebrae (2, 4, and 6) of the
bendable segment, as depicted in Fig. 6. Additionally,
the bending stiffness of the manipulator was charac-
terized for different displacements of the manipulator
(0, 5, 10, and 20 mm) for at different motioning planes
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(XY plane and XZ plane), as shown in Fig. 7. To im-
prove the reliability of the results, six sets of data were
obtained and analyzed for each case.

In addition to improved compliance, the robot
should have an adequate load capability to enable
manipulation tasks, which was quantified and analyzed



A Compliant Transoral Surgical Robotic System 1339

FIGURE 10. Cadaver trial. (a) Slave side of the surgical robotic system. (b) Master side. (c) Snapshot of the cadaver trial. (d)
Endoscopic view of the robot in the target area.

in this work. As illustrated in Fig. 8, the experimental
setup was similar to that of the bending stiffness test. A
force sensor (OMD-10-SE-10N, OnRobot Corp,
Odense, Denmark) was moved by a manual linear
stage to contact and force the manipulator to generate
a deflection when the bendable segment was in differ-
ent bending states(0°, 60°, 120°, and 180°). A 3D-
printed part was fixed to the manipulator to increase
the contact area. Because the load capability of a robot
is determined by its weakest component, the applied
force was directed along the bending direction of the
bendable segment. For surgical robots controlled in a
mater-slave mode, small deflections of less than 10% of
the total length of the continuum structure, can be
corrected by user inputs under an endoscopic view.'***
The total length of the bendable segment is 86 mm.
Therefore, the force required to push the manipulator
to generate a deflection equal to 8 mm was obtained
and utilized to evaluate the load capability of the ro-
bot. Each case was tested eight times to improve the
reliability of the results.

The positioning accuracy of this surgical robotic
system was analyzed using an optimized image-based
motion detection method. Figure 9a illustrates the
experimental setup of the positioning accuracy test of
both the guidance part and the manipulator. A depth-
sensing camera (SR300, Intel Corp, CA, USA) was
utilized to capture the motion of the robot. The camera
was mounted to holders and adjusted to ensure that
the motion of the robot was consistently within the
range of the camera. To overcome the shortcoming of
conventional blob detection algorithms in extracting
edge features of objects and to improve the detection
accuracy, a polygonal approximation algorithm based
on the Fourier descriptor was integrated into the blob
detection technology.?” Moreover, as shown in Fig. 9c,
two 3D-printed parts with extended widths, were at-
tached to the distal vertebra and the manipulator to
eliminate the distortion resulting from the small size of
the object and further improved the tracking precision.
As demonstrated in Fig. 9b, the edge feature of the
robot could be accurately extracted and recorded by
the camera. To test the positioning accuracy of the

linear motion generated by the guidance part, only the
guidance part was programmed to move forward at a
speed of 1 mm/s. To study the positioning accuracy of
the bending motion generated by the guidance part,
the robot was driven to bend to 180° at a constant
speed in two cases: (1) no compensation: only the
bendable segment was programmed to bend. (2) With
compensation: the manipulator was controlled to fol-
low the bending motion of the bendable segment at the
same speed. The trajectories of both the distal vertebra
and the manipulator were recorded and are plotted in
Fig. 11a. To investigate the effects of various possible
factors, such as the simplification of the kinematic
model, the stiffness characteristic, and different bend-
ing directions, on the positioning accuracy, the
manipulator was programmed to bend to 45° at a
constant speed of 3°/s under different conditions,
including different displacements (0, 5, 10, 20 mm) and
different motion planes (XZ plane and YZ plane), as
demonstrated in Figs. 9d and 9e. In addition, the im-
pact induced by the interference between different
mechanisms on the positioning accuracy of the
manipulator was studied by controlling the manipu-
lator to move forward or bend at constant speeds,
when the bendable segment was positioned at different
bending angles (0°, 60°, 120°, and 180°), as shown in
Fig. 9f. The trajectory and positioning error of the
manipulator in different conditions are plotted in
Figs. 11b and 11c¢, respectively.

To further demonstrate the feasibility and advan-
tages of the developed surgical robotic system in
TORS, a cadaver trial was carried out. For robotic
surgery, the initial setup is necessary before the first-
time operation of a robotic system or after the
replacement of the surgical instrument, which will be
repeated several times in a procedure. Consequently,
the setup time is one of the key factors influencing the
operative time, which becomes an important index to
evaluate the performance of a surgical robotic sys-
tem."'® The initial setup of the developed surgical ro-
botic system included the following steps. First, the
sterilized robot was mounted to a 7-DOF magnetic-
based holder. Then, the robot was moved to approach
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FIGURE 11. Experimental results of the positioning accuracy test of the robot. (a) Motion trajectory of the guidance part and the

manipulator. Left: linear motion. Right: bending motion. (b) Experimental results of the manipulator with different displacements.
Top left: trajectory of the bending motion in the XY plane. Top right: position error of the bending motion in the XY plane. Bottom
left: trajectory of the bending motion in the XZ plane. Bottom right: position error of the bending motion in the XZ plane. (c)
Experimental results of the manipulator when the bendable segment at different bending angles. Top left: trajectory of the linear
motion. Top right: position error of the linear motion. Bottom left: trajectory of the bending motion. Bottom right: position error of

the bending motion.

the cadaver head, whose mouth was kept open by a
retractor, as illustrated in Fig. 10a, with the distal part
located in the front part of its oral cavity. The tilt angle
of the robot was then adjusted to approximately 80° to
ensure that the distal end faced the throat. Finally, the
robotic system was powered on to complete the oper-
ation. The time to complete these steps was recorded,
which was repeated by five different people who par-
ticipated in the cadaver. Similarly to most surgical
robotic systems, the system developed in this work was
also controlled in a master—slave teleoperation mode.
After the initial setup, the operator could manipulate
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two haptic devices (Phantom Omni, Geomagic, Inc.,
North Carolina, USA) on the master side to steer the
guidance part of the robot to transorally reach the
target surgical site, as illustrated in Fig. 10b. The time
required for the robot to access the surgical site is
another critical criterion determining the operative
time, which was measured in this cadaver trial. Three
people, who participated in the cadaver trial but had
never operated this surgical robotic system, were
trained to complete the experiment. After becoming
familiar with the operation of this system, they were
asked to steer the robot to access the vocal cord. The
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times required for the robot to reach the target site,
which was steered by different operators, was
recorded.

RESULTS

Bending Stiffness Characterization

Figures 6 and 7 show the experimental results per-
taining to the bending stiffness characterization of
both the bendable segment and the manipulator, all of
which present a similar variation tendency. Except for
those at the beginning stage, the mean values of the
experimental data can be well fitted by straight lines
with the coefficients of determination R> greater than
0.997, whose gradient can be regarded as the bending
stiffness. The nonlinearity of the beginning state
resulted from the gap between Ni—Ti rods and pinholes
in the vertebra of the bendable segment, which only
occurred when the deflection was quite small and had a
limited influence on the bending stiffness of the robot.
For the bendable segment, the bending stiffness
decreased remarkably with the increase in the number
of vertebrae, contributing to improved compliance and
safer robot-tissue interactions. In this design, 6 verte-
brae are utilized to constitute the bendable segment.
More vertebrae will lead to an insufficient load capa-
bility. The bending stiffness of the manipulator is
irrelevant to the bending directions but determined by
the displacement. Larger displacement results in a
smaller bending stiffness of the manipulator. The
quantitative relationship between the displacement and
the bending stiffness of the manipulator will be inves-
tigated in our future work.

Load Capability Evaluation

The experimental results of the load capability test
are shown in Fig. 8b. When the same deflection is
generated, a large force indicates a high load capabil-
ity. Thus, the robot achieves increased load capability
when the bending angle of the bendable segment
increases. In practice, the common bending range of
this robot is from 60° to 120°, within which the load
capability of the robot is greater than 1.5 N.

Positioning Accuracy Test

Figure 11a illustrates the trajectory of the guidance
part and the manipulator under predefined conditions.
Experimental results suggest that the guidance part
achieves a high positioning accuracy in its linear mo-
tion. Additionally, the linear motion of the guidance

part has no influence on the manipulator. Neverthe-
less, significant errors between the experimental results
(the purple solid line denotes the trajectory of the
bendable segment and the green solid line represents
the trajectory of the manipulator) and the desired
trajectory (the red solid line) of the bending motion
can be observed if no compensation is made. As
plotted in Fig. 11a, the guidance part became stuck at
an angle of approximately 120° when the manipulator
was driven to its limit bending angle of approximately
50°. The interaction force, which drove the bending
motion of the manipulator, served as the external load
for the bendable segment, resulting in the invalidation
of the kinematic model of the guidance part and leads
to the degradation of the positioning accuracy. This
problem could be effectively alleviated by the proposed
compensation method, with which both the bendable
segment (the blue solid line) and manipulator (the
yellow solid line) were able to follow the desired tra-
jectory with a significantly improved accuracy.

As shown in Fig. 11b, the manipulator achieves
similar positioning accuracy in different planes or at
different displacements, confirming that the bending
direction and the variable stiffness characteristic of the
manipulator have little effect on the positioning accu-
racy of the manipulator. Furthermore, the maximum
positioning errors of all cases are all smaller than 4°,
which is less than 9% of the maximum motion range
and indicates that the manipulator achieves accept-
able positioning accuracy with the derived kinematic
model. Machining and assembly errors are considered
the main reason for these positioning errors, which can
be reduced in future versions.

As illustrated in Fig. 11c, the manipulator is able to
achieve a relatively high positioning accuracy in both
the linear motion and the bending motion when the
bendable segment is in its initial state, which signifi-
cantly increases with the bending angle of the bendable
segment. The friction is regarded as the main cause of
this result, whose magnitude is positively associated
with the bending angle of the bendable segment. The
Ni—Ti rods are compelled to generate axial compres-
sion or extension to overcome this friction before
driving the manipulator, decreasing the positioning
accuracy.®® Over the common bending range (60° to
120°), the maximum displacement error is approxi-
mately 2 mm and the maximum bending error is
approximately 7.5°. Considering that this surgical ro-
botic system is controlled in a master—slave teleoper-
ation mode, these errors can be easily corrected by the
operator’s inputs. Consequently, the overall position-
ing accuracy of the manipulator is acceptable for
TORS.
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Cadaver Trial

In the cadaver trial, the average time for five par-
ticipants to finish the initial setup was approximately
2 min (standard deviation 23 s), which satisfied the
design goal. When the system was powered on, the
developed surgical robot was well controlled in the
master-slave mode. Moreover, the robot demonstrated
adequate flexibility and compliance during the traver-
sal of the oral cavity and when entering the larynx. As
a result, no trauma was caused by the robot to the
surrounding tissues. The average time for the robot to
access the vocal cord, which was controlled by three
beginners, was approximately 1 min and 30 s (stan-
dard deviation 42 s). Additionally, two manipulators
were controlled to contact the vocal cold from different
angles showing excellent dexterity.

DISCUSSION AND CONCLUSION

In this work, a flexible and compliant surgical ro-
botic system was developed for TORS. The flexible
parallel mechanism was optimized and integrated with
the continuum robot for the first time in the develop-
ment of a surgical robot to satisfy strict TORS
requirements. The robot designed based on this hybrid
mechanism retains all advantages, such as flexibility,
dexterity, and simple structure, of the optimized flexi-
ble parallel mechanism while inheriting the compact-
ness and compliance of the continuum robot. As a
result, this design features an improved stability and
higher load capability than does the interleaved con-
tinuum-rigid robot® and a larger workspace when
compared with that of the continuum parallel robot.’
Ample analysis and experiments were conducted to
evaluate the performance of the designed surgical ro-
bot. As indicated by the simulation results, the work-
space of the robot can cover the entire target area. In
addition, experimental results of the bending stiffness
characterization suggest that the designed robot can
maintain good compliance in all cases, which con-
tributes to the safe interaction with patient tissues.
Moreover, the load capability of the robot is better
than that of other designs employing Ni-Ti rods,'**
which generated smaller deflections under the same
payload, and satisfies the requirements of TORS."
The positioning accuracy of the designed surgical ro-
botic system in various conditions is verified to be
acceptable for TORS, which can be further enhanced
by improving the machining accuracy and eliminating
the errors caused by the frictions using control algo-
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rithms to complete more precise tasks. Moreover, the
interference between the optimized flexible parallel
mechanism and the continuum structure of the robot
exerts limited influence on the positioning accuracy of
the robot. To further prove the robot’s feasibility in
TORS, a cadaver trial was designed and conducted,
whose results suggest that the size, flexibility, compli-
ance, and workspace of the designed robot satisfy the
requirements of TORS. Additionally, the setup time of
this surgical robotic system is much shorter than those
reported for current commercialized systems (da Vin-
ci® robotic system: 30 min,! Flex® surgical system:
9 min'®). The average time for the robot to access the
surgical site in the larynx was less than half the time
required by the Flex® surgical system to expose the
endolarynx, which requires 3 min and 38 s.'* This time
can be further reduced if the proficiency in manipula-
tion is improved or more navigation technologies are
engaged. The reduced setup time and the reduced time
required to access the target surgical site contribute to
the decreased operative time and improved operative
efficiency, which is beneficial to both patients and
doctors. In addition, these results imply that the
developed surgical robotic system is easy to use for
beginners.

This work aimed to provide the proof of concept. A
number of limitations need to be overcome to further
improve the performance of the developed surgical
robotic system. The guidance part has two DOFs and
is only capable of moving in a fixed plane. Due to the
small size of the manipulator, existing surgical instru-
ments are not applicable to this system. Additionally,
there is a slight time delay between the master con-
troller and the slave robot.

A tremendous amount of work remains to be done
before the proposed robot can be employed in clinical
applications. The motion of the guidance part will be
extended from planar motion to three-dimensional
movements. In addition, suitable control algorithms
will be implemented to reduce the time delay between
the master side and the slave side while retaining the
stability of the system. To further increase the safety of
the system, the robot part will be covered with spe-
cialized and sterilized wraps. Moreover, surgical
instruments, which can be conveniently equipped to
the manipulator and replaced by others, will be care-
fully designed. In addition to TORS, the feasibility of
the developed robotic surgical system in other robotic-
assisted MIS will also be investigated with more ca-
daver or animal experiments.
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ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:https://doi.or
g/10.1007/s10439-019-02241-0) contains supplemen-
tary material, which is available to authorized users.
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