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Abstract— Lung cancer is the leading cause of cancer death
globally, and early diagnosis via transbronchial biopsy (TBB)
improves outcomes. However, conventional bronchoscopes for
multiple pulmonary nodules face inefficiencies and operator
skill dependency. This paper proposes a path planning strategy
for robotic bronchoscopic multi-sample TBB. It abstracts the
bronchial tree as a circuit, with lesions as constant-resistance
bulbs and bronchial branches as resistors with equivalent resis-
tance based on their morphology. Multi-target path planning
is transformed into minimizing total circuit resistance, opti-
mizing trajectories to reduce redundant movements of robotic
manipulators. Comparing to traditional methods, evaluations
show that over 60% reduced movement distance and 76 % less
operation time are achieved; experiments accomplish over 40 %
efficiency improvement, enhancing multi-sample TBB efficiency
and safety.

I. INTRODUCTION

Lung cancer is the most common cause of cancer death
worldwide, but early diagnosis can significantly increase the
cure and survival rate, and improve the quality of prognosis
of patients [1]. Common diagnostic and treatment methods
include computed tomography (CT) screening, Percutaneous
lung biopsy [2], bronchoscopic biopsy [3], etc. Although CT
screening can improve the biopsy success rate of early lung
cancer, there is a certain false positive rate and risk of over-
diagnosis [4]. Percutaneous biopsy may cause pulmonary
bleeding and may have the risk of damaging lung tissue.

As a critical approach for the early screening of pul-
monary nodules, transbronchial biopsy (TBB) offers distinct
advantages of high diagnostic accuracy, low complication
incidence, and minimal invasiveness [5]. Nevertheless, the
application of conventional bronchoscopes in TBB is hin-
dered by issues such as inadequate lesion localization and
significant operator skill dependency. The utilization of flex-
ible bronchoscopic robotic systems for TBB can effectively
improve diagnostic yield and procedural safety profiles. The
pulmonary bronchial tree exhibits a hierarchical multi-level
structure, with a high degree of anatomical similarity among
bronchi at each hierarchical level. This inherent characteristic
renders it challenging to achieve target localization using
solely CT scans or endoscopic images. Thus, the estab-
lishment of a robust bronchial navigation strategy and the
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formulation of a bronchoscopic robot’s motion trajectory rep-
resent critical prerequisites for successful TBB procedures.
Clinically, multiple small pulmonary nodules are a prevalent
scenario, necessitating the investigation of optimal multi-
target path planning methods that can identify the optimal
trajectory under specified constraints—thereby ensuring ef-
ficient lesion detection and intervention.

Bronchial navigation tasks based on traditional path plan-
ning algorithms have been widely studied to assist the posi-
tioning and movement of endoscopes for TBB [6]. However,
most existing studies rely on traditional path planning algo-
rithms, which only consider the actual movement distance
from the initial point to the target point and obstacle con-
straints, and do not consider the impact of the actual structure
(curvature, cavity diameter, etc.) inside the bronchial cavity
on the movement of the endoscope. In addition, existing
studies generally only consider the path planning problem of
a single target point in the bronchus, which is more effective
for some lesions with clear locations and close to the natural
channels of the bronchus, such as central lesions or lung
lesions close to the bronchi [7]. However, existing studies
cannot effectively and efficiently solve the problem of multi-
target point path planning and navigation optimization for the
symptoms of multiple pulmonary nodules.

The optimization of bronchoscopic robot navigation tasks
typically begins with a skeletonization algorithm [8] to
extract the centerline of the bronchial structure, which serves
as the initial path for planning task. Different from general
obstacle avoidance planning tasks, the working environment
of a bronchoscopic robot is confined to narrow spaces of the
bronchi. Its navigation task can be abstracted as identifying
the optimal path from a fixed set of multiple paths.

Existing bronchoscopic path planning strategies are pre-
dominantly rooted in classic algorithms, including Euclidean
coordinate search [9], “reverse planning, forward navigation”
[10], reverse planning framework with rapidly exploring
random tree (RRT) [11], etc. Besides, some other stud-
ies focus on visual-based navigation [12], [13], estimating
bronchoscope position or enabling real-time tracking. For
multi-target path planning problems, domain knowledge-
based genetic algorithm (DKBGAMT) [14], heuristic algo-
rithm based on RRT [15], RGHG-RRTs algorithm [16] are
proposed to achieve multiple target. In addition, a needle path
planning method based on Bee Foraging Learning Particle
Swarm Optimization algorithm (BFL-PSO) [17] and a multi-
target path planning algorithm with target sorting and partial
retraction [18] are developed in surgical scenarios, offering
feasible and referable solutions for TBB path planning.

Inevitably, existing methods applied to bronchoscopes are
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Equivalent circuit of the bronchial model. (a) Overlapping paths of bronchoscope during multi-sample TBB operation. (b) Three suitable biopsy

points for a specified lesion. (c) Equivalent circuit of the bronchoscopic pathway.

oriented toward a single TBB target, failing to address
how to improve the efficiency in the presence of multiple
pulmonary lesions. Existing multi-target planning methods
did not account for the multiple positional possibilities of a
single target or the combined optimal solution for multiple
variable targets, thus failing to find the solution.

This paper presents an optimized planning strategy for de-
termining optimal path to multiple targets. The multi-lesion
inspection task of bronchoscope is abstracted as a problem
of finding the loop path with minimal resistance within an
electrical circuit loop (this strategy is also applicable to
single-target path planning).The main contributions of this
paper are as follows:

1) This strategy simplifies the multi-lesion biopsy task in
bronchus into an equivalent circuit problem for solving the
minimum resistance value by integrating the similar charac-
teristics between bronchial branches and circuit branches.

2) The impacts of bronchial morphology, lesion locations,
etc., on TBB are simplified into weighted resistances in the
circuit, enabling dimensionality-reduction analysis.

3) The proposed method enables automatic solution of
TBB routes (both for single and multiple inspections in one
session), and can be implemented in conventional broncho-
scopes or bronchoscopic robots, significantly enhancing the
efficiency of biopsying multiple pulmonary nodules.

II. METHODOLOGY

This research aims to propose a method for identifying the
optimal path, which can be explicated as follows: A hypo-
thetical line connects the bronchial lesion (to be examined)
and the main bronchial orifice, with the lesion modeled as a
bulb (with constant resistance) in an electrical circuit. Current
is released from the main bronchus, flowing through the
bronchial tree toward the bulb, which lights up upon current
passage. The optimal path is defined by the current trajectory
that maximizes the bulb’s brightness. For the problem of
multiple pulmonary nodules, the number of bulbs to be lit
similar to the above situation increases, and multiple paths
will overlap, as shown in Fig. la.

In order to improve the efficiency of TBB, the overlapping
path should be designed to be passed no more than twice

(including retraction) when the bronchoscopic manipulator
is operated. For example, when there are four target points
D, E, G, and H in the bronchus shown in Fig. la, when
the four optimal paths are found respectively, the four paths
overlap in the AB segment, the paths to the two target points
D and E overlap in the BC segment, and the paths to G and
H overlap in the BF segment. When doing one-sample TBB
operation, the moving path of bronchoscopic manipulator
is A-B—-C—-D—-C—-B—+A—-B—-C—-E—-C—-B—-A—B—
F—-G—F—B—A—B—F—H; when applying multi-sample
TBB operation, the path simplifies to A-B—C—=D—C—
E—-C—»B—F—-G—F—H. It is evident that for multiple
pulmonary nodules, the multi-sample TBB significantly en-
hances detection efficiency and operational convenience.
This paper aims to identify the most efficient and oper-
ationally convenient pathway for bronchoscopic robots to
perform multi-target biopsies in a single bronchial insertion.

A. Selection of the Target Positions

According to different lesion locations of TBB, lesions
can be divided into lesions within the trachea and bronchial
cavity, diffuse pulmonary lesions, focal pulmonary lesions,
extrabronchial lesions, peripheral lung lesions, etc. [19]. For
lesions inside the bronchus, the bronchoscopic robot can
directly obtain the optimal path from the initial end of the
trachea to the target point of the lesion using an appropriate
path planning algorithm; for lesions outside the bronchus, the
bronchoscopic robot may have multiple feasible paths from
the initial end of the trachea to the target point.

To reduce classification complexity, for endobronchial
lesions, biopsy forceps can typically be used for direct
sampling, so the equivalent resistance at the lesion site is
defined as a constant value 7. For extrabronchial lesions,
transbronchial needle aspiration (TBNA) is generally re-
quired, and the equivalent resistance at the lesion site is
affected by factors such as the distance from the lesion to the
bronchus and the needle insertion angle. Thus, the equivalent
resistance is determined as follows: taking the position of the
lesion site as a sphere center, the spherical radius is gradually
expanded (with a step s; of 0.2 mm), and the upper limit of
the radius is set to 40 mm (not exceeding the maximum
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Fig. 2. Selection of three feasible biopsy sites when the lesion is located
outside the bronchus.

needle insertion length of commonly used biopsy needles
[20]). Py is the intersection point with the smallest 6 (see
Fig. 1b), which is the angle between the bronchial centerline
and the connecting line between the spherical surface and
the target point; P, is the point where the spherical surface
first contacts the centerline during the process of gradually
expanding the sphere, that is, the point with the minimum /¢
(see Fig. 1b), which represents the Euclidean distance from
P, to the location of the lesion; Ps is the point with the
maximum value of a weighted function ¢ of ¢ and 6, i.e.,
the point with max ¢ (£,0). o is defined as

=W, - (+Wy-0 1)

where W, and Wy respectively represent the weight coeffi-
cients of the two parameters, which are determined by (2):
kL

S Wy=1-W, 2)

Wy = —=2—
’ 1+k-%

where S and L represent the diameter and the biopsy depth
of the lesion, respectively. k is the calibration coefficient,
usually taken as 0.5-2.

The three points P;, P», P; obtained by the process
above are used as the target points of extrabronchial lesions,
and the subsequent path planning and equivalent resistance
calculation are carried out on this basis. When the lesion is
located outside the bronchus, the three corresponding internal
positions can be found as Fig. 2 shows. For the three target
points found, the DFS method can be used to plan the routes,
which are marked in different colors in Fig. 2.

B. Definition of Equivalent Resistance

Considering that bronchial bifurcation and bronchial hi-
erarchy affect the difficulty of bronchoscope insertion, the
concept of “Equivalent Resistance” for bronchial branches
at each level is introduced. The dimensionless equivalent
resistance of i-th order bronchus is defined as Z;, which
can be expressed as:

Zi:a'%+5'ci+'7'3i 3)
where L;, D,; and C; represents the length, the average di-
ameter and the complexity (i.e., the angle with its preceding
order bronchus) of the i-th order bronchus, respectively. B;
represents other physical characteristics of the ¢-th order
bronchus (in this research, when there is a cartilage ring,

B; = 1.0; when there is no cartilage ring, B; = 0). «, 3, 7y
respectively represent the weight coefficients of each factor,
which were set to 1.0, 0.2, and 0.5 (by manual parameter
tuning).

When multi-sample TBB is performed, in order to im-
prove the efficiency, the bronchoscopic manipulator should
repeatedly pass through some bronchi, which are defined
as the “overlapping paths” (refer to Section II-C), which
affects the subsequent calculation of equivalent resistance.
For an i-th order bronchus (left side of the lung), its equiva-
lent resistance can be expressed as [Z;, labelposition, label;],
where labelposition indicates the left side (= 1) or right
side (= 2) of the lung where the bronchus is located, and
label; indicates the bronchial order. For example, for the
BC segment bronchus in Fig. la, assuming that its length
is 40 mm, its average diameter is 10 mm, its angle with
the preceding bronchus is 7/3, and it has cartilage rings, its
resistance Zpc can be calculated as 7.12 according to (3).
According to Fig. la, the final equivalent resistance of this
segment of bronchus can be expressed as [7.12,1,1].

C. Definition of the Circuit-Inspired Method

A “circuit-inspired method” is proposed for multi-sample
TBB path planning. Multiple lesions are considered analo-
gous to constant-resistance light bulbs, while the resistances
from the tracheal origin to the lesions—including branch
resistances and lesion-induced resistances—are treated as
circuit resistors, and the movement of bronchoscopic ma-
nipulator from tracheal origin to lesions is modeled as the
flow of electric current from a power source through light
bulbs to illuminate them.

Assuming the four paths in Fig. 1a are the planned optimal
routes, the multi-target path planning can be analogized to
a circuit with bulbs, as shown in Fig. lc. In Fig. 1c, R,
denotes the resistance of bronchial segment z; L, represents
the light bulb corresponding to leison y; V4 signifies the
power supply abstracted from the tracheal origin at point A.

As can be seen from Fig. lc, all of the four loops flow
through the resistor R 4p; the yellow and blue loop current
paths both pass through the resistor Rpc; the red and green
loop current paths both pass through the resistor Rpp.

Assume there are N; and Ng lesions (bulbs) in the left
and right lobes, respectively. Multiple different equivalent
circuits are derived using steps described in Section II-D. The
resistance of each equivalent circuit is calculated as follows,
also shown in Fig.3a (resistors are ordered from closest to
farthest from the power source):

1. Sum all bronchial resistances and lesion resistances
of non-overlapping segments in each circuit branch. Divide
the bronchi into left and right sides based on pulmonary
bronchial anatomy, then compute the equivalent resistances
of all bronchial orders for each path using the method
in Section II-B. Calculate the resistance values across all
circuits and count the number of loops each resistor is in.

2. When there is only one loop a certain resistor is in, this
resistor should be connected in series with the corresponding
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Fig. 3.  Steps of obtaining the equivalent circuit. (a) Calculating the
equivalent resistance of the equivalent circuit. (b) Combination of different
PPs from lesions for multi-sample TBB.

bulb, then calculate the resistances as Ry, Rrs,--- (sub-
script L for left) and Rp1, Rpo, - -- (subscript R for right).
The other resistors with the same number of loops (> 2)
they are in, i.e., with the same nr,; or nry; (1 =1,2,3---),
are connected in series to calculate the corresponding Ry ,;
and Rp,; and are arranged in ascending order of ny,; and
NRe; respectively.

3. Traverse all branches where the bulbs are located. If
the preceding branch are the same, calculate the equiv-
alent parallel resistance Rr,; (Rgp:), and arrange them
in ascending order of the preceding nr, (nNgei) as
Ripi/Rp1, Rip2/Rp2s "

4. According to the arranged order of Ry, (Rg,) and
RLp (RRP)’ the first R;,1 (Rpo1) and RLpl (RRpl) are
connected in series to calculate the equivalent resistance
Rran (Rrami)- Ronn (Rrast) is then connected in parallel
with the preceding Rrps (Rpp2) as Rrri1 (Rrri1), and
then connected in series with the preceding Rr.2 (Rpo2)
to calculate the equivalent resistance Ry ;0. The rest may
be deduced by analogy.

5. Connect the last calculated Ry s and Rpps in parallel
to calculate the resistance R of the entire circuit.

The key to obtaining the equivalent circuit and equivalent
resistance is to find the bifurcation point and the number of
overlaps of the branches. The implementation code frame-
work can refer to algorithm 1.

D. “Minimum Resistance” Path Planning Strategy

The main code framework can be found in algorithm 2.
In order to implement the aforementioned steps and find
the optimal circuit with the minimum equivalent resistance,

Algorithm 1 Calculate Equivalent Resistances
1: Input: All planned paths (PPs)
2: Initialize: RLo/Rm RLp/Rpa RLM/RM7 RLT/RT +—0
3: for side € {left, right} do
4: branches < Extract all branches in side from PPs
5
6

for each branch in branches do
Ryranch, < Sum of bronchial resistances &
lesion resistances

7: eq_resistances|side] < Compute equivalent re-
sistances for all bronchial orders

8: end for

9: loop_counts|[side] + Count loop occurrences for
each resistor in eq_resistances|side]

10: for each resistor 7 in eq_resistances[side] do

11: if loop_counts|side][r] == 1 then

12: Add series resistance of r and 7 to Rg;qe

13: else

14: Group resistors / compute series resistances

15: Add to Ry, or Ry, and sort by loop count

16: end if

17: end for

18: for each branch with identical preceding branch do

19: Compute parallel resistance, adding to Ry, / Rgy,

20: end for

21: Sort Ry,,/RR, by preceding loop counts

22: for i <— 1 to max(length(Rr,/Ro» Rrp/rp) dO

23: Rpnyrumli] < Series(Rrp rpli], Riosroli))

24: Rpr/rrli] < Parallel(Rp ) ras i), Ripyrpli])

25: end for

26: end for

27: R < Parallel(Rrr, Rryv)
28: Output: R

it is necessary to place the biopsy target point (bulb) and
the bronchi (resistors) at appropriate positions in the circuit.
As can be seen from Fig. 3b, the number of target points
determines the number of branches in the equivalent circuit,
and the number of bronchial bifurcations that the path passes
through determines the number of resistors on the equivalent
circuit. Therefore, the “minimum resistance” path planning
strategy can be mainly divided into the following steps:

1. Construct a 3D model of the bronchus using CT
sequence images and extract its centerline.

2. Find the lesion location in the 3D model, and calculate
the equivalent resistance according to Section II-A (lesions
outside the bronchus may have multiple feasible target
points, resulting in multiple equivalent resistances).

3. All target points generated by the lesions are arranged
and combined to generate equivalent circuits. Only one target
point is taken from each lesion for planning each time.
The planning method adopts the Depth First Search (DFS)
algorithm [21]. The specific selection and arrangement and
combination of all planned paths are shown in Fig. 3b.

4. The process from the planned path (PP) to the equivalent
circuit (EC) in Fig. 3b requires determining the resistance of
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Algorithm 2 Main Procedure for multi-sample TBB Path
Planning

1: CT_images < load_CT_images()

2: bronch_model + BUILD_3D_MODEL(CT _images)

3: centerline < EXTRACT_CENTERLINE(bronch_model)
4: lesions < DETECT-LESIONS(bronch_model)

5: lesion_targets < ()

6: for each lesion in lesions do

7: targets < GENERATE_TARGETS(lesion)

8: resistances < CALC_EQUIV_RES(targets)

9: lesion_targets.append((targets, resistances))
10: end for

11: all_circuits < ()

12: DFS_COMBINATIONS (lesion_targets, 0, [], all circuits)
13: for each circuit in all_circuits do

14: SETUP_CIRCUIT(circuit) > Resistor values
15: COMPUTE_TOTAL_R(circuit)

16: end for

17: optimal _circuit < arg minecq_circuits ¢-total_R
18: return optimal_circuit
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Fig. 4. The number of times each bronchus segment is passed under the
path corresponding to the minimum equivalent resistance value.

each equivalent resistor and the circuit branch in which it is
located, specifically following the steps in Section II-C.

5. Compare R of all ECs (Fig. 3b) and select the EC with
the minimum R. This EC is the optimal path of TBB.

In order to make the process of calculating the equivalent
resistance more intuitive and simple, the equivalent resis-
tance under each EC is calculated in the order of: terminal
bronchus — primary bronchus in the form of parallel + series
merging layer by layer until there are no more merging items.

I1I. EVALUATION
A. Virtual Bronchial Model Simulation

Although existing software or open-source algorithms can
facilitate constructing bronchial structures and extracting the
centerlines, this process necessitates detailed manual inter-
vention and model corrections [22]-[25]. To avoid exten-
sive manual reconstruction and enable simulation validation
across as many distinct bronchial models as possible, it
is critical to rapidly generate a large volume of bronchial
models for use as data samples.

In general, as the number of bronchial branches increases,
the branching angle gradually increases, from about 21°
at the 5th order to about 50° at the 15th order, and the
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Fig. 5. Equivalent resistance distribution of different ECs based on the
five lesion locations in Fig. 4.
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anterior branch angle is usually smaller than the posterior
branch angle [26]. Based on this basis and some other
existing methods [27], [28], 100 random morphological 8-
order bronchial models were established. Then, the centerline
of the bronchus was extracted, all bifurcations were marked
with blue dots, as the example in Fig. 2 shows.

As shown in Fig. 4, there are 5 lesions (4 extrabronchial
lesions and 1 endobronchial lesion) in the bronchial model.
According to Fig. 3b, ECs are obtained, and all duplicates
with the same results are removed, and there are a total of
45 final ECs. Assume that 7 = 1.0, the resistance value Z
distribution of different ECs is shown in Fig. 5.

The final selected EC with the minimum equivalent resis-
tance is shown in Fig. 4, which marks the number of times
the bronchoscope has passed through each segmented path
in different color blocks.

If the number of multiple nodules in the lungs exceeds
10 and is diffusely distributed, it is usually more likely to
be caused by extrathoracic malignant tumor metastasis or
active infection, and the possibility of primary lung cancer
is relatively small. Therefore, the number of lesions is set
to 3 - 9 (the lesion position is randomly generated within
the lung space, and the generated lesion coordinates are
used as the basis for subsequent planning) for 100 8-level
bronchial models. The planning time of these virtual models
are tested for each number of lesions. The example diagrams
of different numbers of lesions in different bronchial models
are shown in Fig. 6. The process was performed on a PC
equipped with an Intel 19-14900HX CPU, 32 GB RAM, and
a single Nvidia RTX 4070 GPU with 8 G VRAM.

Assuming that the speed of the bronchoscope remains
consistent, Fig. 7 records the average planning time reduction
percentage (compared with traditional one-sample TBB) of
3-9 lesions under the same bronchial model. As can be seen
from Fig. 7, multi-sample TBB was reduced in time by an

4472



= Mean value: 76.55

'\A‘ﬂ[\yAﬂJ\AP/} M/\A/\ AﬂAf\A/\
PRI Yy

o 20 40 60 80 100
Experiment index

©
a

©
©

©
@

[
=]

NN
o wu

Time reduction percentage (%)
-
o

[
o

Fig. 7. Compared with the traditional one-sample TBB, the time reduction
percentage of the multi-sample TBB method.

Fig. 8. Bronchial 3D reconstruction and centerline extraction process based
on human CT sequence images.

average of more than 76% compared to one-sample TBB.
In order to illustrate the stability of the proposed method

compared with the traditional method, the Root Mean Square

Error (RMSE) of all data in Fig. 7 is calculated using (4):

RMSE = 4)

where ¢; represents the data value with experiment index
i, t represents the mean of all data, and n represents the
total number of all indexes. The RMSE of all data in Fig. 7
is 5.37%, indicating that the data dispersion is low and the
overall distribution is relatively concentrated. This shows that
the proposed method can stably and effectively improve the
efficiency of traditional TBB.

B. Real CT Image Modeling Simulation

The preceding discussions primarily rely on binary tree
concepts and principles, yet the lung bronchial branching
pattern does not adhere to a fixed binary structure [29].
For instance, the left main bronchus divides into upper and
lower lobe bronchi, while the right main bronchus splits into
upper, middle, and lower lobe bronchi. A bronchiole may
further branch into multiple thinner bronchi, with branching
number and direction influenced by lung tissue structure
and function. To ensure the planning theory applies to real
bronchial models, this research uses binary tree logic to de-
fine feature points and branches during bronchial centerline
extraction. When an actual bronchial bifurcation point has
more than two branches, it is automatically decomposed into
multiple binary bifurcation points to ensure the binary tree
structure. The process effectively restore the appearance of

TABLE I
THE FINAL PLANNED MULTI-SAMPLE TBB PATH

Bronchial Start Point End Point Numfber
Area (Bifurcation) (Bifurcation) P °
asses
Main (-0.71, -7.06, -63.53) (-2.06, 11.71, -136.17) 5
(-2.06, 11.71, -136.17)  (-16.02, 15.29, -151.06) 3
(-16.02, 15.29, -151.06)  (-28.30, 13.17, -177.65) 2
(-28.30, 13.17, -177.65)  (-32.18, 15.17, -183.56) 2
(-32.18, 15.17, -183.56)  (-38.16, 14.40, -198.47) 2
Left (-38.16, 14.40, -198.47)  (-43.00, 10.55, -202.49) 1
(-43.00, 10.55, -202.49) (-47.53, 5.10, -212.86) 1
(-16.02, 15.29, -151.06)  (-31.93, 14.18, -146.55) 1
(-38.16, 14.40, -198.47)  (-41.11, 17.02, -206.07) 1
(-41.11, 17.02, -206.07)  (-41.96, 21.87, -213.15) 1
(-41.96, 21.87, -213.15)  (-43.41, 24.60, -220.83) 1
(-2.06, 11.71, -136.17) (35.53, 17.30, -163.87) 2
(35.53, 17.30, -163.87) (41.99, 20.65, -174.46) 1
Right (41.99, 20.65, -174.46) (53.80, 20.25, -194.51) 1
(53.80, 20.25, -194.51) (53.94, 20.65, -195.59) 1
(53.94, 20.65, -195.59) (60.54, 22.07, -207.30) 1

7 = 839.29
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Fig. 9.

Multi-sample TBB path for five lesions.

the bronchial centerline, verifying the binary tree approach’s
feasibility and scientific validity.

Building on the aforementioned foundation, Mimics
(Mimics 21.0, Materialise NV, Leuven, Belgium) was applied
for 3D reconstruction and 3D Slicer (Version 5.8.1) was
used to do centerline extraction in this research. Operational
details are illustrated in Fig. 8.

To scientifically validate the proposed method’s feasibility
in real TBB operations, a set of CT sequence images from the
open-source Cancer Moonshot Biobank - Lung Cancer Col-
lection (CMB-LCA) dataset [29] was utilized for bronchial
3D reconstruction. The centerline obtained in Fig. 8 is used
to simulate the planning of multi-target biopsy using the
proposed method, and DFS path planning is performed for
Py, P,, and P5; obtained for each lesion awaiting biopsy.
For this bronchial model, 5 lesions were randomly specified,
and according to the principle of minimum resistance, the
final planned multi-sample path can be referred to Table I,
which includes the coordinates of the starting and ending
bifurcation points of each bronchus in the biopsy path, as
well as the number of times the bronchoscopic robot passes
through this segment of bronchus in the case of multi-
inspection at one time (the rightmost column).

4473



The path of virtual bronchoscopy /

Fig. 10. Comparison of simulated bronchoscope paths for the proposed
multi-sample and the one-sample TBB method.

Bronchial Control
Phantom PC

Flexible
Manipulator .

Fig. 11. Bronchoscopic robotic prototype and bronchial phantom.

According to the path data in Table I, a multi-sample TBB
visualization path for the five lesions of the bronchial model
can be drawn as Fig. 9.

To validate that the proposed method effectively reduces
TBB consuming time, a virtual bronchoscopy simulation
was conducted on the bronchial model, as shown in Fig.
10. The blue line depicts the optimized path using the
proposed strategy, while the red line represents the traditional
one-sample TBB trajectory. Bifurcation points labeled with
letters correspond to those in Fig. 9. Results demonstrate

Py 142.9s |

that compared to unoptimized multi-target detection, the
multi-sample TBB path optimization strategy shortens total
movement distance by over 60%, significantly enhancing
TBB efficiency.

C. Experimental Verification

In order to verify that the proposed method can effectively
guide TBB path for actual prototype, this Section applies the
multi-sample TBB planning strategy to an actual broncho-
scopic robot and an 8-level transparent bronchial phantom.
The manipulator consists of two continua, each of which is
driven by four tendons to control the bending angle w and the
bending plane angle a, as shown in Fig. 11. The two tendons
that control the same w are controlled by the same turntable,
one side is tightened and the other side is relaxed. Each
turntable is driven by a micro stepper motor (STM2851B-
CANopen-M, NiMotion, China) with its integrated encoder
and driver. At the bottom of the drive module is a linear
slide that controls the feed and retraction of the manipulator,
which is driven by a stepper motor (STM5741A-CANopen-
E, NiMotion, China) with its integrated encoder and driver.

First, the scientificity and operability of the equivalent
resistance proposed in section II is verified. Assume that
8 different lesions are in the (hypothetical) lung space of
the bronchial phantom, and their P;, P, and P5; and the
corresponding paths are shown in Fig. 12.The bronchoscopic
robot was used to perform a reaching test for each three
points. It shows that for a lesion, the selection of different
P has a direct impact on bronchoscopic operation, whose
average time of each 10 tests is marked in Fig. 12.

In addition, in order to verify the efficiency of the proposed
multi-sample TBB method compared with traditional one-
sample TBB method, 3-8 lesions above were randomly
selected, and the bronchoscopic robot is used to do the arrival
test. The optimal paths corresponding to 8 lesions are shown
in the upper left corner of Fig. 12. The time comparison for
different number of lesions with the two operations is shown
in Fig. 13, which shows that the average consuming time

. >€ . P 113.0s |
| / P, 120.4s |
g '

Pt 12165
L Pt 139.7

X Target Point 1: (38, 79, 269) 2: (65, -36, 134) 3: (61, -86, 313) 4: (40, 90, 230)
A p P 22145 P P, 236.1s P, 18935 P 235.7s
* P, e < el |

P; |

—— Pathto P, | by
Path to P, %&
Path to P, £
— Final Path 5: (20, 60, 200)
Fig. 12.

6: (64, -40, 135)

7: (35, 23, 320) 8: (70, -100, 250)

Lesion distribution in phantom with target points and average operation time.
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Fig. 13.  Comparison of consuming time between one-sample and multi-

sample TBB for different number of lesions.

of multi-sample TBB is reduced over 40% compared with
traditional one-sampe TBB, greatly improving the efficiency.

IV. CONCLUSION

In this paper, a multi-sample TBB planning method was
proposed to solve the clinical problem of low diagnostic
efficiency of multiple pulmonary nodules in TBB. This
research innovatively abstracted the bronchial morphology
into resistive circuits, transformed the optimal path planning
of multi-sample TBB into equivalent resistance minimiza-
tion, constructing a new TBB path planning framework.
This framework breaks through the limitations of traditional
one-sample TBB path optimization, and provides theoretical
support for multi-sample TBB operations. Besides, compared
with the single shortest path principle in traditional path
planning, the proposed method established an evaluation
system that comprehensively considers multiple factors such
as bronchial morphology and locations of lesions, and re-
placed the traditional standard with the principle of minimum
equivalent resistance.
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