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Abstract—The development of procedure-specific surgical
robots has become essential for tackling complex clinical chal-
lenges. Flexible bronchoscope robots (FBRs) have emerged over
the past decade, revealing broad prospects for the safe, precise,
and reliable diagnosis of peripheral pulmonary nodules (PPNs),
which is crucial for enabling early lung cancer treatment.
However, in advancing FBR development, roboticists sometimes
stray from or overlook practical surgical considerations, which
might impede its clinical implementation. This review aims to
bridge this gap by offering an engineering-focused perspective
enriched with critical medical insights to drive the clinical
translation of next-generation FBRs. We begin by highlighting
the medical significance and current state of FBR research. Then,
we outline the “ambient environments” of FBRs: the supported
procedure, robotic system, steering tools, and deployment modes.
Subsequently, we summarize recent progress in FBR technol-
ogy, focusing on two key areas: procedure-specific design and
modeling to improve intervention capabilities, and autonomous
navigation and control strategies to enhance autonomy. Based on
the given analysis, we discuss the development directions of next-
generation FBRs according to the current clinical challenges and
the engineering approaches to their realization.

Index Terms—Continuum robot, minimally invasive surgery,
peripheral pulmonary nodule biopsy, robotic-assisted bron-
choscopy, surgical robot.

I. INTRODUCTION

CONTINUUM robots have found a suitable place in min-
imally invasive surgery (MIS) for their slenderness and

flexibility. Since MIS is moving decidedly toward minimizing
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the size and number of visible skin incisions while maintaining
the intervention precision [1], advanced studies are focusing
on developing delicate continuum robots that offer enhanced
maneuverability, multifunctionality, and reduced invasiveness
[2], [3]. Especially, this evolution is greatly accelerated in
some cutting-edge MIS with strong clinical requirements [4].

In this review, we summarize the engineering advancements
related to a new type of continuum robot, known as flexible
bronchoscope robot (FBR). The FBR is designed to enhance
a cutting-edge MIS procedure—the diagnosis and treatment
of peripheral pulmonary nodules (PPN) through flexible bron-
choscopy—thereby aiming to improve the survival rates for
lung cancer patients [5], [6], [7]. The relevant surgical proce-
dure is referred to as robot-assisted bronchoscopy (RAB).

In the remainder of this section, we first introduce the clini-
cal background of the FBR to highlight its significance. Next,
we briefly describe the research status of both commercial
products and laboratory studies on FBRs. Finally, we state the
motivations, contributions, and organizations of this review.

A. Clinical Background

Lung cancer is the leading cause of cancer-related deaths
worldwide [8]. The American Cancer Society reports that
approximately 340 people die from lung cancer each day in
2024, nearly 2.5 times more than the next most common can-
cer (colorectal cancer) [9]. The benefits of improving five-year
survival rates by early diagnosis and treatment of lung cancer
are self-evident. However, due to the lack of clinical symptoms
with early-stage lung cancer, the vast majority of clinically
diagnosed lung cancer cases are already advanced. In the past
two decades, mainly due to the sustainable development and
promotion of lung cancer screening procedures [10], there has
been an increasing detection of small (≤10 mm) and even
micro (≤5 mm) pulmonary nodules. Furthermore, around 70%
of the recently detected cancerous nodules are located in the
periphery of the lungs, and this ratio can grow to 80% when
considering the lung screening program [11].

Generally, biopsy procedures are necessary to diagnose
cancer, and help determine prognosis and plan treatment.
However, current first-line surgical procedures, including
transbronchial biopsy (TBB) and transthoracic biopsy (TTB),
do not respond well to the increasing number of detected
PPNs. For the TBB procedure, endobronchial ultrasound with
transbronchial needle aspiration (EBUS-TBNA) is a very
safe and effective biopsy procedure with high biopsy rates
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(≈80%) in patients with centrally located nodules [12], [13].
Nevertheless, due to the tortuosity, narrowness, and multi-
branch characteristics of bronchus anatomy in the peripheral
lung, its utility for PPNs is limited [14]. For the TTB procedure,
although this procedure performs well in diagnosis rates for
PPNs (e.g., image-guided transthoracic core needle biopsy
with biopsy rates of ≈90% [15]), this procedure has a higher
probability of complications (≈43% [16]). In the context of the
large number of pulmonary nodules currently being detected
and only 5% of pulmonary nodules being cancerous [17], the
risks and benefits of this technique are not acceptable.

In this context, FBRs have been developed to overcome the
current predicaments in PPN biopsies. By combining human
cognitive skills with the precision and robustness of robotic
systems, FBRs enable easier access to peripheral lung regions,
enhancing biopsy accuracy while ensuring safety.

B. Research Status

Although continuum robots and flexible bronchoscopes both
emerged around six decades ago [21], [22], the concept of
FBRs was not introduced until the past decade, with the first
prototype study proposed by the Webster III and Alterovitz’s
teams [23]. To contextualize the background of FBRs, a brief
historical review of continuum robots is provided below.

Continuum robotics began to dvelop rapidly in the 1990s
and gained further momentum in the early 2000s, with
designs often inspired by biological structures such as snakes,
trunks, and tentacles. For instance, Choset et al. pioneered
the development of snake-like robots for navigating confined
and tortuous environments [24], [25]. Around the same time,
Webster III and Dupont’s teams introduced concentric tube
robots. Subsequently, Webster III’s team advanced key theo-
retical frameworks for continuum robot modeling, including
piecewise constant curvature models and actuation principles
[26], [27], [28]. These foundational studies collectively laid
the groundwork for applying continuum robots in MIS and
paved the way for the development of FBRs. In recent years,
a growing number of continuum robots with diverse designs
and increasingly sophisticated modeling and control strategies
have been developed; for detailed reviews, see [29], [30], [31],
[32], [33].

These abovementioned progress in continuum robotics,
coupled with clinical needs, have propelled FBR’s momentum
during its first decade. As presented in Fig. 1, RAB has
attracted considerable interest from both the academic and
commercial robotics communities. More than twenty research
groups, including bronchoscopists and roboticists, have made
efforts on this topic. The number of papers on FBR has
rapidly grown from only 5 in 2015 to approximately 300 in
total by the end of 2024. Three commercial products (Auris
Health’s Monarch platform, Intuitive Surgical’s Ion System,
and Noah Medical’s Galaxy System) have been developed
and approved by the Food and Drug Administration (FDA).
Clinical papers typically focus on topics such as the evaluation,
application, and comparative analysis of commercial RAB
systems, whereas engineering papers are generally centered on
the development of more advanced FBRs. In short, RAB has

Fig. 1. The chart depicts the annual publication trends of journal and
conference papers on flexible bronchoscope robots (FBRs) from 2015 to 2024,
categorized into engineering (blue curve) and clinical (red curve) domains.
The green dots along the timeline mark the years when commercial platforms
received the Food and Drug Administration (FDA) approval. Images of
commercial FBRs are reproduced from [18], [19], [20].

evolved into a rapidly developing research area, characterized
by its distinct procedure-specific design.

Commercial RAB platforms have undergone a series of
clinical trials after receiving FDA approval, and the latest
studies confirm the effectiveness of RAB. Multiple meta-
analyses of RAB suggest that the diagnosis rate of PPNs is
about 80-85%, and the complication probability is similar to
that of conventional bronchoscopy [34], [35], [36]. In addi-
tion, RAB demonstrates enhanced robustness in diagnosing
PPNs, even in cases where these nodules exhibit challenging
characteristics such as small size [37], no bronchus sign
[34], tortuous approach path [38], and eccentric radial-EBUS
(rEBUS) view [39]. Furthermore, some studies have been con-
ducted on combining the diagnosis and treatment to streamline
the surgical procedure, thereby alleviating hospital workload
and avoiding further progression of the cancerous nodule
[40], [41]. Last, studies of RAB integrated with other medical
images such as computed tomography (CT) and fluoroscopy
have been preliminarily carried out [42], [43]. Aided by the
accuracy of the RAB and the additional vision of medical
modalities, the location of the PPN can be reconfirmed to
ensure the correct position of the invasive tools.

Researchers, however, generally think beyond immediate
commercial development, looking toward future innovations
of FBR. Progress can be divided into two key areas. First,
the patient-specific designs, which incorporate advancements
in soft and continuum robotics, aim to create systems more
attuned to the unique challenges of the pulmonary environ-
ment. Second, enhancing FBR autonomy through advanced
navigation and control strategies. These advancements aim to
surpass the bronchoscopists’ traditional sensorimotor capabili-
ties, thereby further enhancing the ability to intervene in PPNs.

C. Motivations and Contributions

1) Motivations: Over the past five years, numerous clinical
reviews have been published discussing the current commer-
cial products and their clinical trials, addressing aspects such
as system functions [45], [46], clinical performance [47], [48],
and technology integration [49]. However, despite the emer-
gence of many new FBRs and advancements in related
navigation and control technologies, to the best of the authors’
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Fig. 2. The main content and organization of this review. Arrows represent
logical relationships among sections. Parts indicated by “•—” represent the
subsections. Abbreviations: FBR, flexible bronchoscope robot; RAB: robotic-
assisted bronchoscopy.

knowledge, no engineering-focused review has yet been pub-
lished that offers a comprehensive summary of these newly
proposed FBRs. Additionally, while recently developed FBRs
showcase innovative features, the specific clinical problems
they aim to address remain somewhat unclear, which may
impede the successful clinical translation of these robots.

2) Contributions: This review adopts an engineering per-
spective while integrating relevant medical insights, aiming
to clarify the latest progress in FBRs and the related clinical
challenges. It seeks to guide roboticists in developing the next
generation of FBRs that meet pressing clinical needs amidst
the rapid evolution of continuum robotics. The main content
and structure of this review is presented in Fig. 2, and the key
contributions of this review are summarized as follows:

• Proposing an engineering-focused overview of FBR’s
decade-long development for the first time.

• Providing a detailed summary of the medical background
pertinent to RAB, to assist roboticists in understanding
the specific clinical contexts essential for the advance-
ment of FBR technology. (Section II)

• Organizing and categorizing procedure-specific designs
of FBRs to highlight how the specific features contribute
to improving biopsy capabilities, as well as to discuss the
remaining challenges. (Section III)

• Dividing the FBR’s levels of autonomy (LOAs) to
refine the research roadmap and summarizing the latest
advancements in terms of autonomous navigation and
human-robot shared control. (Section IV)

• Proposing three development directions for the next-
generation FBRs based on clinical demands, and
discussing the potential engineering approaches for the
realization. (Section V)

II. OVERVIEW OF ROBOTIC-ASSISTED BRONCHOSCOPY

SYSTEM

Clearly defining the role of FBR in the RAB is crucial for
clinical translation. This section provides a brief overview of
the RAB to assist roboticists in making more comprehensive
considerations when developing advanced FBRs (Fig. 3). We
first introduce the procedure and configuration of the RAB
system. Then, the FBR and advanced inner tools, typically
steerable guide sheathes (GSs) and needles, are clearly defined.

Last, we classify three modes for FBR deployment to help
roboticists develop FBR while aligning with clinical practices.

A. General Procedure and Configuration

1) General Procedure: The RAB system is not without
foundation; it has evolved from conventional navigation and
interventional bronchoscopy techniques [14], [50]. As shown
in Fig. 3(a), the general procedure of RAB is briefly outlined
for easy understanding of roboticists. More detailed clinical
descriptions can be found in [45], [51], [52]. The procedure
begins with preoperative thin-slice CT scanning to map the
pulmonary segmental anatomy. The resulting CT data is then
transferred to specialized software (e.g., PlanPoint) for motion
planning. This process involves extracting a three-dimensional
(3-D) model of the tracheobronchial tree, marking the tar-
get lesion, and automatically generating accessible paths.
Bronchoscopists can modify these paths based on clinical
judgment.

Intraoperatively, the patient is placed in a supine position
under general anesthesia to minimize bronchus movement
and stabilize the navigation environment. Following airway
inspection, the FBR is registered based on a built-in micro-
camera and other sensors such as the fiber-optic sensor
(FOS) or electromagnetic sensor (EMS) to synchronize its
position with the preoperative map. Then, the navigation is
enabled. The real-time position of the FBR is tracked by
the aforementioned sensors and displayed on a human-robot
interface (HRI), guiding the bronchoscopist in delivering the
FBR to the PPN with confidence.

One significant challenge in navigation is the CT-to-body
divergence, i.e., the discrepancy between the preoperative
CT and the patient’s anatomy during surgery, mainly caused
by differences in breathing patterns and intraoperative tissue
deformation. To address this, confirmation using additional
intraoperative imaging modalities such as rEBUS, cone beam
CT (CBCT), or augmented fluoroscopy is often necessary
to accurately localize the lesion or verify “tool-in-lesion”
placement. After confirmation, multiple biopsies are taken
using tools such as fine needles, brushes, forceps, or advanced
techniques like cryobiopsy [53]. Rapid on-site cytological
evaluation (ROSE) may be conducted to rapidly examine
the biopsy results [54]. In advanced RAB concepts, the
clinical outcomes obtained can be rapidly applied to treat-
ment planning. For early-stage cancerous PPN, advanced
in situ treatment via FBR may be considered, such as
microwave ablation, radiofrequency ablation, and cryoablation
[55], [56], [57].

2) System Configuration: RAB systems typically operate
on a telerobotic paradigm, involving human-in-the-loop teleop-
eration of robot-actuated tools [58]. As shown in Fig. 3(b), the
system consists of a controller (leader device), a FBR (follower
robot) mounted on a robotic platform, and a communication
network connecting the two. The controller, often a simple
gamepad, is used because typically only a single manipulation
arm is involved [44], [59]. The bronchoscopists operate the
follower robots remotely from the patient’s side.
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Fig. 3. Overview of the robotic-assisted bronchoscopy (RAB) system. (a) The flowchart illustrates the general procedure of the RAB. (b) The construction
diagram shows the main components of a general RAB system and highlights a flexible bronchoscope robot (FBR) with exampled function and configuration.
(c) FBR’s deployment modes according to the locations of peripheral pulmonary nodules (PPNs). Abbreviations: CT, computed tomography; ROSE, rapid
on-site cytological evaluation; rEBUS, radial-endobronchial ultrasound; CBCT, cone beam CT; EMS, electromagnetic sensor; FOS, fiber-optic sensor; GS,
guide sheath; HRI, human-robot interface. Partly created with [44] and BioRender.com.

The robotic platform usually features a robotic arm with
a lifting mechanism to adjust the FBR’s posture. During the
initial stage of the surgery, the platform is docked beside the
patient, and the FBR is aligned with the introducer, which
holds the endotracheal tube. The bronchoscopist then uses the
controller to deploy the FBR into the bronchus.

B. Flexible Bronchoscope Robot and Inner Steerable Tools

FBR is the core of the RAB system. As presented in
Fig. 3(b), it is typically a flexible-steerable continuum robot
where the insertion part (manipulation arm) consists of a
passive flexible body and an attached steerable section. This
construction is necessary in distal airway navigation that
requires high slenderness ratio [60]. The actuation system
is located at the proximal end of the FBR, providing the
translation and bending motion. Inner steerable tools are
significant components to enhance FBR biopsy capabilities.
They can be regarded as independent continuum robots for
research purposes. For the sake of distinction and rigor in this
review, the FBR and steerable tools (i.e., steerable GS and
needles) are defined hereunder with both their medical and
engineering characteristics:

1) Flexible Bronchoscope Robot: The FBR comprises an
actuation mechanism and a manipulation arm. It is a flexible-
steerable continuum robot with at least three inner channels:
one for an embedded micro-camera and lighting system,
another for insufflation/irrigation, and a third for assistive,
biopsy, and therapeutic tools [61]. The detailed structure of
a general FBR is shown in Fig. 3(b) with an enlarged view.
Additional channels are often required for embedded EMS or
FOS [62] and for tethered actuation mechanisms [63]. Due to
the size constraints of the internal systems, the outer diameter
of the FBR typically ranges from 2.4 to 4.4 mm [45], [64].

2) Steerable Guide Sheath: GS is a tube-like tool, which
has been widely used in TBB, especially in EBUS with a
GS (EBUS-GS) [65]. It serves as an extended tool channel
beyond the bronchoscope’s reach, allowing for repeated and
accurate access to the nodule. Steerable GS achieves enhanced
operability compared to GS by adding active bending degrees
of freedom (DOFs). Additionally, it can serve as a guide tube
to help the FBR traverse complex bronchi [66]. The outer
diameter of the steerable GS is usually less than 2 mm for
entering the tool channel.

3) Steerable Needle: Steerable needles were developed
around two decades ago to enhance needle maneuverability
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within tissue [67]. In TBB, the needle is commonly utilized for
biopsy procedures such as fine needle biopsy and TBNA [68].
A steerable needle allows for precise steering through tissue,
avoiding anatomical obstructions, and reaching PPNs without
bronchial signs. The biopsy needle diameter is generally less
than 1.1 mm (19G needle) for medical issues.

C. Deployment Modes of Flexible Bronchoscope Robot

As illustrated in Fig. 3(c), we outline three deployment
modes for accessing PPNs featured with different anatomical
locations. While each mode broadens the scope of biopsy,
it also introduces challenges related to safety, accuracy, and
operation. Below, we briefly describe the characteristics and
challenges of each mode.

1) Deployment for FBR-Direct Accessible PPN: Several
factors limit FBR’s ability to reach the peripheral lung, includ-
ing its diameter, steerability, operation skills, and availability
of a safe path. These limitations restrict FBRs to reaching
only some PPNs directly. Recent designs such as the mother-
baby and ultra-thin configurations [69], [70] have expanded
PPN accessibility, but deep advancement with FBRs worsens
ergonomics.

2) Deployment for GS-Assisted Accessible PPN: Steerable
GS enhances guidance, extending reach to the next generation
of bronchi, but introduces operational and safety challenges
due to the loss of built-in micro-camera vision. Due to the loss
of visual feedback, the bronchoscopist is unable to deploy the
GS using sensorimotor ability or estimate the contact force
through tissue deformation, posing risks such as bronchus
bleeding [71]. Additionally, in case of bleeding, detecting
it promptly and safely positioning the tool for intervention
may be challenging. The developments of supplementary
intraoperative imaging and monitoring techniques may make
this operation easier to perform [72], [73]

3) Deployment for Transparenchymal Accessible PPN: For
nodules inaccessible via standard bronchoscopy—due to lack
of bronchial signs or distance from bronchi—a transparenchy-
mal approach with the steerable needle is required [74].
Although this method shows acceptable success rates in some
studies [75], its accuracy is low for PPNs or nodules distance
from the bronchi, due to the highly unpredictable needle-tissue
interaction caused by tissue heterogeneity and lung dynamics.
Moreover, safety concerns are significant for nodules near
blood vessels. In recent years, advances in effective real-time
needle tracking and precision steering have added value in
further enabling this approach [76], [77].

III. PROCEDURE-SPECIFIC DESIGNS AND MODELING

Advancements in continuum robotics have driven the
development of FBRs and steerable GSs with structure
and actuation designs suited to navigating the distal air-
ways—characterized by narrow, fragile, highly branched, and
sharply curved passages. The designs of FBRs and steerable
GSs share core principles, which allow them to be discussed
together in this section:

• Their structure and actuation are both integrated within a
tube-like configuration for medical requirements;

• Their designs are constrained by the challenges of the
peripheral airway environment mentioned above;

• They share common objectives, such as increasing stiff-
ness, reducing diameter, and enhancing steerability.

Despite these shared principles, functional differences shape
distinct design approaches. For example, while the concentric
tube design suits steerable GS, it is less suitable for FBR, as
the latter requires a passive flexible section at the proximal
end [92].

In this section, we classify the state-of-the-art FBR and GS
designs into tendon-driven notched, soft, and other designs,
with recent advances summarized in Table I. Tendon-driven
notched designs remain within the existing design paradigm,
enhancing the performance of the FBR in distal airways
through innovations in the structural design of the tube wall.
Therefore, this design holds promise for rapid clinical trans-
lation. Soft designs, typically involving magnetic and fluid
actuation, provide FBRs with inherent compliance and safety,
while also enabling more advanced locomotion capabilities.
Although clinical translation may not be feasible in the near
term, FBRs with these designs hold considerable potential for
future applications. Apart from the two mainstream designs,
other designs, including concentric tube and multibackbone
designs, have also been explored by some research groups
with unique upsides. We also briefly review modeling methods
for continuum robots and discuss their application in current
FBR designs. Notably, although the steerable needle is also a
critical component for design, it is deployed within the tissue,
thus lacking FBR-related procedure-specific characteristics.
Accordingly, it is rarely mentioned in this section.

A. Tendon-Driven Notched Designs

Tendon-driven continuum robots, the most prevalent type
of continuum robots, operate by retracting tendons in the
steerable section, causing the flexible backbone to bend due to
the resulting bending moment. Due to the tube-like structure
of the FBR and steerable tools, the advanced structural design
involves carving hollow patterns into the tube-like surface,
with precision laser cutting as the key fabrication method [66].
This is because laser cutting is mode-free and can directly cut
millimeter-scale tubes into hollow patterns with micrometer
precision. Notably, this method is vastly used in fabricating
steerable needles due to their ultra-small diameters [93]. The
cut tube is notched in the bending direction, which we refer
to as the “tendon-driven notched design”.

Initially, the tendon-driven notched design is hyper-
redundant (i.e., non-continuum snake-like design), updating
from manual version [94]. Its small-scale design is enabled
by the assembly-free nature of the laser cutting method; the
rotating pairs between joints self-assemble after laser cutting.
Then, the compliant mechanism (CM) design is proposed that
utilizes the laser to cut specially designed flexure hinges so
that the tube acts as the central backbone of the continuum
robot [81]. The hyper-redundant design achieves larger curva-
ture than the CM design under the same steerable length, while
this comes at the cost of potential danger in joint collision
with the inner tube and outer environment.
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TABLE I
SUMMARY OF RECENT ADVANCES IN FBR AND STEERABLE GS DESIGN

Recent studies on CM design focus on developing and
optimizing the tube patterns to fit the PPN biopsy envi-
ronment. As shown in Fig. 4(a), Ai et al. developed a
paired cross-axis design and increased the output stiffness
of steerable GS by concentrically nesting two tubes [82].
Other related research includes multi-segment design to large
steering angle [80] and multi-contact-aided design to anatomy-
specific condition [95]. Despite the recent achievements,
due to the effects of friction, material parameter uncer-
tainty, and parasitic motion, elaborate statics and kinematics
models for optimization and model-based control are still
unsolved [60].

B. Soft Designs

1) Magnetically Actuated Soft Designs: Current studies
related to magnetic actuation show increasing interest in
magnetically tipped catheters and endoscopes [96]. The distal
tip steers based on the magnetic torque or force generated
by the embedded magnet under externally applied magnetic
fields [97]. As the actuation is untethered, continuum robots
can be designed to be very small (e.g., sub-millimeter scale)
and free of transmission errors, which is unavoidable in teth-
ered actuation. Therefore, in recent years, magnetic actuation
has been widely adopted in intravascular applications [98] and
endoscopic applications [99].

Thanks to the advances in soft magnetic material research
[100], magnetically actuated soft design, i.e., bonding magnets
into soft materials, has been developed in medical field to
enhance the capability while maintaining safety, such as
in arthroscopy [101]. In the context of FBR and steerable
GS, Murasovs et al. parameterized the respiration cycle and
presented a magnetically tipped steerable GS to compensate
for the error by raising the navigation accuracy [86]. Compared
to a single magnetic tip, a distributed magnet arrangement
offers enhanced steerability and greater reliability. As shown in
Fig. 4(b), Zhang et al. designed a mother-baby type FBR, and
the baby FBR is soft and arranged with distributed magnets for
actuation [69]. This aims to reduce the diameter and improve
the flexibility. With a similar configuration, Pittiglio et al.
focused on using multiple-point magnetic actuation to realize
“follow-the-leader” deployment [70], [102] (the unchanged
state of the curved shape of the body despite the advance of the
tip [103]), and utilized dual-robot-arm approach to generate
the required magnetic field [104]. Zhang et al. integrated
advanced microscale 3-D printing and magnetic spray to
fabricate an ultra-thin FBR. With an optical fiber array for
imaging, the FBR achieves magnetic responsiveness with a
0.95 mm diameter [87].

While magnetic actuation enables ultra-miniaturized
designs, the reduction in magnet size often compromises
output stiffness. Consequently, this approach is more suitable
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Fig. 4. State-of-the-art designs of flexible bronchoscope robot (FBR) and steerable guide sheath (GS). (a) Steerable GS with tendon-driven notched design
by Ai et al. in [82]. The GS has a paired cross-axis structure for enhancing the output stiffness. (b) Magnetically actuated soft design of the baby FBR of
a mother-baby type FBR by Zhang et al. in [69]. The magnets are distributed for diameter reduction and flexibility improvement. (c) FBR with fluid-driven
soft design that integrates diagnosis and in situ treatment by McCandless et al. in [64]. (d) Self-propelled balloon FBR working in inchworm type by Li et al.
in [83]. (e) Soft growing FBR with magnetic skin for enhanced steerability by Davy et al. in [85]. (f) Versatile FBR with fluid-driven soft design that integrates
bending, stabilization, and needle deployment capabilities by Van Lewen et al. in [84]. (g) Steerable GS with concentric tube design for enhanced distal
manipulation and deployment of an inner steerable needle for transparenchymal biopsy by Swaney et al. in [88]. (h) FBR with spring-like structure for direct
tip extension by Wang et al. in [91]. (i) FBR with multi-segment multibackbone design for enhanced tip targeting (parallel pose) by Kato et al. in [89].

for developing steerable GSs or baby FBRs that demand
enhanced flexibility; however, maintaining adequate output
stiffness is critical to ensure the stability of internal tools
during biopsy procedures. Furthermore, external manipulation
systems, such as multi-axis electromagnets and robotic arms,
remain a relatively large footprint, and their integration and
spatial compatibility with existing bronchoscopy equipment
warrant further investigation.

2) Fluid-Driven Soft Designs: Fluid-driven technology
stands out as a leading and relatively mature technology in
soft continuum robots, presenting a promising path toward
earlier clinical translation compared to other soft actuation
approaches [105]. Notably, fluid-driven soft designs enable
advanced types of locomotion, offering significant advantages
in enhancing the capability and safety of surgical tool deploy-
ment within confined spaces. For example, a soft continuum
robot with extension-based actuation has been developed in
transoral procedures [106]. In colonoscopy, eversion-based

soft growing robot and robot with radial expansion ability have
been explored [107], [108].

In the field of RAB, advanced locomotion strategies also
facilitate access to PPNs, with some studies fundamentally
redefining FBR’s structural design. McCandless et al. intro-
duced a pneumatic soft robot for combined biopsy and in situ
treatment of PPNs (Fig. 4(c)), designed to function as either an
ultra-small or a baby FBR with a diameter of 2.4 mm, though
limited to a single actuation DOF [64]. To manage distal tip
instability during proximal advancement of the FBR, Li et al.
developed a self-propelled balloon FBR [83]. As depicted in
Fig. 4(d), this design omits the passive flexible segment to
transmit advance motion and employs an inchworm motion to
directly advance the end, while the interaction safety between
the FBR and distal airway requires further consideration.

Another approach to mitigate advance-induced uncertainty
is through direct distal extension. In Fig. 4(e), Davy et al.
proposed a soft growing robot (also known as vine robots)
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for RAB, which incrementally added material at the tip by
eversion [85]. They also embedded the magnetically active
materials into the robotic surface so that the steerability could
be improved without increasing the diameter. Additionally,
Van Lewen et al. applied origami techniques to extend the dis-
tal tip directly, as shown in Fig. 4(f). They proposed a versatile
soft robot with integrated bending, stabilization, and needle
deployment capabilities [84]. Masking technique was used in
combination with cast molding and lamination to fabricate
the radially expansive soft actuator for stabilization and the
bellows soft actuator (origami-inspired) for tip extension.

Beyond magnetic and fluidic actuation, recent work uses
tendon-driven soft structures with low melting point alloys for
temperature-controlled stiffness modulation [109]. Although
FBRs with soft design have the potential to bring disruptive
innovations to RAB procedures, soft robots are inherently
challenging to model, which complicates navigation in com-
plex environments. Moreover, miniaturization and surgical
integration of endoscopic equipment remain pressing chal-
lenges that need to be addressed.

C. Other Designs

Robots featuring a concentric tube design consist of a series
of pre-curved, thin, hollow telescoping tubes arranged con-
centrically, and actuated by translational and rotational motion
at the proximal end [33]. Due to the actuation mechanism,
this design is conducive to miniaturization but is only suitable
for steerable GS [60]. For FBR, significant contributions to
this field have been made by Kuntz, Webster III, and col-
leagues [88], [110]. As illustrated in Fig. 4(g), they proposed
a steerable GS utilizing a concentric tube design integrated
with a steerable needle as the end effector. Their contributions
predominantly focus on advancing autonomous navigation and
control, rather than the design. A detailed discussion of this
will be provided in Section IV.

Multibackbone design has also been explored for FBR [89],
[90], [91], [111]. Based on rod-based push-pull mechanisms,
this configuration offers enhanced stiffness and fewer actu-
ation DOFs compared to tendon-driven FBRs. As presented
in Fig. 4(h), Kato et al. developed a FBR employing the
multibackbone design. The robot has two bending sections that
enable controlled dispersion for improving sampling oppor-
tunities [89]. As shown in Fig. 4(i), Wang et al. utilized the
spring-like structure to design a multibackbone FBR with axial
elongation ability [91], [111]. This enables the FBR to safely
and easily access the peripheral lungs through a follow-the-
leader motion strategy. However, the high stiffness of the
passive flexure section, resulting from the multi-backbone
design, must be considered in terms of its impact on the
FBR’s ability to conform to the airway. Additionally, limited
mass-manufacturing processes must be considered for practical
clinical applications.

D. Modeling Methods

In MIS, the modeling of continuum robots commonly relies
on kinematic and static formulations due to the small size
and safety-critical requirements. The modeling methods can be

broadly classified into mechanics-based, geometric, discrete,
and learning-based methods [30]. Among these, mechanics-
based models are derived from continuum mechanics, typically
under the slender-body assumption to enable reduced-order
formulations. The Cosserat rod model, which represents the
robot as a material line with continuously stacked rigid cross-
sections, has served as a standard over the past decades.
Geometric models, under the Cosserat assumptions, further
simplify the robot’s shape by constraining it to a predefined
geometric curve. This eliminates the need to solve par-
tial differential equations and allows static modeling using
generalized coordinates derived from geometric assumptions.
Although many candidate functions can describe the curves
of continuum robots, the constant curvature (CC) assumption
is most widely used due to its simplicity and compatibil-
ity with real-time control. Discrete models discretize the
robot’s configuration in the very beginning (e.g., lumped-mass
or pseudo-rigid-body). They are easy to realize conceptu-
ally while requiring large efforts in parameter identification
and model reduction for control purposes. Learning-based
models are data-driven and independent of physical prin-
ciples. While effective in simulation and control, they are
limited for design purposes and often require large, task-
specific datasets with limited generalizability across different
robot types.

In the FBR domain, geometric models—particularly in CC
assumptions—are most widely adopted [80], [81], [89], [94],
[95], [111]. This is because most modeling efforts are intended
to support closed-loop control, often accepting relaxed accu-
racy. For tendon-driven notched designs, simple design
optimization based on the CC model is always performed. By
applying static laws, mechanics-based CC models can also be
derived for force estimation/control [112]. Mechanics-based
models are generally necessary for soft designs. For mag-
netically actuated designs, mechanics-based models are used
to map magnetic forces/torques to output motion [69], [85].
For fluid-driven designs, where fluid–structure interactions
are strongly coupled, finite element methods are typically
employed for design purposes [64], [84]. When addressing the
more complex scenario of PPN biopsy, we believe that more
realistic mechanics-based models, along with model reduction
techniques, are needed. Notably, the Cosserat rod model has
been rarely applied in current FBR studies; to the best of
our knowledge, only [90] has adopted this approach. Recent
developments in modeling fluid-driven soft robots, such as
the “fluid Jacobian” [113], should be further translated into
practical applications. Additionally, some studies have adopted
discrete models for simplification [102], and learning-based
methods for actuation error compensation [80].

IV. AUTONOMY-ENHANCED NAVIGATION AND CONTROL

STRATEGIES

Enhancing the autonomy of FBRs is an essential and
inevitable progression, as it mitigates the impact of the
robot’s inherent ergonomic design limitations and, through
the precision of robotic system perception and manipulation,
bolsters the robot’s capabilities in the peripheral lungs. While
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TABLE II
DESCRIPTIVE CLASSIFICATION OF LOAS FOR FBR WITH EXAMPLES

increasing the autonomy of FBR offers clear benefits, it also
significantly affects the risk management process, particularly
as decision-making authority shifts from the bronchoscopist
to the robot. Therefore, improving the research and devel-
opment route to enhance the FBR’s autonomy should be
considered the first priority for the real implementation of
high-autonomy systems. Building upon a high-performing
FBR (as reviewed in Section III), the engineering challenges
of enhancing autonomy primarily lie in improving the robot’s
navigation capabilities in the complex pulmonary environment
and addressing human-robot shared control strategies under
high-autonomy conditions.

In response to the aforementioned challenges, this sec-
tion begins by defining the LOAs specifically for FBR with
examples to refine the research roadmap. The definition is
based on a balance of benefits and risks associated with each
level, where increasing technical complexity corresponds to
higher LOA. Next, we review recent advancements aimed at
enhancing the navigation autonomy of FBRs, categorizing key
stages into localization, motion planning, and execution. The
discussion of execution primarily focuses on the human-robot
shared control strategies.

A. Levels of Autonomy

Technical report IEC/TR 60601-4-1 [114] evaluates the
LOAs in medical robots across four dimensions: monitoring,
generating options, selecting options, and executing the option.
It outlines several classification methods, such as descriptive
techniques, binary classification, and weighting methods, to
categorize LOAs. Then, Dupont et al. proposed an evolu-
tionary framework for medical robot autonomy, describing
six LOAs: no autonomy, robot assistance, task autonomy,
conditional autonomy, high autonomy, and full autonomy [4].
In a related effort, Pore et al. applied a descriptive clas-
sification method typically to intraluminal and endovascular
surgical robots, organizing them into five LOAs based on
three navigation-related functions: target localization, motion

planning, and execution/replanning [115]. They suggested that
the next LOA for these robots would involve generating
global paths and navigating autonomously to targets under
supervision. However, these classifications are not directly
transferable to FBRs. Unlike the scenarios described, FBRs
already benefit from automated global preoperative motion
planning. Yet, achieving supervised autonomy remains a multi-
stage challenge requiring further development.

We adopt the descriptive method, enriched with specific
examples, to define the LOAs tailored to FBRs. As outlined
in Table II, we focus on defining and detailing the LOAs
that FBRs can achieve in the near future, while offering only
a limited description of FBRs with higher LOAs. LOA 1
represents current commercial FBRs in the form of leader-
follower operations, which are undergoing clinical trials to
evaluate their effectiveness. In LOA 2, navigation remains
continuous operation of bronchoscopists. The robot functions
as a co-pilot, assisting the bronchoscopist in tasks such as
steering during airway bifurcations, thereby easing the opera-
tion difficulty and raising safety. In LOA 3, FBR can perform
navigation sub-tasks step-by-step under the bronchoscopists’
decision. Unlike LOA 2, FBR at this LOA operates inde-
pendently of the bronchoscopist’s sensorimotor skills during
these sub-tasks. This LOA allows the robot to undertake more
complex challenges, such as navigating sharp curvatures in
distal airways. In LOA 4, decision-making authority shifts
to the FBR, enabling it to complete navigation tasks under
the supervision of bronchoscopists. This advancement requires
precise dynamic perception of the surgical environment and
the capability for intraoperative path replanning. LOA 5
represents the set of higher LOAs of FBRs. It surpasses LOA
4 by incorporating advanced target recognition capabilities,
such as detecting airway collapse, abnormal tissues, or airway
bleeding, and autonomously managing these conditions. Of
note, although higher LOAs generally entail greater technical
challenges, they may not fully align due to safety and ethical
considerations. For instance, the LOA of FBR autonomously
aligning the lumen should exceed that of autonomous entry
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TABLE III
ADVANCES IN VISION-BASED LOCALIZATION, MOTION PLANNING, AND HUMAN-ROBOT CONTROL STRATEGIES FOR ENHANCING LOAS OF FBR

through the airway under human decision. The following
subsections delve into current research aimed at advancing the
LOAs of FBRs, including navigation and human-robot shared
control strategies.

B. Autonomous Navigation

1) Localization: Bronchoscopic localization methods can
be classified based on the type of sensors used: electromag-
netic tracking with EMSs [132], shape sensing with FOSs [59],
vision-based localization using micro-cameras, and hybrid
approaches [133]. The EMS is integrated at the distal end
of the FBR and generates voltage signals induced by the
external magnetic field formed by the field generator. Current
commercial systems achieve ideal orientation accuracy at
sub-millimeter and sub-degree levels. However, the sensing
accuracy is limited by the presence of metal or ferromag-
netic sources within the operating workspace [134]. For FOS
techniques, fiber Bragg grating (FBG) sensors are commonly
used in FBRs to perform shape reconstruction, which relies
on wavelength shifts caused by mechanical strain of sensor
locations. However, large and complex deformations in FBR
often require multiple fibers for adequate sensing accuracy,
increasing both spatial footprint and system cost [62]. Vision-
based localization offers significant advantages over EMS-
and FOS-based methods. It requires no additional sensors

and naturally filters respiratory interference caused by air-
way constraints [135], making it more cost-effective and
less susceptible to CT-to-body divergence. In vision-based
bronchoscopic localization, intraoperative video frames are
typically registered with a preoperative airway model derived
from CT scans. Various techniques, including intensity and
gradient, have been developed to improve the accuracy of
image registration [136], [137]. However, traditional computer
vision techniques face challenges due to featureless and
repetitive airway patterns, which limit localization accuracy
and robustness. Furthermore, the registration speed of 1-2 Hz
limits real-time control, impeding the progress of FBR towards
achieving higher LOAs.

Recent advancements in learning-based approaches have
enhanced visual-based bronchoscopic localization, offering the
potential to meet higher precision. As shown in Table III,
Sganga et al. introduced AirwayNet and BifurcationNet for
real-time bronchoscope localization, improving the estimation
of visible airways and their relative poses [116]. To improve
robustness and mitigate artifacts, Shen et al. proposed a
context-aware depth recovery method using a CycleGAN-like
network, enabling direct depth estimation from bronchoscopic
images [117]. Building upon this, Banach et al. developed
3cGAN, incorporated iterative closest point matching to reg-
ister the estimated depth map and validated this approach
systematically [119]. Instead of using deep learning solely
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for depth estimation, Zhao et al. approached bronchoscopic
localization as a learning-based global localization, replacing
traditional CT-video registration [118]. Gu et al. consid-
ered robotic control signals as auxiliary inputs in their
developed visual kinematic interaction framework, where
the control signal is considered in the kinematic refine-
ment networks to handle the kinematic imbalance [120].
Instead of coordinate-level localization, Tian et al. focused
on branch-level estimation through lumen detection [121],
offering increased real-time capabilities. Combining this with
depth estimation methods may advance the current localization
abilities.

2) Motion Planning: Motion planning methods for FBRs
are largely preoperative and rely on segmented bronchial
trees. These methods fall into four categories: node-based,
sampling-based, optimization-based, and learning-based tech-
niques [115], [138]. Early approaches, such as node-based
planning, assisted bronchoscopists in navigating complex air-
way structures [139]. However, these methods treated airways
as rigid, limiting their application in the dynamic environ-
ment of distal airways. Sampling- and optimization-based
methods, designed to account for FBR-specific character-
istics, have made significant strides in ensuring safe and
accurate motion planning in distal airways. Alterovitz’s team
has made notable contributions in this area based on a
developed concentric tube-type FBR (Fig. 4(g)) with three-
stage deployment strategies [122], [123], [124], [125]. As
presented in Table III, Kuntz et al. developed a sampling-
based motion planner that integrates three deployment stages
in a unified algorithm, explicitly considering the coupling
across different stages [122]. To enhance computational speed,
Hoelscher et al. proposed a backward planning strategy,
reversing the problem by constructing a needle search tree
from the target location [124]. For steerable needle deploy-
ments, Fu et al. developed a method for automatically
extracting cost maps from CT images to efficiently plan
safe motions [123]. They also proposed an optimization-
based approach that generates higher-quality plans through
defined “resolution optimality” [125]. Despite these advances,
sampling- and optimization-based methods continue to face
challenges in the compromise between the computation time
and the optimal path. Learning-based methods have shown
their advantages in other robotic-assisted MIS procedures with
higher LOAs, including liver, vessel, and colon environments
[140], [141], [142]. In the RAB scenario, to the best of the
authors’ knowledge, only Bian et al. proposed a learning-based
motion planning algorithm that aims to enable autonomous
intervention for deep and tortuous bronchial pathways based
on the developed few-human-interaction twin-delayed deep
deterministic policy gradient [126]. Most current motion
planning methods are preoperative. However, to enhance
the autonomy of FBR, intraoperative real-time motion plan-
ning is essential to provide accurate paths for high-level
controllers. Learning-based approaches present a promising
solution, though challenges such as safety concerns and the
need for vast amounts of training data must be addressed.

3) Simulation Environment: The simulation environment
plays a crucial role in advancing autonomous navigation,

Fig. 5. Human-robot shared control evolution in flexible bronchoscope
robots (FBRs). (a) Conventional control framework for leader-follower mode.
(b) FBR co-pilot mode, where intent detection and arbitration are introduced.
(c) FBR pilot mode, where bronchoscopists’ sensorimotor operation is
transferred to the knowledge-based decision.

especially when learning-based methods are involved. The
virtual airway is typically generated by segmenting CT images
using software such as 3D Slicer. Other components of the
simulation environment depend on the task, for example,
vision-based localization usually requires only a virtual camera
and motion paths, while simulating full navigation necessitates
a virtual FBR integrated with kinematics. Notably, virtual
airways have long been employed in virtual bronchoscopic
navigation [50], and virtual FBR has also been used in com-
putational path planning [122]. In learning-based approaches,
simulation environments are often utilized to generate datasets
due to the difficulty of collecting real-world data. However,
transferring knowledge from simulation to real-world scenar-
ios remains a major challenge, i.e., the “sim-to-real” gap.

Recent studies have explored techniques to reduce this
gap. Methods including domain randomization [126], [143],
domain adaptation [120], [130], fine-tuning [144], and data
augmentation [118], [130] are developed to enhance the gener-
alization capability. However, these methods still offer limited
robustness against real-world variability and introduce addi-
tional computational cost. Real-time capability is also critical
to reduce the sim-to-real gap. It ensures time-consistent feed-
back during the training and testing of autonomous policies,
particularly in closed-loop interactions. Some advanced reg-
istration techniques, such as the gradient-based method [137]
and depth-based method [145], have been proposed to improve
real-time performance in localization. Some developed real-
time physical simulation frameworks (e.g., SOFA [144]), also
contribute significantly to establishing a real-time simulation
environment for FBR navigation.

C. Human-Robot Shared Control

The human-robot shared control strategies are intrinsically
linked to the LOAs proposed in Section IV-A. This sub-
section outlines the general evolution of human-robot shared
control frameworks designed for FBRs operating at LOAs 1–3,
as depicted in Fig. 5. The state-of-the-art works are summa-
rized in Table III and discussed hereafter. A comprehensive
summary of state-of-the-art studies is presented in Table III
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and further elaborated upon hereinafter. Notably, an increase in
LOA does not inherently imply greater complexity in control
technologies but rather reflects a paradigm shift in human-
robot collaboration.

Figure 5(a) illustrates the prevailing collaboration paradigm
at LOA 1, wherein bronchoscopists teleoperate FBRs via
a joystick without assistance (leader-follower model). This
paradigm relies heavily on the operator’s sensorimotor skills,
particularly hand-eye coordination, due to the absence of tac-
tile feedback in current systems. The human-robot interaction
at this level involves mapping the bronchoscopist’s discrete
inputs to corresponding shape configurations, which are pro-
cessed by a motion controller. Typically, the motion controller
operates on two levels: a high-level controller for shape
tracking and a low-level controller for joint-level control.
Alternatives like hybrid motion/force controllers are con-
ceivable; however, the details of specific control algorithms
of these controllers are beyond the scope of this subsec-
tion. For instance, human-robot interaction integrates and
regenerates various sensory signals, operational inputs, and
control variables to provide real-time control feedback (e.g.,
shape reconstruction via FOS) and monitored information
(e.g., rendered virtual imagery). For instance, Lin et al.
introduced an augmented reality-assisted system that inte-
grates an EMS, FOSs, and a head-mounted display to create
an immersive experience for bronchoscopists [128], [146].
Gesture recognition technology has also been explored as a
joystick replacement to enhance operational convenience.

At LOA 2, the introduction of intent detection and co-pilot
arbitration marks a significant evolution toward a collaborative
framework, wherein the FBR assumes a co-pilot role [147].
Intent detection identifies the procedural step, although most
current methods rely on explicit operator input. Co-pilot
arbitration synthesizes control signals from both the human
operator and the robot. Crucially, the FBR must accurately
define the current task based on the environment and the oper-
ational inputs. Simultaneously, the robot should enhance the
safety and efficiency of peripheral lung navigation by address-
ing environmental challenges, such as dynamic disturbances
and airway constraints, which contribute to instability during
operations. Zhang et al. proposed an artificial intelligence (AI)-
human shared control algorithm to minimize tissue damage
while maintaining efficiency [130]. The core of the algorithm
is a policy network that uses a bronchoscopic image and a
discrete human command to predict the robot’s steering action.
They also developed a shared control strategy using the Unet
model for cavity segmentation, enabling co-control of the
robot to navigate into the correct cavity [148].

At LOA 3, the FBR assumes pilot control, performing
challenging sub-tasks under the bronchoscopist’s determi-
nation. The FBR receives intermittent commands from the
bronchoscopist to execute appointed sub-tasks. The greatest
merit of LOA 3 is that the FBR can perform sub-tasks without
relying on the bronchoscopist’s sensorimotor ability. Unlike
LOA 2, the FBR and the bronchoscopist in this framework
operate independently, with task decisions guided by the bron-
choscopist’s medical expertise. Therefore, the intent detection
and arbitration of LOA 3 are simpler than those in LOA 2. The

key matters in LOA 3, in addition to establishing a tailored
control framework, are to develop control strategies that enable
the FBRs to exceed human capabilities in executing specific
sub-tasks. For instance, McCandless et al. mentioned in their
research that they developed an image-based mechanism to
align the lumen center [64], which is one of the simplest
sub-tasks. Zou et al. combined histogram back-projection
and deep learning-based methods to detect the lumen center
with high robustness and accuracy for automatic steering and
insertion [129]. Some studies use a preoperatively generated
path trajectory as the reference for path tracking controllers,
enabling global autonomous navigation without the need
for decision-making during the procedure. Sganga tested a
proportional controller for global navigation in phantom lungs,
but the error exceeded 10 mm [127]. Pittiglio et al. evaluated
a magnetic soft FBR in cadaver lungs with disturbances, using
a preoperative-derived pathway to generate predetermined
optimal actuation fields for autonomous navigation [70]. Van
Lewen et al. developed a semi-autonomous soft FBR platform
that employs a YOLO-based algorithm for branch detection,
with closed-loop control enabled by onboard vision and EMS
feedback [131]. Webster III’s team focused on autonomous
needle steering to reach PPNs. Kuntz et al. replanned the
trajectory before initiating the steering process and used
intermittent operation to mitigate respiratory effects [75]. In
addition, Hoelscher et al. introduced a start pose robustness
metric to assess the impact of small human–robot handoff
deviations, enabling the selection of navigation plans with
larger safe start regions [149]. Despite the efforts made
in the aforementioned studies, real-time path planning and
intraoperative perception are essential for achieving precise
and safe global autonomous navigation.

Current research has not yet explored the LOA 4. At this
level, the FBR functions similarly to a “bronchoscopist”,
capable of independently making decisions and completing
navigation under supervision. The real bronchoscopist mon-
itors the robot’s actions and can take over at any time.
Therefore, shared control at this level should transition to
“shared autonomy” [150], enabling dynamic adjustment of
human-robot autonomy through the development of adaptive
autonomy methods. Control strategies at higher LOAs may
fall outside the realm of human-robot collaboration and are
therefore not discussed in this review.

V. FUTURE DIRECTIONS

We have witnessed the momentum of FBR during its
first decade, characterized by promising initial clinical out-
comes of commercial products and the mixed sentiments of
bronchoscopists, including both encouragement and concerns.
Additionally, we have observed that advancements in soft
and continuum robotics, AI-enhanced navigation and control
methods, etc., have subtly influenced the emergence of next-
generation FBRs in the academic arena, aimed at fulfilling
the aspirations of bronchoscopists for a significant role in
the early diagnosis and possible treatment of lung cancer. In
the following discussion, we explore the clinical objectives
that next-generation FBR is expected to achieve from the
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Fig. 6. Chord diagram qualitatively illustrating the engineering efforts
required in flexible bronchoscope robots to achieve advanced clinical objec-
tives.

practitioner’s perspective, using these objectives as subhead-
ings. For each clinical objective, we discuss the engineering
efforts required by researchers to support their realization. The
qualitative relationships are depicted in Fig. 6.

A. Expanding the Biopsy Region

The limited biopsy range of RAB constrains its application
and is a key factor preventing it from fully replacing TBB.
Existing research has made certain efforts to expand the range
of RAB; however, further advancements are still required to
reduce the diameter to access higher-generation airways and
improve steerability to pass tortuous airways. We suggest using
“outer diameter” and “steerability” (typically represented by
curvature and steering angle) rather than airway generation as
metrics to evaluate the performance of FBR in engineering
or biomedical engineering research. This is because airway
generation is a patient-specific parameter unless it holds
statistical significance in the context of the study.

The miniaturization of FBRs is currently limited by clinical
requirements for inner tool channels (1.2–2.8 mm) and the
dimensions of integrated sensors, such as micro-cameras
with diameters ranging from 0.8 to 1.6 mm, resulting in
an outer diameter of approximately 3 mm. Consequently,
further miniaturization necessitates advancements in reducing
the size of both the required tools and embedded sensors.
Magnetic actuation is capable of small size, while the size
and compatibility of the peripherals need to be considered, as
well as providing sufficient intervention force. For fluid-driven
soft robots, miniaturization remains challenging, particularly
in the context of multifunctionality, due to limitations in design
and fabrication techniques. Based on the given structural
configuration, model- and computational path planning-based
optimization may enhance the FBR’s performance, while the
latter must solve the problem of generalization.

Enhancing steerability is also crucial for expanding the
biopsy range. While currently developed FBRs are reported
with large steering angles (140◦-210◦), the axial length of
steerable sections is not significantly restricted. This means
the maximum curvature, an important measure of steerability,
is seldom addressed in current research [64], [80], [85], [102],
and its consideration is recommended in future studies. Further
progress in steerability involves replacing traditional proximal
advancement and distal bending with advanced locomotion
patterns such as inchworm motion [83], distal anchoring
[84], and follow-the-leader deployment [91]. These innovative
locomotion patterns can mitigate the impact of unknown
airway constraints during insertion or steering, facilitating
easier access to the peripheral lung regions.

Additionally, some PPNs may lack bronchial and vascular
signs, complicating navigation and biopsy. This challenge
may be addressed by developing steerable needle-based
transparenchymal biopsies [67], [75] or combining advanced
navigation techniques (e.g., AI-enhanced SLAM) to reach
PPNs in unknown environments. The former’s key challenge
lies in needle steering within tissues, which falls outside the
scope of FBR research.

B. Integrating Diagnosis and Treatment

The benefits of using bronchoscopy technology to inte-
grate the diagnosis and treatment of PPNs are evident. In
contrast to traditional methods such as surgical resection
or stereotactic body radiotherapy, the direct use of bron-
choscope for both diagnosis and treatment within a single
procedure presents a safer, more efficient, and cost-effective
solution [57]. In addition, recent studies have demonstrated
that RAB can biopsy lymph nodes in traditionally inaccessible
regions such as the aortopulmonary window (stations 5 and
6) [151], [152], enhancing its utility for staging. Moreover,
advanced bronchoscopy-based in situ ablation techniques,
including microwave and radiofrequency ablation, have shown
promising results [153], [154]. Consequently, the development
of integrated diagnostic, staging, and therapeutic technologies
based on RAB is not only technically feasible but also of
considerable clinical importance [6].

The integration of diagnosis and treatment in FBRs depends
on three critical factors: achieving reliable diagnosis, devel-
oping safe surgical procedures, and demonstrating therapeutic
effectiveness. From an engineering standpoint, FBR research
must overcome challenges in achieving precise targeting of
pulmonary nodules and lymph node stations and facilitating
multi-site navigation within a single procedure.

Current RAB procedures reveal a mismatch between nav-
igation success and diagnostic accuracy [46]. This is mainly
due to CT-to-body divergence—FBRs are unable to accurately
obtain intraoperative positions of the robot and nodules from
preoperative CT due to factors such as respiration, atelectasis,
and tissue deformation. Although recent advances based on
machine learning methods have integrated preoperative image
data and developed real-time localization algorithms to track
the FBR tip and biopsy tools, the information about the
bronchial tree map and nodules predominantly resides in prior
or posterior knowledge. Therefore, to ensure biopsy accuracy,
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new algorithms based on visual or other intraoperative sensory
information need to be developed to perceive the dynamic
changes in the bronchial tree and PPNs, enabling local map
updates and path replanning. For example, a feasible approach
may involve acquiring real-time 2-D ultrasound images of
the bronchial wall and surrounding tissues through rEBUS,
followed by reconstructing these 2-D images into localized
3-D structures using learning-based algorithms to assist in
identifying the location of target nodules. To achieve this,
it is first necessary to develop a simplified FBR-specific
airway tree model based on airway morphological features,
obtained through secondary processing of bronchial tree image
segmentation. In advanced studies, Kuntz et al. considered
respiratory factors and achieved better results than manual
bronchoscopy through intermittent tool advancement and path
replanning [75]. Although some targeting errors in in-vivo
porcine tests are unacceptable (e.g., 10.2 mm), their studies
prove the correctness of this development path.

Precise targeting of dynamic targets is essential while
challenging in the procedure of integrating diagnosis and treat-
ment. Respiratory-induced target position shifts in the lungs
can reach up to 20 mm (e.g., in the right lower lung), which
is unacceptable for small pulmonary nodules and lymph nodes
requiring biopsy, typically ranging from 5 to 20 mm in size. In
situ treatment procedures require higher positional precision
than biopsy, particularly for larger lesions. The limited scope
of local treatment necessitates accurate needle placement at the
nodule’s center to achieve complete ablation and reduce the
risk of recurrence. In such scenarios, advanced model-based or
data-driven closed-loop control strategies must be developed to
enhance the autonomy of FBRs, providing effective assistance
to bronchoscopists. For instance, when targeting a nodule, the
target can be treated as a moving remote center of motion
point, introducing control constraints to reduce the operational
complexity for the bronchoscopist. Alternatively, advanced
path-tracking algorithms can be designed to directly reach
the target. A significant challenge in these studies lies in
the dynamic constraints imposed by the airway walls on
the FBR, which are often unperceived and hard to model,
severely impacting control stability and precision. In addition,
advanced structural designs enabling leader-follower motion
and distal biopsy enhancement can reduce control complexity
while improving targeting accuracy [89].

Furthermore, as the integration of diagnosis and treatment
involves multi-site navigation within a single procedure, the
occurrence of complications increases proportionally with the
number of navigation attempts, necessitating a reassessment
of safety concerns. One key issue is whether the FBR can
perform measures in regions where manual operation is
challenging, either autonomously or with human assistance,
such as compression hemostasis for common complications
like bleeding. This introduces higher demands for real-time
path planning in FBR.

C. Popularizing Robotic-Assisted Bronchoscopy

With the widespread adoption of lung cancer screening
programs, the detection of pulmonary nodules has increased

significantly. While established evaluation systems for malig-
nant pulmonary nodules are in place, conducting a reliable
biopsy without the risks associated with surgery is crucial
to not only meeting patients’ psychological needs but also
enabling earlier identification of cancerous nodules. RAB has
demonstrated its considerable promise in facilitating precise
and safe biopsy procedures, even in the peripheral regions.
However, the widespread adoption of RAB procedures faces
significant challenges: the shortage of experienced broncho-
scopists and the unequal distribution of medical resources.

One solution to address the shortage of experienced bron-
choscopists in current research is to integrate 5G technology
for remote robotic surgeries [155]. However, while this
approach can help balance medical resources across regions,
it does not increase the overall number of bronchoscopists
capable of performing RAB procedures. A promising avenue
lies in enhancing the LOAs of the FBRs, which would help
mitigate the learning curve for operators. With the assistance
of a robotic co-pilot or pilot, bronchoscopists of varying
experience levels can operate the system with comparable
proficiency, even surpassing their original capabilities.

Second, cost reduction is essential to promote the RAB
procedure. Engineering solutions to address this primarily
focus on the following aspects. For the actuation system,
given the current high cost of magnetic actuation systems,
their manufacturing expense remains a barrier to widespread
adoption. Sensor systems represent a significant cost burden
for FBR, especially the accurate FOS, necessitating the devel-
opment of navigation and control technologies based solely
on built-in cameras. The fabrication and maintenance of FBRs
should also be considered. The Galaxy platform employs a
single-use bronchoscope, with only the camera being reusable,
thereby reducing the fabrication and maintenance expenses.
For tendon-driven notched design, precision injection molding
technology holds promise as a replacement for laser cutting
in manufacturing. The relatively low manufacturing cost of
soft robots, coupled with advancements in manufacturing
technologies, offers the potential to achieve complex design
types at a lower cost.

VI. CONCLUSION

Over the past decade, RAB has emerged and rapidly
evolved in response to the growing need for PPN management
and the continuous advancement of continuum robotics. This
review presents an engineering-focused overview of recent
advancements in FBRs. To clarify the associated engineering
challenges, we first introduced the clinical background and
provided a simplified overview of RAB systems. Key develop-
ments in FBRs were then summarized from two perspectives:
patient-specific design and modeling, and autonomy-enhanced
navigation and control. Technical solutions were compar-
atively analyzed with a focus on their relevance to PPN
intervention. We also provided a description of the LOAs for
FBRs to help refine the roadmap toward higher LOAs.

Our review indicates that some engineering efforts may
overlook practical surgical considerations, which could hinder
clinical translation. To address this gap, we distilled key
clinical concerns and expectations from recent studies and
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used these insights to inform future directions for FBR
development. Emphasis was placed on evaluating engineering
efforts that support the future directions. We hope this review
serves as a valuable reference for researchers aiming to
advance clinically meaningful FBRs in the evolving landscape
of continuum robotics.
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