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Abstract Traditional posterior nasopharyngeal biopsy
using a flexible nasal endoscope has the risks of abrasion
and injury to the nasal mucosa and thus causing trauma to
the patient. Recently, a new class of robots known as con-
tinuum tubular robots (CTRs) provide a novel solution to
the challenge with miniaturized size, curvilinear maneuver-
ability, and capability of avoiding collision within the nasal
environment. This paper presents a compact CTR which
is 35 cm in total length, 10 cm in diameter, 2.15 kg in
weight, and easy to be integrated with a robotic arm to per-
form more complicated operations. Structural design, end-
effector design, and workspace analysis are described in
detail. In addition, teleoperation of the CTR using a haptic
input device is developed for position control in 3D space.
Moreover, by integrating the robot with three electromag-
netic tracking sensors, a navigation system together with a
shape reconstruction algorithm is developed. Comprehen-
sive experiments are conducted to test the functionality of
the proposed prototype; experiment results show that under
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teleoperation, the system has an accuracy of 2.20 mm in
following a linear path, an accuracy of 2.01 mm in follow-
ing a circular path, and a latency time of 0.1 s. It is also
found that the proposed shape reconstruction algorithm has
a mean error of around 1 mm along the length of the tubes.
Besides, the feasibility and effectiveness of the proposed
robotic system being applied to posterior nasopharyngeal
biopsy are demonstrated by a cadaver experiment. The
proposed robotic system holds promise to enhance clinical
operation in transnasal procedures.

Keywords Continuum tubular robots - Concentric tube
robots - Minimally invasive surgery - Transnasal surgical
robot - Nasopharyngeal biopsy

1 Introduction

Nasopharynx cancer, or nasopharyngeal carcinoma (NPC),
is a tumor that originates in the nasopharynx, the upper-
most region of the pharynx where the nasal passage and the
throat join [31]. It is a common disease occurring to eth-
nic Chinese people living in or emigrating from southern
China; it is also the eighth most frequently occurred cancer
among Singaporean men [15]. Though having a relatively
low lethal rate, NPC has resulted in an increasing annual
number of deaths from 45,200 in 1990 to 64,900 in 2010
[13]. Generally, the development of NPC can be divided
into four stages according to the area it has spread to [15].
To obtain a high salvage rate, detection, and treatment at
the early stage is essential.

NPC can be detected and diagnosed via nasoendos-
copy, CT scan, PET-CT scan, biopsy, and so on. Among
these methods, biopsy provides the most direct and accu-
rate diagnosis [11]. Biopsy is a procedure of collecting
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a sample of the suspected tissue for further examina-
tion under the microscope. Currently, transnasal biopsy
is usually performed with a pair of biopsy forceps. For
areas within the anterior nasal cavity, such as the anterior
nasopharynx, biopsy forceps with rigid straight shafts are
often used due to their ability to direct access to the tar-
get; for areas deep inside the nasal cavity such as at the
posterior nasopharynx, however, flexible forceps are more
frequently used since they can be bent to approach the
target. Such forceps usually work together with a cable-
driven flexible fiberscope (a cable-driven endoscope
robot system for nasal examination can be found in [39])
by passing through the fiberscope’s working channel.
Though having a good steerability at the tip, the flexible
nasal endoscope cannot avoid contact with the inner floor
of the nasal cavity due to gravity when advancing to the
nasopharynx. As a result, there are risks of abrasion and
injury to the nasal mucosa, causing significant discomfort
to patients [14] or even serious bleeding and complica-
tions [17].

Continuum tubular robots (CTRs) [33, 35-37, 40], also
known as concentric tube robots, which are a class of flex-
ible robots recently developed for minimally invasive sur-
geries (MISs), have the characteristics that exactly over-
come the aforementioned drawbacks. Typically, a CTR
comprises two to three concentric tubes whose diameters
range from submillimeter to three millimeters. Nested one
by one, each tube is independently gripped at its proximal
base to rotate and translate, leading to abundant variations
of the entire shape of the tubes. As such, CTRs have the
capability to navigate along complex 3D paths inside the
human body via small open orifices, while avoiding colli-
sion with tissues along the slender passage thanks to their
relatively high rigidity.

In the last decade, possibilities of using this novel class
of robotic systems in various MISs have been continu-
ously explored, examples including intracardiac procedure
[6], urology surgery [8], neurosurgery surgery [3], pros-
tate brachytherapy [28], and intraocular procedures [37].
Recently, CTR has also been applied to transnasal sur-
geries. A bi-channel concentric tube robot was developed
for pituitary tumor resection [2]. The robot was designed
to enhance the procedure of removing the pituitary tumor
after it was exposed through the manual operation of sur-
geons using traditional instruments. In addition, the robot
was preliminarily tested on phantoms in a remote telesur-
gery paradigm [32]. However, since the access from the
nostril to the pituitary gland is quite straight and different
operations are performed, the robot does not fit the require-
ments of posterior nasopharyngeal procedures for which
new designs of both the robot and the end-effector are
necessary.
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Fig. 1 Illustration of the proposed continuum tubular robot for naso-
pharyngeal biopsy

To address the preceding problem, we have developed
a complete robotic system based on the continuum tubu-
lar mechanism that is customized to the transnasal naso-
pharyngeal biopsy. The concept of the proposed approach
is shown in Fig. 1. The robot consists of two concentric
tubes that are made of biocompatible materials such as
stainless steel or nickel titanium alloy (in the current pro-
totype, we use stainless steel as the material). The curva-
ture of the tubes is determined according to the anatomic
structure of the nasal cavity. A biopsy needle is specifically
designed and fabricated to equip the proposed robot for
transnasal biopsy. Besides, there are two significant origi-
nalities of the proposed robotic system compared with the
systems reported in the literature. The first one is the com-
pactness of our robot. The developed robot has a length
of 35 cm, a diameter of 10 cm, and a weight of 2.15 kg.
Because of the compactness, the robot can be easily inte-
grated to a positioning arm, leading to facility in adjusting
the relative pose between the robot and the patient, which
is essential for a practical surgical scenario whereas absent
in most CTRs developed to date. The second one is that we
have proposed an efficient shape-sensing and reconstruc-
tion method for the robot based on three electromagnetic
(EM) tracking sensors, which is more accurate than image-
based methods [18, 19] and requires fewer modifications
to the robot compared with Fiber Bragg Gratings-based
methods [10]. With the shape-sensing ability, the shape of
the robot is able to be reconstructed to facilitate the bypass-
ing of critical tissues during the procedure, bringing less
trauma to the patients.

The robot is designed to be teleoperated by a haptic
input device; the tip of the inner tube follows the movement
of the stylus of the master. Both preoperative images from
CT scan and intraoperative images from a nasal endoscope
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are incorporated for navigation. Comprehensive experi-
ments have been conducted to validate the teleoperation
and shape reconstruction algorithms. Moreover, the robot
has been tested through a cadaver experiment, demonstrat-
ing its effectiveness in transnasal procedures.

2 Methods
2.1 Structure design
2.1.1 Overview

As previously mentioned, the robot comprises two con-
centric tubes, each having a rotational degree of freedom
(DOF) and a translational DOF, accumulating to four DOFs
in total. When the outer tube is straight, its rotation does
not affect either the position or the orientation of the tip, so
the robot degenerates to a 3-DOF one. Although decrease
in DOF will weaken the dexterity of the robot in general, it
has advantages in transnasal procedures. According to the
sectional shape of the nasal cavity [27], which is mostly
flat and narrow in the beginning part, rotation of a curved
outer tube will increase the chance of collision between the
tube and the nasal septum or conchae. Therefore, we set the
outer tube to be straight for the application of nasopharyn-
geal biopsy. However, the robot retains the ability to actu-
ate as many as four DOFs in case a curved outer tube needs
to be used in extended applications.

Figure 2a shows the structure design of our CTR that
is actuated by four DC motors (47:1 Metal Gearmotor,
Pololu) with Hall sensors as the position feedback. The
main parts of the robot include a cylinder casing, top and
bottom covers, a swing cap, and modular carriers within
the casing. The fabricated prototype is displayed in Fig. 2b.

2.1.2 Casing

The actuator casing is a cylinder with a diameter of 9.1 cm
and a length of 25 cm. It is worth noting that these dimen-
sions are not the overall size of the robot because there
are some parts outside the casing that are not accounted
for, e.g., the two motors actuating the translation of each
tube. It is assumed that both tubes have the same starting
point when the modular carriers are at their utmost bot-
tom. With a casing length of 25 cm, the outer tube will be
able to extend a maximum of 12 cm while the inner tube
is allowed to extend up to 6 cm more from the outer tube
depending on the position of the top modular carrier with
respect to the bottom modular carrier. This translation limit
is sufficient for the workspace requirement of transnasal
procedures [2]. Detailed workspace analysis will be con-
ducted in Sect. 2.2.

(a)
Shifted modular
carriers

Bottom Cover

Casing Swing cap

2%

Motors for
rotation

Motors for
translation

(b)

Top Cover

Fig. 2 The proposed continuum tubular robot. a 3D model. b Fabri-
cated prototype

2.1.3 Modular carriers

The design incorporates two modular carriers correspond-
ing to the actuation of the outer tube and the inner tube,
respectively. Each carrier has a shape that is slightly bigger
than a semicircle (Fig. 3a) to support the concentric tubes
that run through the middle of the circle. Meanwhile, the
shape of the modular carrier also allows tight stacking by
allowing the long, round motors to pass through without
being blocked by the other modular carrier (Fig. 3b). Tight
stacking is important to maximize the usage of the space
inside the casing.

The inclusion of the gear system shown in Fig. 3a not
only transfers the rotation of the motor shaft to the concen-
tric tube in the middle, but also allows a tight grip on the
concentric tube through the tightening of a screw on the
gear bore. Translation of the modular carrier occurs when
the lead screw rotates, which is controlled by the motors at
the end. The flanged linear guide at the top of the modular
carrier connects this linear actuator screw with the modular
carrier.

For safety, limit switches (Fig. 3b) are mounted to each
carrier so that the carriers will not collide with each other
or with the covers of the casing.
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Fig. 3 Detailed design of the modular carrier. a Modular carrier. b
Tight stacking of modular carriers and limit switches
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2.1.4 Integration with a positioning arm

With a total length of 35 cm, a diameter of 10 cm, and a
weight of 2.15 kg, the designed CTR is easy to be inte-
grated with a robotic arm. A gripper is fabricated by
3D printing to hold the robot, which is then mounted
onto a 5-DOF passive positioning arm. This enables the
robot to be conveniently positioned to a suitable place
and adjusted to the best orientation. Figure 4 simulates
a transnasal procedure using the integrated system on a
skull model.

2.1.5 End-effector

Although there have been plenty of off-the-shelf biopsy
needles for various procedures, none of them directly fit the
proposed robotic system due to mismatch in size. There-
fore, a biopsy needle is specifically designed and fabri-
cated for the transnasal robotic nasopharyngeal biopsy.
The mechanism of the biopsy needle is shown in Fig. 5. It
mainly comprises a slotted needle grasped by a push—pull
rod and a bevel sheath rigidly attached to a sliding block.
The needle and sheath are made of stainless steel, while
the other parts are made of ABS by 3D printing. The slid-
ing block is connected to the base through a spring, based
on which a trigging mechanism is adopted to enable fast
moving of the sheath. The length of the biopsy needle is
customized to fit the length of the robot. With an outer
diameter of 1.2 mm, the biopsy needle is capable of being
inserted through the inner lumen of the robot and guided
by the robot to reach target surgical sites. When performing
biopsy, the surgeon first inserts the slotted needle into the

(b)

Positioning Arm

Fig. 4 Compact and lightweight CTR integrated with a positioning arm for more convenient pose tuning. a Illustration of the surgery scene
where the proposed robot is held by a robotic arm to perform surgery. b The prototype integrated with a passive positioning arm
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Fig. 5 3D-printed biopsy needle for transnasal biopsy

lesion, then trigs the sliding block to make the bevel sheath
cut the specimen, and lastly withdraws the needle out of the
robot’s tube.

2.2 Workspace and tube parameters

Workspace is defined as a set of positions that the tip of
the inner tube can reach in this paper. For CTRs, workspace
varies significantly with different DOF configurations as
well as the parameters of the tube pairs. For a given number
of DOFs, the selection of tube parameters should consider
the features of the desired workspace. In this section, we
will discuss some representative cases. For simplicity, the
outer tubes in the following cases are assumed to dominate
the inner tubes in stiffness.

2.2.1 Workspace

The workspaces of the 3-DOF CTR with three different
initial configurations are compared in Fig. 6. Calculation
of the workspaces has considered the actual stroke of each
tube. Since the spatial workspace is axisymmetric, we only
draw the sectional profile on a plane that passes through the
axis of symmetry. The planar shape of the nasal cavity that
is extracted from [27] is also overlaid onto the workspaces
for comparison.

As can be seen in Fig. 6, even though only the length
of the outer tube differs, the workspace varies significantly.
In the first configuration, the robot has a workspace that
covers more at the lateral edges while less along the mid-
dle axis. The second configuration generates a workspace
that distributes more evenly, evincing not only a relatively
large overall workspace, but also a continuous coverage
along the axis of symmetry. In the last configuration, the

workspace shrinks to the middle axis and expands less area
compared with the former two configurations. Among the
three configurations, only the second one results in a work-
space that covers the entire nasal cavity including the pos-
terior nasopharynx, indicating that the robot is able to both
navigate along the nostril passage and go deep inside the
nostril cavities.

2.2.2 Tube parameters

By comparing the three different cases in Fig. 6, the sec-
ond configuration is adopted as the initial state of our robot.
The actual parameters set in the real prototype are listed
in Table 1, where Lg stands for the length of the straight
section, L¢ stands for the length of the curved section, R
stands for the radius of the curved section, OD stands for
the diameter of the outer wall, and ID stands for the diam-
eter of the inner wall.

2.3 Sensing
2.3.1 Shape reconstruction

It is significant to know the shape of the tubes when manip-
ulating the robot for avoiding collision with the nasal
mucosa and thus reducing trauma to the patient. Although
the kinematic model of the robot can provide an estimation
of the shape, it is inaccurate due to deflections of param-
eters and unknown external forces. Therefore, much more
complex modeling is required to take the deformation of the
tubes into account [12]. Medical images such as 3D ultra-
sound images [18, 19] and MRI images [16] have been used
to track the shape of a needle inserted into a human body.
However, the accuracy of shape reconstruction seriously
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Fig. 6 Workspace comparison for 3-DOF CTR with three initial con-
figurations. Top: all the outstretched part of the inner tube exposes;
middle: the outstretched part of the inner tube is partially covered
by the outer tube; bottom: the outstretched part of the inner tube is
totally covered by the outer tube

Table 1 Parameters of the tubes

Parameters Outer tube (mm) Inner tube (mm)
LS 280.2 289.5

L* 0 110.0

R 00 120.0

OD 241 1.97

ID 1.60 1.41

depends on the imaging quality, and the usage of the mate-
rials for the robot is subjected to the requirements of the
imaging modality [26]. Fiber Bragg grating sensors have
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Fig. 7 Shape reconstruction using 3-order Bézier curve fitting

also been employed for measurement of needle shape [10],
but the sensors are expensive and difficult to be mounted to
the tubes. Therefore, we propose an effective and economic
method to estimate the shape by attaching EM sensors (3D
Guidance, Northern Digital Inc.) along the tubes, which
requires few modifications to the robot. An estimation algo-
rithm based on Bézier curve fitting is developed, while simi-
lar methods have been applied to the shape reconstruction of
a cable-driven robot by our group [24, 25].

As shown in Fig. 7, a continuous section of the tube can
be approximated by a 3-order Bézier curve, whose shape is
determined by a starting point Py, an ending point P3, and
two control points Py and P». The curve is expressed as

B(t) = (1 —1)°Py +3(1 — 1)*tPy +3(1 — )*Py + 2P
(1)

where ¢ € [0, 1]. By attaching two EM sensors at the ends
of this section of tube, the position of Py and P3 can be
obtained. The tangent direction, denoted as unit vectors
ho and h3, is also acquirable from the EM tracking system.
Then, the position of P and P, can be expressed as

P = Py + So1hg )

Py = P3 — Sxh3 3)

where Sy; denotes the distance from P to P; and S;3 stands
for the distance from P> to P3. The problem of shape recon-
struction is then reduced to determining Sp; and S»3.

Let us suppose the actual length of the curve, denoted
as Lg, is known, which is rational since we can acquire the
translation distance of the tubes. In addition, we divide the
reconstructed Bézier curve into & sections, the length of the
ith (i = 1,2,...,k) section being L;;, which can be approxi-
mated by

Lj, ~ ||B((i)/k) — B((i — 1) /K| “4)

where B((i) / k) and B((i — 1)/k) can be substituted by (1).
Then, we can formulate the optimization problem as
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The problem can be solved by standard nonlinear opti-
mization algorithms. In this work, we use the Levenberg—
Marquardt (LM) method to solve the problem.

Figure 8 illustrates a setup in which three EM sen-
sors are mounted to the tubes. Sensor 2 and sensor 3 are
attached to the tips of the outer tube and the inner tube,
respectively. Sensor 1 is bound to the outer tube at a cer-
tain distance from its tip. With this setup and the algorithm
introduced above, the shapes of the inner tube and the outer
tube can be reconstructed.

2.3.2 Navigation

The sensor attached to the tip of the inner tube (sensor 3
in Fig. 8) can provide the tracking information of the tip.
By combining this information and preoperative medical
images, a real-time image-guidance module for the system
is developed.

Figure 9 shows the developed image-guidance interface,
which is developed based on the Image-Guided Surgery
Toolkit (IGSTK) framework provided by [7]. The interface
includes a fiducial registration module, an accuracy evalua-
tion module, and a real-time visualization module. Paired-
point-based registration algorithm proposed in [9] is used
to implement the registration algorithm. By appointing
several points of interest in the images and measuring them
after registration, the user can also evaluate the target regis-
tration error (TRE). Preoperative CT images of the patient
are displayed in four views: axial, sagittal, coronal, and
stereo. The location of each sectional view is determined
by the position of the robot’s tip. The visualization mod-
ule is constantly updated by the position information from
the tracking system. Therefore, the user is able to identify

Fiducials

1 2 3

4

Accept Fiducial
Register

Targets
1 2

Target Registration Error [mm]:

EEANUS
3?21‘12‘2‘»“07;“”“' @

Fig. 9 Navigation interface

the relative position of the robot’s tip with respect to the
patient.

It is noted that a combination between the shape recon-
struction and the navigation system is possible. The recon-
structed shape is represented in the EM coordinate system,
which is registered to the navigation coordinate system via
a registration procedure. As a result, the reconstructed shape
can be overlaid to the navigation interface. Although this
combination has not been available in the current system, we
envision a big feasibility to integrate this function together
with collision detection ability in the improved system.

2.4 Teleoperation

Teleoperation is a common manner to control a surgical robot
when performing surgery. Rather than running the robot
autonomously, it is preferred to control the robot under the
supervision of the surgeons for safety concerns. In our robotic
system, we use an input device (Geomagic Touch Phantom,
3D Systems, Inc) as a master controller to steer the robot. The
movement of the robot (slave) is mapped from the motion of
the input device (master) that is manipulated by a surgeon.
The framework of control is shown in Fig. 10, in which an
accurate forward kinematics algorithm and an efficient differ-
ential mapping algorithm are essential. In the following, the
kinematics of a general CTR system will be described while
our robot, which consists of a straight outer tube and a curved
inner tube, is a specific case of the general derivation.

2.4.1 Forward kinematics
A torsionally rigid model [21, 30] and a torsionally compliant
model [4, 20] have been proposed for the forward kinematics

of CTR. The torsionally compliant model is more accurate
than the torsionally rigid one, but it is much more complicated

@ Springer
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and time-consuming due to the necessity for solving a set of
differential equations given boundary values. As such, in this
paper, the torsionally rigid model is used in consideration of
its closed form, which brings significant simplicity and effi-
ciency. Besides, since the robot is controlled remotely by a
surgeon, the efficiency of the robot overweighs the accuracy
of the robot because of the involvement of human in the loop.

Suppose the final shape of an n-tube CTR consists of
m sections with each having a different constant curvature
denoted as u; = [ujx, Uiy, uiz] (0 = 1,2,...,m) (see Fig. 11).
Let L"t; represent the initial curvature of the jth tube at sec-
tion i. We have [21],

1
> R (6))Kji (©)
j=1

n
u; = ZK]
j=1

where 0; is the rotation angle of the jth tube,
K; = diag(Ej1jx, Ejyl;y, Gj;Jj7) is the stiffness matrix (here,
E is the Young’s modulus, [ is the area moment of inertia,
G is the shear modulus, and J is the polar moment of iner-
tia), and R, () means rotation about the Z-axis. Note that for
some sections, only part of the n tubes get involved. In this
case, we just need to set K; = 0 for the uninvolved tubes
and (6) still applies.

For a circular arc with curvature u; and length s;, the
transformation from its proximal base to the distal end can
be expressed by a transformation matrix

itui ) = exp(Eisi) )
where é‘,- = [8’ 8’] (here i; is the skew-symmetric matrix

of u;, and v; =[0 O l]T), and exp() means exponen-
tial mapping [23]. Hence, a chain multiplication rule can
be applied to the concatenation of multiple sections. As a
result, the position and orientation of the distal tip repre-
sented by a transformation matrix g can be obtained by

g§= Hgi(ui,si)- 8)
i=1
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2.4.2 6D differential mapping

Under the assumption of fully torsional rigidness, the gen-
eral inverse kinematics of the CTR can be solved numeri-
cally based on Jacobian matrix, which will be derived next
by using Lie group theory.

According to [23], the spatial velocity twist
£ = [()T, (v)T] T at the tip of the robot is defined as

&= (i) ©)

where ()V means to extract the 6 x 1 twist coordinate from
a 4 x 4 twist matrix. In regard to the inverse kinematics,
the instantaneous differential of g can be replaced by the
difference between the target transformation g¢ and the cur-
rent transformation g, i.e.,
s -1\ -1\
£ = (Agg ) = ((gt —8c)8&c ) (10)
If gtgc lis in the neighborhood of the identity, Eq. (10)
can be further approximated by [34, 38]

£5 = (log(grge ) (11)

where log() logarithmically maps a transformation matrix
to its twist matrix.

On the other hand, the relationship between the spatial
velocity twist and the joint speed can be expressed by

£ =Jq (12)
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where J is called the Jacobian matrix and
g = [0 1,62, 05, ...,6,, in] is the joint speed. Similarly, as
regards the inverse kinematics, ¢ should be replaced by Ag
which is the variation of the joints.

Using adjoint transformation, we have

s . —1\V .\
& = (g1g1 ) + Ad, (8282 )
Vv

+ T +Adg1g2,,.gm,l (gmg;ll) (13)

where
AV . . as;
(6ig") =Adi+&5=4 Z 9;+$zzal'lj- (14)
j=

Here, A; is given by [34, 38]

4 — 9;sin (19;) — 4 cos (9;) o

A = s + i
Y 21w ’
49 — 5sin (¥;) + 6; cos (9;) 2
2/l ?
. (15)
2 — ¥ sin (9;) — 2 cos ()
2o * ’
29; — 3 sin (V) + 6; cos (I9;) 4
2l 1°
where
u; 0
o= 10] (16)
Oi = lluillsi. (17)
By defining
;0§
%= 36, (18)
i 8Sl
¢ == (19)

j
combining (13)—(19), and comparing with (12), we have
J:[JI’JZ""’JVE] (20)

where

m m
ZAdglgz~-~gi—1Aibjl"ZAdgng---giflSile' : (21)
= i=1

Based on the Jacobian matrix, the inverse kinematics
can be solved through an iterative procedure given an ini-
tial estimation and an updating rule. If the Jacobian matrix
is full rank, the updating rule can be simply

Qi1 = qx + Ag = qi +J & (22)

which is the Gauss—Newton method. Otherwise, the robot
is redundant, i.e., the column rank of J is greater than the
row rank, then the updating rule can be [22]

Qi1 = g+ Aq = qi +JTE + U T NHVH (23)

where J7 is the pseudo-inverse of J and H is a constraint
function that can be constructed according to the optimi-
zation objective. The last item projects the gradient of H
to the null space of J so that Eq. (12) is not violated. To
overcome the possible singularity of the Jacobian matrix,
an alternative damped least-squares updating rule [29]
(substantially the Levenberg—Marquardt method) can be
adopted as

Qi1 =g+ T+l + a3 W) (T8 + a1 VH)  (24)

where W is a symmetric positive definite weight matrix and
a1 and o are two scaling factors.

2.4.3 3D position differential mapping

As the robot has no more than four DOFs, only the posi-
tion of the distal tip of the tubular robot is to be controlled.
Therefore, a slight change has to be made to the Jacobian
matrix derived in Sect. 2.4.2. Let Pr be the coordinate of a
point measured in the tool frame {T}. It is expressed in the
base frame as

Py Pr

=o' @5)
The deviation of Pg can be derived as [34]

APp = |~Py.1]§" = |-Py.1] Aq. (26)

Let us define K = —133, 1 } J, and K is called the teleop-
eration Jacobian matrix.

Similar to the inverse kinematics, the Jacobian-based
teleoperation algorithm can be implemented in an itera-
tive way as well. However, to achieve real-time control,
the target position should be updated dynamically in
every iteration step rather than remaining the same until
it is reached. Suppose P’j,, be the position of the master
sampled at the kth iteration step, APk, = Pk, — P]]f,[_l is
the incremental movement of the master. The desired
motion of the slave AP§ can be obtained by an affine
transformation carried on AP,’E,,, such as a rigid transfor-
mation with scaling. Then, the necessary motion of each
joint is determined by

Agk = KTAPE (27)

which is the solution with the minimum norm. Alterna-
tively, the updating rules suggested in (23) or (24) can be
employed.
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3 Results

In this section, we will present two independent experi-
ments to validate the teleoperation and shape reconstruc-
tion methods, respectively. Then, we will show the results
of a cadaver experiment which demonstrates the feasibility
and effectiveness of the proposed robot system.

3.1 Experiment I: teleoperation

To validate the proposed teleoperation algorithm, two
groups of experiments were conducted. The first group was
to teleoperate the robot using a Geomagic Touch Phantom
to follow a linear path and a circular path on a plate, as
shown in Fig. 12. The control algorithm was implemented
by using C++ on a 32-bit Windows XP system with a 3.3
GHz processor and 3.2 GB RAM. When following the lin-
ear path, the plate was placed in front of the robot with its
normal roughly parallel to the axis of the outer tube; when
following the circular path, the plate was put at the side
of the tubes. Thus, the two paths are representative in the
workspace of the robot. Several evenly distributed points
were marked along the paths. When the robot reached these
points, the position of the master was recorded from the
controller of the haptic device, and the results are depicted
in Fig. 13. The slave position that is represented by empty
circles and the master position that is represented by solid
circles are aligned by using the point-based registration
algorithm proposed in [9]. It is clear that the proposed tel-
eoperation algorithm based on the torsional rigid model
achieves good tracking accuracy, with a mean error of 2.20
mm when following a linear path, and a mean error of 2.01
mm when following a circular path.

The second group of experiments were to investigate
the efficiency of the teleoperation algorithm. In this group,
we recorded the actual trajectory of the master read from

Geomagic Touch
Master)

Fig. 12 Teleoperating the robot to follow a linear path and a circular
path

@ Springer

the controller of the haptic device and the trajectory of
the robot tip calculated based on the encoder position of
each motor and the kinematics model with respect to time.
The efficiency of the robot following the trajectory of the
master was shown in Fig. 14, where the master trajectory
is represented by red solid line and the robot tip trajectory
is represented by blue dashed line. It can be seen that in
all the three directions, the robot can follow the master
input within 0.1s (the time lag between the master trajec-
tory and the slave trajectory with the same coordinate
position), which accounts for both the calculation time of
the algorithm and the response time of the transmission
mechanism.

3.2 Experiment II: shape reconstruction

We also carried out a group of experiments to demonstrate
the proposed shape reconstruction algorithm. As seen in
Fig. 15, a pair of tubes were used to form two sections of
curves, and three EM coils were attached to the ends of
each section (the two sections share the same sensor at their
connecting point). The tubes were laid on a graph paper so
that the shape of the tubes can be measured.

When changing the length of the inner tube that extended
out of the outer tube, the entire tubes represent different
shapes. Based on the tracked position and orientation of
the sensors, we reconstructed the entire shape of the tubes
under six different configurations and compared the results
with the drawn shapes on the graph paper. The results are
shown in Fig. 16, where the green and red solid lines rep-
resent the reconstructed shapes, and the blue and cyan
dashed lines represent the measured shapes. To numerically
indicate the shape reconstruction accuracy, we sample the
measured shape of the tubes with a interval of 10 mm along
the length of the tubes starting from the position of sensor
1 and then find the closest point on the reconstructed shape
to each sampled point on the measured shape. The errors
between the two sets of points are statistically compared;
the results are listed in Table 2. It can be seen that the recon-
structed shape well fits the real shape, with a mean error

\freference trajectory < master position ° slave position\

(a)te0 (b) 40
e 140 : : IS 20
£ 120 E o0
N 100 0% N -20
: -40
—28_20 40 40J/20 20 40
7

~ 0
Doy 40 ~4072) 1o

Fig. 13 Accuracy of the robot following the predefined paths. a Lin-
ear path: mean error: 2.20 mm; standard deviation: 1.03 mm. b Circu-
lar path: mean error: 2.01 mm; standard deviation: 0.88 mm



Med Biol Eng Comput (2017) 55:403-417 413
‘ — master trajectory - - -slave trajectory‘
45 1
(a) (b) "° (c) 20
40 0 110
IS IS IS
E 35 £ -10 £ 100
x > N
30 -20 90
25 -30 80
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
time /s time /s time /s

Fig. 14 Trajectories of the robot tip (slave) and the haptic device input (master). a X-Axis direction. b Y-Axis direction. ¢ Z-Axis direction
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Fig. 15 Setup of the shape reconstruction experiments

approximating 1 mm along the length of the tubes in each
configuration shown in Fig. 16. This proves that the pro-
posed shape reconstruction algorithm is capable of estimat-
ing the real shape of the tubes during operations.

3.3 Experiment III: cadaver experiment

Last, we tested our robotic system on a cadaver experiment.
The aim of the experiments was to validate the feasibility
of the proposed system and methods in transnasal robotic
nasopharyngeal biopsy. The setup of the experiment is
shown in Fig. 17. The robot was mounted on a passive arm
whose pose was manually adjusted before the robot was
manipulated. A surgeon operated a master input device to
telemanipulate the robot. The aforementioned navigation
system (not shown in the figure due to limited scope of the
camera) was integrated to track the position of the robot.
In addition, an endoscope was inserted into the nasal cav-
ity to provide a direct visual feedback. After delivering the
robot to the target site, the surgeon inserted the biopsy nee-
dle into the lumen of the tubes, extended it to reach the tar-
get, performed biopsy by operating the push—pull rod of the

Reconstructed inner tube Reconstructed outer tube Measured inner tube = = = Measured outer tube
-50 -50 =50
g g g
-100 i et —100F L er——— -100 ——
> > >
-150 -150 -150
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X /mm X /mm X /mm
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£ -100 e ————— E S100p e £ -100 e
> / >, /' = /
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Fig. 16 Results of the shape reconstruction experiments
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Table 2 Errors between the

Error Configurations
reconstructed shapes and the
measured shapes 1 2 3 4 5 6
Mean (mm) 0.94 0.79 0.92 1.01 0.64 0.87
Max (mm) 2.56 3.01 3.29 2.78 1.33 1.47
SD (mm) 0.61 0.86 0.94 0.69 0.31 0.40
. Biopsy Instrument
Endoscopic Needle Delivering
View [
Biopsy
Robot Sampling
Cadaver
Head
Passive
Positioning Instrument
Arm Retracting
Master l

Input §

Fig. 17 Cadaver experiment setup

needle, and then retracted the needle and the tubes out of
the nasal cavity.

Figure 18 displays the biopsy procedure using the pro-
posed robotic system. The first row shows the process of
delivering the robot to the target position; the second row
demonstrates the biopsy operation using the biopsy nee-
dle; and the last row displays the process of retracting the
robot out of the transnasal passage. The edges of the tube
are marked in order to enhance the legibility of the figure.
It can be observed that the robot successfully reached the
target through a curved path without collision with the
nasal wall, and the biopsy needle was capable of being pen-
etrated into the lesion.

4 Discussion
The three groups of experiments have validated the efficacy

of our robotic system to be used in a transnasal nasopharyn-
geal biopsy. The results of the teleoperation experiments

@ Springer

Fig. 18 The cadaver experiment using the proposed robot to perform
a transnasal biopsy procedure

show that the system has a mean error of 2.20 mm and
2.01 mm when following a linear path and a circular path,
respectively, which is sufficient for the biopsy procedure
since biopsy imposes relatively loose requirements on the
accuracy of location in general (<5 mm for standard foren-
sic biopsies and 2 mm for scientific purposes) [5]. Besides,
since the robot works in a teleoperation mode, the accuracy
will be guaranteed by incorporation of a navigation system
and involvement of human in the loop in a real surgical
scenario. The teleoperation system has also been proved to
have a lag time no more than 0.1 s, which ensures the robot
to response promptly to the intention of the surgeon, lead-
ing to intuitive and safe operations. Moreover, the shape
reconstruction method proposed in this paper provides an
economic and accurate real-time estimation of the shape
of the tubes, which is significant because we can use this
information, together with the navigation system and the
relative rigidity of the tubes, to assist the operation of the
surgeon to avoid collision between the robot and the nasal
mucosa. Having this unique capability makes the proposed
robotic system surpass other systems that rely on flexible
endoscopes in terms of less risks of trauma to patients.

The cadaver experiment has further demonstrated the
feasibility of the system to be applied to a real nasopharyn-
geal biopsy procedure. During the experiment, the surgeon
succeeded in operating the haptic input device to steer the
movement of the robot until its tip reached the target site.
Then, another surgeon implemented the biopsy using our
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specially designed biopsy needle. The whole procedure,
costing less than five minutes, was fluent and successful.
However, during the experiment, we found the sampled
tissue was not sufficient for the requirement of medical
examination. The reason was that the slot of the prototype
biopsy needle was not deep enough and the tip of the outer
sheath had limited sharpness. This would not be a problem
after improvement of the fabrication of biopsy needle.

Despite the significant progress that has been achieved in
the development of the current prototype, further enhance-
ments of the system are necessary to make it applied to clini-
cal procedures in the operating room. First, combination of
the reconstructed shape and the navigation interface will be
integrated to our system, based on which a collision detec-
tion algorithm will be developed to enhance the safety dur-
ing the surgeon’s operation. Second, sterilization issues will
be addressed. Actually, Ref. [1] has provided a good example
attempting to solve the sterilization problem of the CTR for
intracerebral hemorrhage evacuation, based on which it can
be further investigated for the application of nasopharyngeal
biopsy. Last but not least, possibilities of this design being
applied to other transnasal procedures will be explored since
this mechanism shows great promises. Different instruments
such as micro-forceps and scissors could be equipped to the
robot in these procedures, as long as the size of the instru-
ment suits the inner diameter of the tubes’ lumen.

5 Conclusion

This paper has presented the design of a compact and port-
able continuum tubular robot aiming at transnasal pro-
cedures. Having a length of 35 cm, a diameter of 10 cm,
and a weight of 2.15 kg, the robot can be conveniently
integrated with a positioning arm to achieve more con-
venient pose tuning. Structural design, end-effector design,
and workspace analysis were discussed in detail. In addi-
tion, teleoperation of the CTR using a haptic input device
was developed for position control in 3D space. Moreover,
based on an EM tracking system that was integrated with
the robot, a navigation system that is able to incorporate the
proposed shape reconstruction algorithm has been devel-
oped. Ample experiments were conducted to test the ability
of the proposed prototype. Results showed that the teleop-
eration system had an accuracy of 2.20 mm in following a
linear path, an accuracy of 2.01 mm in following a circu-
lar path, and a lag time of 0.1 s. It was also found that the
proposed shape reconstruction algorithm had a mean error
of around 1 mm along the length of the tubes. Besides, the
feasibility and effectiveness of applying the proposed robot
to transnasal procedures were demonstrated by a cadaver
experiment. The proposed robotic system holds promise to
enhance clinical operation in transnasal procedures.
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