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Abstract
Transbronchial lung biopsy is an effective and less-invasive treatment for the early diagnosis of lung cancer.
However, the limited dexterity of existing endoscopic instruments and the complexity of bronchial access pre-
vent the application of such procedures mainly for biopsy and diagnosis. This paper proposes a flexible robot for
transbronchial lung biopsy with a cable-driven mechanism-based flexible manipulator. The robotic system of trans-
bronchial lung biopsy is presented in detail, including the snake-bone end effector, the flexible catheters and the
actuation unit. The kinematic analysis of the snake-bone end effector is conducted for the master-slave control. The
experimental results show that the end effector reaches the target nodule through a narrow and tortuous pathway
in a bronchial model. In conclusion, the proposed robotic system contributes to the field of advanced endoscopic
surgery with high flexibility and controllability.

1. Introduction
Only 15% of all diagnosed lung cancers are detected at an early stage at present, which causes a five-year
survival rate of only 16% [1]. The delay in diagnosis and treatment is, therefore, the main reason for
the high mortality of lung cancer [2]. Clinically, the diagnosis of lung cancer is based on the existence
of pulmonary nodules(a kind of nearly spherical tissue with high density) and their biological features
observed from CT images [3]. With screening and early intervention, the survival rate of lung cancer
can be significantly improved [4]. More specifically, the detection and treatment of lung nodules in early
stages of growth can contribute to saving more lives [5].

The challenge is to distinguish between benign and malignant nodules with a noninvasive method [3].
There is actually a small range of choices concerning the diagnostic methods on the pulmonary
nodules [6]. The characteristic information provided by conventional imaging techniques can only pro-
vide limited characteristic information, which makes it difficult to evaluate the malignancy of nodules by
visual inspection. Therefore, its clinical value lies mainly in the preliminary diagnosis [7]. Although sev-
eral progress has been made in recent years on the reduction of false negative rate of pulmonary nodules
by improving the algorithm of medical image processing [8, 9, 10, 11], the result is still unsatisfying.
In clinical practice, sampling biopsy, which serves as a complement to the imaging-based diagnosis, is
usually conducted after the conventional X-ray chest film checking to improve diagnostic accuracy and
reliability cite2013Multimodal.

Sampling biopsy is the key to judge pathology accurately. Currently, the least invasive and most
common procedures for biopsy are percutaneous and transoral bronchoscopic biopsy [12], both of
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which possess limitations. Percutaneous puncture biopsy can reach the surrounding lungs with pleural
puncture, which may lead to the incidence of pneumothorax (lung collapse) as high as 25% [13].
Transoral bronchoscopic biopsy can reduce the surgical trauma and avoid the related complications
of patients. However, due to the narrow internal space of human bronchus and the complex distribution
network of bronchi, it is difficult to reach the deep lesions of bronchus by conventional manual operation
of bronchoscope [14, 15, 16]. Hence, the conventional biopsy is developed toward the robot-assisted one
with high precision and instantaneity [17, 18].

Medical robotics are capable of conducting minimally invasive interventions on internal organs
located in confined areas [15, 19, 20, 21, 22, 23, 24, 25]. Relevant scholars have also worked on robot-
assisted transbronchial lung biopsy [14, 26, 27]. In this paper, taking a different approach, a flexible
robot with minimized end effector diameter, three DOFs and manual/automatic control mode is pro-
posed aiming to overcome the aforementioned limitations. The robot reaches the target nodules via the
natural orifice and achieves biopsy sampling through the end-mounted surgical tools to elevate the diag-
nostic rate while improving safety during the operation. It is of significant significance in the face of the
urgent demand for clinical minimally invasive surgery. The main contributions of this paper include the
following:

• A flexible surgical robot for transbronchial biopsy is proposed. The robot has minimized size
and supports both manual and automatic control modes. It also reserves the channel for surgical
tools and endoscope, while maintaining adjustable stiffness of the end effector.

• The composition of the robotic system is introduced in detail. The kinematic model of the robot
is deduced. Further, the robot prototype is fabricated, and the main motion performance and
practical feasibility are verified by experiments.

The remainder of this paper is organized as follows. Section 2 presents the descriptions of the robotic
system, including the overview of the system, the flexible mechanism, the actuation unit and opera-
tion procedures. Section 3 presents the kinematic analysis of the steerable snake-bone end effector. In
Section 4, experimental evaluations are carried out, including the performance test and the test on the
bronchial model. Section 5 is the discussion, and Section 6 is the conclusion of this work.

2. System descriptions
2.1. System overview
The robotic system consists of a slave-side manipulator, a mechanical arm, a master-side embedded box
PC as the monitor and controller and a reserved channel placed in the slave-side manipulator (Fig. 1)
for the insertion of surgical tools and the endoscope. Real-time image can be obtained through the
endoscope installed in the reserved channel and displayed on the master-side PC for visual guidance and
navigation. After reaching the target position, the endoscope can be extracted and replaced with surgical
tools such as biopsy forceps, biopsy needle, cytologic brush, etc. The surgeons can control the slave-side
manipulator via the master-side controller to perform the biopsy operation.

The complexity of the bronchial structure places more demands on the robot design. Hence, our
proposed robotic system is devised to meet the following requirements and the main parameters of
design requirements are listed in Table I:

• Minimized size. Network of bronchi is branching and decreasing continuously in size from the
trachea to the alveoli. By the fifth generation, its diameter is only 3.5 mm [28]. To ensure that
the robot can reach most expected positions, minimized size of the end effector and the flexible
catheter are needed. In addition, enough space should also be reserved for the installation of
the transmission system and vision units. Therefore, the size should be confined in a reasonable
range.

• Sufficient flexibility and operability. The complex distribution network of bronchi requires suffi-
cient flexibility and operability of the robot to execute accurate steering, forward and backward
movements at the specified position.
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Table I. Main parameters of design requirements.

Parameters Value Units
DOF 3 -
Required Channel For surgical tools and for endoscope -
Way to Enter Human Body Transnasal/Transoral -
Physical Property Flexibility -
Operating Mode Automatically/Manually -

Figure 1. Overview of the flexible robotic system.

• Adaptability and stability. Since most scenes of the robot’s movement in the bronchus are con-
strained by bronchus walls [29], the end effector should get access and adjust stiffness to adapt
to the different situations of the bronchus in smooth motion without causing trauma. Therefore,
the catheter should be fixed at a specific position to make it stiffer while reducing jitter during
the surgical operation.

2.2. Flexible mechanism
The flexible mechanism includes a steerable end effector and flexible catheters which is with compact
structure, high space utilization and function realization.

According to the aforementioned design requirements, the steerable end effector adopts the structure
of snake bone (diameter: 2.8 mm, length: 23.9 mm) which is composed of a base unit, ten snake-bone
units and an end unit (Fig. 2(a)). The bending of the end effector can be achieved by the accumulation
of small bending angles of each unit. Articulated joints can be regarded as sliding curved joints, which
possess excellent performance in preventing transverse split, transverse slip, torsional stiffness, space
efficiency [30, 31]. A channel (diameter: 1.4 mm) is reserved for the insertion of the endoscope or sur-
gical tools. These two narrow channels are sandwiched between the internal catheter and the central
channel while symmetrically distributing about the axis of the central channel. One end of the nickel-
titanium (Ni-Ti) wire is fixed at the end unit of the end effector, with the other end passing through
the narrow channel. Therefore, the curvature of the steerable effector can be controlled by altering the
lengths of these two Ni-Ti wires.

https://doi.org/10.1017/S0263574722001345 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574722001345


1058 Runtian Zhang et al.

Figure 2. Composition of the robotic system. (a) The snake-bone end effector. (b) The flexible catheters.
(c) The actuation unit.

The head-end of the flexible catheter, which is connected with the base unit of the steerable end
effector, is with a stepped shaft to release the internal space to the greatest extent (Fig. 2(b)). The flexible
catheter consists of an additional catheter (diameter: 3.4 mm), a main catheter (diameter: 2.7 mm), two
Ni-Ti wires (diameter: 0.24 mm) as described, two catheters for Ni-Ti wires and the reserved channel.
The length of the additional catheter is around 700 mm. One end of the additional catheter is fixed on
the support. When it gets into bronchus together with the main catheter nested in it, the relatively large
stiffness makes the additional catheter take the function of transmitting. Furthermore, the translation
and rotation of the end effector are achieved via the relative movement of the additional catheter and the
main catheter. A saccule is attached to the outside of the additional catheter which expands under the
pressure provided by a syringe, so that the catheter can be fixed at a specific position in the bronchus.
The head-end of the syringe is connected with another similar saccule forming a communicator for
intraoperative observation.

2.3. Actuation unit
The actuation unit is used to execute bending, the translating and the rotating of the robot by varying
the relative position of Ni-Ti wires and catheters (Fig. 2(c)). Two motors (RE13, Maxon motor, Inc.)
are respectively connected with screws through the coupling. To achieve the bending and the translat-
ing motion, moving blocks with threaded hole are placed on the screw simultaneously, thus turning the
rotational motion of the motor into translational motion. Another motor is connected with the gear
to achieve the rotation. A series elastic unit is set on the front end, which changes the stiffness of
the end effector by adjusting the stiffness coefficient of the spring. A conductive slip ring is set on
the back end, from which the conductors and the reserved channel are led out to realize the static
of the conductors during rotation. During the operation, the motion path of the bronchoscope robot can
be planned in advance and entered into controller in combination with the preoperative image judgment
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Table II. Notation used in this paper.

Name Description
n Index of the snake-bone units. n = b at the base unit and n = e at the end unit.
δi Rotation angle of the Ni-Ti rope.
S Arc-length parameter of the hypothetical primary backbone.
Si Arc-length parameter of the snake-bone unit.
ρ(s) Radius of curvature of the hypothetical primary backbone.
ρi(s) Radius of curvature of the snake-bone unit.
r Radius of the snake-bone unit.
R Radius of the hypothetical circle.
Oi Center of the hypothetical circle.
θn Rotation angle of upper plain of each snake-bone unit.
θ ′

n Hypothetical central angle.
�L Elongation of Ni-Ti rope.
Pe Coordinate of the end snake-bone unit.
ẋ Time derivative of variable x.
J Jacobian matrix.

and pathological analysis. The surgeon can switch to manual mode according to the actual circumstance
in case potential medical accident happens.

2.4. Operation procedures
In the operation, the patient needs to adjust to the appropriate posture. After the confirmation, the series
elastic unit is adjusted to the position with the minimal stiffness of the end effector. To begin with,
the surgeon manually places the end effector close to the target. Meanwhile, the flexible mechanism
is fixed on the robotic arm. Combined with preoperative medical image diagnosis and intraoperative
real-time information, the doctor can control the end effector of the flexible robot to reach the targeting
nodule automatically or manually. The saccule will inflate when applying pressure to the syringe. After
that, the flexible catheter is fixed and the series elastic unit is adjusted to the position with the maximal
stiffness coefficient. At this time, surgeons can replace the endoscope with micro biopsy sampling tools
via the reserved channel according to actual situation. Ultimately, to remove the surgical robot after
sampling, the needed actions are contracting the saccule by reducing the pressure of the one-way valve
and adjusting the series elastic unit to the position with minimal stiffness coefficient.

3. Kinematic analysis
This section presents the kinematic analysis of the steerable snake-bone end effector. By controlling the
relative length of two Ni-Ti wires, the end effector bends in the plane of Ni-Ti wires. The shape of the
end effector is given by shape functions that is a solution of a system of nonlinear partial differential
equations [32]. The analysis of kinematics refers to [33, 34]. Since each snake-bone unit is riveted to its
neighbor, the length of the riveted section can be assumed to remain unchanged during movement. Then,
the length of the central Ni-Ti wire is supposed to remain unchanged. Further assumptions are made to
make the end effector model as simple as possible: (1) The gravity and friction of each unit at the end of
snake bone are ignored. (2) Constraints by the bronchi that exist in reality are not considered here. (3)
The mathematical description of the deformation between units is assumed to be countless continuous
smooth functions.

Table II summarizes the notation used in this paper. Figure 3 shows the simplified analytical schematic
diagram. The position and orientation of the end snake-bone unit relative to the base snake-bone unit
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Figure 3. Schematic diagram of the end effector.

are expressed by two angles: δ and θ , where δ is the rotation angle relative to the line plane and θ is
the rotation angle relative to the horizontal plane. According to the above assumptions, the arc-length
of each continuous and smooth bending arc is given by

ρ(c) = ρi(c) + �i (1)

where �i = r cos(δi). Since there are only two Ni-Ti causing the bend, so δi = 0.
Then, the arc-length between two adjacent snake-bone unit can be expressed as the integral of

countless continuous smooth arcs:

Si =
∫

dsi =
∫

ds +
∫

dsi − ds = S +
∫

(ρi(s) − ρ(s)) dθ (2)

Si = S − �iθ
′
i−1 = S − r

(
�

2
− (θi − θi−1)

)
(3)

The rotating angles of all adjacent snake-bone elements are accumulated and derived as

�L =
n∑

i=0

(
r

(
�

2
− (θi − θi−1)

))
= r

(
�

2
− (θn − θ0)

)
(4)
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So the relationship between the length variation of Ni-Ti wire and the rotating angle of the end snake-
bone unit can be derived, and the end effector can be bent to a configuration as follows:

θ ′
e = �L

r
(5)

The hypothetical central angle is used to replace the above angle by

θ ′
i−1 = �

2
− (θ i − θi−1) (6)

And the coordinate of the end snake-bone unit is given by

Pe

(
L0

θ ′
e

(
1 − cos θ ′

e

)
,

L0

θ ′
e

sin θ ′
e, 0

)
(7)

The position and orientation of the end snake-bone unit can be presented by

ui =
[

L0

θ ′
e

(
1 − cos θ ′

e

) L0

θ ′
e

sin θ ′
e 0 φx φy φz

]T

(8)

u̇i =
[

Jps

Jωs

]
�̇L = J�̇L (9)

The Jacobian matrix can be obtained by taking the derivation of (8) to time and can be written by

J =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

S0

�L2

(
r cos

�L

r
+ �L sin

�L

r
− r

)

S0

�L2

(
�L cos

�L

r
− r sin

�L

r

)
0

0

0

−1

r

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(10)

The results of the above kinematic analysis are used for reference of sensor-guided master-slave
control which determines the position and posture of the end effector.

4. Experimental evaluation
4.1. Performance test
This test is set to evaluate the kinematical performance of the robotic system. Prototype of the robot
is shown in Fig. 4. The flexible catheters of the prototype are composed of nested spring tubes with
different wire diameters, and the actuation unit is mainly made of aluminum alloy. The end effector is
placed on the standard coordinate scale plate so that the movement of the end effector can be observed
more intuitively. The catheter is set up vertically and fixed on the 3D printed block, with the end effector
extending by some length. The control program runs on the embedded box PC and communicates with
the motor driver through the CAN bus. This test is to verify operating range of the robot under the master-
slave control. According to the experimental results (Fig. 4(b)-(e)), the maximal bending angle is 180◦,
the longitudinal travel distance can reach 150 mm, and the robot can rotate up to 360◦. In addition,
as demonstrated in Fig. 4(c), the diameter of the sacculus will exceed 10 mm when it inflates under
pressure so that it will stuck in the bronchus; thus, the use of sacculus can satisfy the need of fixing the
catheter [28]. Main parameters of the proposed robot are listed in Table III.
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Figure 4. Prototype of the robotic system and results of the primitive experiment. (a) Prototype of the
robotic system. (b) Translation maximum of the forward distance is longer than 150 mm. (c) Comparison:
Sacculus with increasing pressure. (d) The steerable tip bends to 180◦ in two directions. (e) The steerable
tip angles and rotates through 360◦.

4.2. Test on the bronchial model
This test is to verify the practical feasibility of the robotic system by simulating the sampling operation
of lung nodule biopsy in a bronchial model. Two target nodule locations were simulated in the bronchial
model. The continuous movement of the robot is controlled by the manipulator. The process is observed
including entering the bronchus, reaching the target nodule and retreating from the bronchus. Key frame
images of the end effector movement process through the motion of advancing, rotating and bending
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Table III. Main parameters of the proposed robot.

Parameters Value Units
DOF 3 -
Diameter of the End effector 2.8 mm
Diameter of the Surgical Tool Channel 1.4 mm
Length of the Insertion Part 700 mm
Maximal Travel Distance 150 mm
Maximal Bending Angle 180 deg
Maximal Rotational Angle 360 deg
Operating Mode Automatically/Manually -

Figure 5. Process of test on the bronchial model. (a) and (b): The end effector is at the end of the
trachea and ready to move forward inside the right/left main bronchi. (a1) and (b1) The end effector
is at the end of the inferior lobar bronchus. (a2) and (b2): The end effector is at B10 (posterior basal)
bronchus. (a3) and (b3): The end effector reaches the B10c bronchus.

of two representative routes are shown in Fig. 5(a)-(a3) and Fig. 5(b)-(b3). Figures in the first and third
columns show the bending motion of the end effector. Figures in the second column show the trans-
lational motion of the end effector. Figures in the fourth column show both bending and rotating. The
results show that the end effector and catheter of the robot can reach the target nodule through the narrow
and complex bronchial tree, thus proving the feasibility of the robotic system.

5. Discussion
Based on the prototype of the robot platform, performance test and model-based test are carried out to
demonstrate the features of the robot. As revealed in the experimental result, the end effector can reach a
maximal bending angle of 180◦ and a maximal rotational angle of 360◦. The insertion length of 700 mm
and travel distance of 150 mm in the longitudinal direction can also be obtained. Hence, the final effects
are generally satisfactory. Furthermore, the simulation of transbronchial lung biopsy is conducted on a
model to verify the feasibility and effectiveness of the operation and the result indicates that the robotic
system has met the clinical needs.

6. Conclusion
In this paper, a flexible surgical robotic system is proposed to meet the clinical requirements of trans-
bronchial lung biopsy. Operation in narrow bronchus is completed by the designed steerable end effector
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and flexible catheter which has high space utilization. To achieve the flexible operation of the end effec-
tor, the controller is carefully designed so that the transmission system can be actuated both manually
and automatically. A mathematical model is established to analyze the kinematics of the steerable snake-
bone end effector. The reserved channel can be used to install endoscope and different surgical tools. To
ensure operation safety and maximize motion quality, a series elastic element is used in the system to
adjust the stiffness and adaptability of the end effector in real time. A sacculus is integrated at certain
position outside the catheter which can expand in bronchus when pressure is given, thus eliminating the
jitter brought by operation. The operation procedures mentioned are described in detail.

Although the proposed robotic system has aforementioned advantages, several improvements ought
to be made in the future. First, higher level of integration of the control system will be our focus in
the next stage. For instance, fiber Bragg grating sensor and electromagnetic navigation system will be
integrated into the robot system for more precise intraoperative feedback. Moreover, animal experiments
and cadaveric experiments will be carried out in the future to evaluate the performance of the robotic
system.

Supplementary materials. To view supplementary material for this article, please visit https://doi.org/10.1017/
S0263574722001345.
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