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Abstract

Flexible needle systems showing multiple advantages in various medical scenarios, characterized by their flexibility, ease
of operation, adaptable control and navigation capabilities. This paper presents a scientometric analysis of the research
advancements in flexible needle systems. The paper reviews 498 articles with various perspectives from 1997 to 2023 and
conducts a scientometric study including crucial institutions, journals, and article keywords. The analysis reveals that the
knowledge domain of flexible needle systems is focused on signal processing, navigation, and control. Subsequently, a
thorough examination of the current key research directions in the field of flexible needles is conducted, and an analysis of the
challenges faced by this field is presented. The review also provides a comprehensive and integrated knowledge mind map
to establish the flexible needle system’s information network. It offers valuable insights for researchers into future research
directions and developments within the field of medical flexible needle systems in surgery.
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1 Introduction

Recently, the escalating incidence of various cancers, driven
by factors such as the deterioration of living environments
and heightened social pressures, has become a pressing con-
cern [1-3]. Puncture has emerged as a pivotal method in
clinical diagnosis and treatment, particularly in the context
of percutaneous intervention surgery [4, 5]. This surgical
procedure involves the guided insertion of medical instru-
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ments, such as puncture needles, into the targeted location
of a patient’s body lesion using medical images. It encom-
passes activities like puncture biopsy, ablation surgery, and
radioactive particle implantation to achieve therapeutic goals.
Puncture surgery, characterized by its advantages of minimal
trauma, rapid recovery, precise diagnosis, and reduced pain,
has progressively found applications across various clinical
treatment domains, representing a significant shift from tra-
ditional open surgery [6, 7]. Conventional puncture surgeries
conventionally utilize rigid surgical instruments [8, 9]. How-
ever, on the one hand, the fixed nature of rigid instruments
leads to a relatively inflexible pathway, making them prone
to deviations during the puncture process. On the other hand,
the larger diameter of rigid instruments can result in signifi-
cant patient damage when the force interactions between the
needle and tissue are substantial. To address the challenges
associated with rigid surgical instruments, flexible needle
puncture surgical instruments have been introduced [10-12].

Flexible needle systems are medical instruments with
bending and flexible characteristics, showing multiple advan-
tages in various applications. For example, brain surgery
utilizes the flexible needle for brain puncture and brain tis-
sue sampling[13]. Their softness allows the needle to adapt
to complex neural anatomy, reducing damage to surround-
ing tissue. In addition, flexible needles can also be used for
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percutaneous interventional therapy, such as puncture, fluid
extraction, injection of drugs or fillers, and guiding catheters
or devices into the body for diagnosis or treatment[14].
In tumor treatment, flexible needles can achieve percuta-
neous tumor ablation or catheter-based radiotherapy. They
can penetrate tissue and locate the tumor site for accurate
and effective treatment. Furthermore, flexible needles play
a guiding and operational role in endoscopic surgery. They
can enter the body cavity through natural channels or small
incisions and perform endoscopic surgical procedures. Due
to their ability to adapt to complex anatomy, accurately tra-
verse tissue and reach the target area to provide accurate
treatment or diagnostic results, the use of flexible needles
can not only reduce damage and trauma to surrounding tis-
sue, but also alleviate pain and discomfort experienced by
patients [15, 16]. At the same time, due to its flexibility, ease
of operation, and the advantages of control and navigation
according to needs, it can play a role in different parts and
anatomical structures. It is widely used in various medical
scenarios.

Since Dr. DiMaio introduced the concept of flexible nee-
dles in 2003 [17], researchers worldwide have engaged in
relevant design and exploration. In 2005, Webster investi-
gated oblique-tip flexible needles [18], wherein a flexible
needle with an obliquely angled tip, when traversing soft tis-
sue, exhibits bending due to the asymmetry of the tip. This, in
turn, enhances targeting accuracy. In 2007, Minhas built upon
those above oblique-tip flexible needles and explored new
control methods [19]. Unlike Webster’s intermittent rota-
tional insertion, Minhas controlled the needle’s movement
by continuously rotating it during insertion, with the cur-
vature of the oblique-tip needle depending on the needle’s
stiffness and the angle of the tip. Subsequently, research insti-
tutions and scholars worldwide conducted pertinent studies
addressing the challenges and focal points of robot-assisted
navigation for biopsy systems.

This paper aims to offer a comprehensive exploration
through integrated knowledge mapping and scientometric
analysis of flexible needle systems, drawing upon articles
retrieved from the Web of Science spanning the period from
1997 to 2023. Dynamic citation analysis visualization tech-
nology has been employed to illustrate the evolutionary
trajectory of the knowledge area and highlight its pioneer-
ing concepts. A holistic understanding of the flexible needle
domain is articulated through a mind-mapping approach,
encompassing publications, document co-citations, institu-
tional affiliations, keyword co-occurrences, and keyword
cluster analysis. Additionally, the paper delineates crucial
avenues for future research in this domain.
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2 Scientometric analysis

This section presents an overview of scientometrics and
establishes a comprehensive framework for conducting sci-
entometric analyses on flexible needle systems. We elaborate
on the information retrieval methodology and undertake a
thorough scientometric investigation of flexible needle sys-
tems through a systematic knowledge review, employing a
visual clustering approach.

2.1 Concept and framework

Scientometrics has been crucial to applied mathematical
statistics since the early 1960s. The scientometric analysis
is mainly focused on visualizing emerging trends and tran-
sient patterns. It is used to realize visualizations based on
network modeling to help researchers perceive the intellec-
tual landscape of a knowledge domain.

This section aims to unveil the evolutionary patterns of
knowledge networks, encompassing the configuration and
temporal characteristics of scientific discoveries with poten-
tial significance in the field of flexible needle systems through
the application of scientometric analysis. Figure 1 delineates
our comprehensive framework for visually researching pub-
lished articles on flexible needle systems. We categorize our
scientometric techniques into five aspects:

e Journals To acquire insights into prominent academic
journals.

e Co-occurrence To construct a co-occurrence network
encompassing countries, regions, and institutions.

e Co-citation To depict a network of document and critical
paper co-citations.

e Keyword co-occurrence To showcase a high-frequency
keyword network and a time zone view.

e Keyword cluster analysis To extract the primary knowl-
edge domains.

Finally, we delve into evolutionary trends and existing
knowledge domains and construct a comprehensive knowl-
edge mind map.

2.2 Information retrieval

We utilized the Web of Science Core Collection database to
retrieve research information within the domain of flexible
needle systems. WoS stands out as the most extensive and
integrated academic information retrieval platform, encom-
passing various disciplines such as SCII, SSCE, CPCI-SSH,
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Fig.1 Research framework

CPCI-S, BCI-SSH, BCI-S, and more [22]. The advanced
search tool was employed to identify articles within the target
field, employing the search terms “(TS=(Flexible needles)
OR TS=(medical needles) OR TS=(steerable needles)) AND
(TS=(Path planning) OR TS=(Control) OR TS=(Navigation)
OR TS=(Location)).” The specified time range for retrieval
spans from 1997.01.01 to 2023.11.30. Document categories
were limited to journal articles and conference proceedings
papers. 498 representative articles were collected and orga-
nized chronologically by the year of publication. The annual
publication and total citation volume, as depicted in Fig.2,
reveal a noticeable increase in publication output since 2005,
indicating a growing significance of the field. In 2019, there
was a deviation from the previous upward trend attributed
to the impact of the COVID-19 pandemic. Many researchers
in this field are professionals in the healthcare industry, and
the pandemic had substantial effects. However, starting from
2021, this trend has seen some alleviation. On the other hand,
the cumulative citation count for publications continues to
rise, substantiating the sustained attention and interest in the
field.

2.3 Journals

The analysis encompasses a dataset comprising 278 arti-
cles and 220 proceedings papers. As shown in Fig.S1, the
top 10 publications in flexible needle systems collectively
contribute to 39.479% of the entire corpus. Notably, the peri-
odical IEEE Robotics and Automation Letters emerges as
a prominent contributor, presenting 37 articles in the flex-
ible needle systems literature. Following closely is /IEEE
Transactions on Biomedical Engineering with 26 articles,
and subsequently, IEEE TRANSACTIONS ON ROBOTICS
with 16 articles. The above journals are influential plat-
forms, showcasing numerous exceptional contributions to
this specialized field. Regarding conference papers, The
IEEE International Conference on Robotics and Automation

Mind Mapping
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(ICRA) stands out as the most prolific venue for dissemi-
nating research on flexible needle systems. This conference,
a flagship event in the robotics industry, holds unparalleled
international influence. Organized by the IEEE Robotics and
Automation Society (RAS), ICRA is renowned for its high
submission standards and consistently delivers articles of
exceptional quality. Furthermore, IEEE INTERNATIONAL
CONFERENCE ON INTELLIGENT ROBOTS AND SYS-
TEMS (IROS), contributing 12 conference papers, is also
organized by RAS and maintains a substantial scale. While
slightly overshadowed by ICRA, IROS is a distinguished
conference. Such publications are likely among the most
influential within the WOS field of flexible needle systems. A
meticulous examination of the journal list distinctly reveals
that research on flexible needle systems traverses diverse
domains, with a pronounced emphasis on the intersection
of medicine and robotics.

2.4 Regions and Institutions

Figure S2 illustrates the structural configuration of the research
network on flexible needle systems across institutions and
countries/regions, featuring 28 nodes and 35 links denot-
ing collaborations among authors from different institutions
or countries. The node size corresponds to the quantity of
contributions. The USA (215 articles, 43.2%), China (98
articles, 19.7%), Canada (55 articles, 11%), England (42 arti-
cles, 8.4%), and France/Netherlands (29 articles, 5.8%) made
major contributions from 1997 to 2023. It is worth noting that
such countries and regions often have multiple commercial-
ized robotic surgical systems for needle-based procedures.
Examples include the Renaissance needle-based robotic
system from Mazor Robotics in the USA, the Pathfinder
needle-based robotic system from Pathfinder in the USA,
the NeuroMate needle-based robotic system from Renishaw
in the United Kingdom, and the Rosa needle-based robotic
system from Medtech in France.
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Several institutions have produced flexible needle systems
research. They include JOHNS HOPKINS UNIVERSITY,
with 38 articles since 2004; University of California System,
with 24 articles since 2005; Imperial College London, with
19 articles since 2011; University of California Berkeley,
with 19 articles since 2005; Chinese Academy of Sciences,
with 17 articles, as well as University of North Carolina
and University of North Carolina Chapel Hill, with 17 arti-
cles; Among them, universities from the USA make up the
majority, demonstrating their outstanding strength and con-
tribution.

Numerous institutions have actively contributed to the
research on flexible needle systems. Table S1 provides an
overview of research institutions that have published more
than 10 papers in this domain. Notably, Johns Hopkins Uni-
versity has been a prolific contributor with 38 articles since
2004. The University of California System has also signifi-
cantly contributed, producing 24 articles since 2005. Imperial
College London, with 19 articles since 2011, and the Uni-
versity of California Berkeley, with 19 articles since 2005,
have demonstrated substantial engagement in this research
area.The Chinese Academy of Sciences stands out as a promi-
nent research institution in China, contributing 17 articles
and holding the highest number of published papers in this
field among Chinese institutions. Moreover, the collaborative
efforts of the University of North Carolina and the University
of North Carolina Chapel Hill have resulted in 17 articles
showcasing their joint contribution to this research area.
Remarkably, cross-institutional collaboration predominantly
occurs within a single country and is infrequently observed
across international borders. Notably, most of the above influ-
ential institutions are based in the USA, underscoring their
exceptional strength and substantial contributions to advanc-
ing knowledge in the field of flexible needle systems.
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2.5 Document co-citation

The citation network is illustrated in Fig. S3, comprising 284
nodes and 525 links, encompassing references found in the
498 articles analyzed in this study. Each node signifies an
individual document, and the links represent co-citation rela-
tionships among these documents [23]. The colors assigned
to the links correspond to distinct periods. Examination of
the network reveals a prevalence of green and red links, indi-
cating that document co-citation predominantly occurs from
2005 to 2008 and from 2018 to 2021. The size of each node
is proportionate to the frequency with which the paper is
cited. Table S2 outlines the top 10 most cited articles, each
acknowledged with more than 20 citations, suggesting a sig-
nificant contribution to the flexible needle systems research
field.

The document co-citation analysis evaluated all the article
references. Webster et al. [18] achieved the highest citation
frequency (38). Their proposal revolves around utilizing non-
holonomic kinematics, control, and path planning to steer a
specially designed needle through tissue, precisely reach-
ing a specified 3D target. This marks an initial step toward
active needle steering, involving the design and experimen-
tal validation of a nonholonomic model for steering flexible
needles with bevel tips. In the work by Misra et al. [24],
the investigation centers on the mechanics-based modeling
of robotic needle steering. The aim is to predict and opti-
mize needle behavior based on fundamental mechanical and
geometrical properties, particularly in interacting with soft
tissue. Papers such as [25-27], and [28] primarily concen-
trate on the development of motion planning and control
strategies. They focus on guiding flexible needles through
intricate 3D environments, encompassing obstacle avoid-
ance and reaching specific targets. Another research avenue
is presented by works like [29] and [30], which involve
developing image-guided control systems for steering flexi-
ble needles. This encompasses predicting needle deflection
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and integrating real-time fluoroscopic guidance to achieve
precise and controlled needle insertion, thereby avoiding
obstacles and hitting predetermined targets. In innovative
approaches, papers like [31] and [32] contribute by introduc-
ing inventive needle tip designs to enhance steer ability while
minimizing tissue damage. Additionally, these works explore
advanced 3D motion planning techniques, particularly for
bevel-tip needles, within environments presenting obstacles.
The aforementioned four thematic groups encapsulate the
primary research directions within the flexible needle sys-
tems literature. Group 1 focuses on motion planning and
control, Group 2 delves into mechanics-based modeling,
Group 3 emphasizes image-guided systems, and Group 4
explores advanced needle tip design and 3D motion planning
techniques. Each group significantly contributes to advanc-
ing the accuracy and efficiency of flexible needle systems in
medical and robotic applications.

Notably, despite Chinese institutions contributing 9.95%
of the articles in Fig.S2, none of their works are among
the most cited in Table S2. The development of flexible
needle systems research in China is progressing rapidly,
and this outcome, to some extent, reflects an imbalance
between practical applications and research in China. Cer-
tainly, this is also directly related to the literature database we
have selected, as there are significant differences in citation
frequencies between different databases, such as WoS and
Google Scholar. Specifically, Webster et al. [18] has been
cited 859 times on Google Scholar. However, in the database
studied in this paper, it has only been cited 38 times; the latter
considers only 498 articles and their references.

2.6 Keyword co-occurrence

This article conducts a crucial analysis by examining key-
word co-occurrence to elucidate the fundamental themes and
core content within flexible needle systems research. This
analysis serves to discern predominant research trends [33].
The resulting keyword co-occurrence network, illustrated in
Fig.3, encompasses 118 nodes and 191 links, highlighting
keywords that occur more than three times across the 498 arti-
cles. The size of network nodes corresponds to the frequency
of each keyword occurrence, providing a visual representa-
tion of their significance in the research landscape.

The foremost keyword is medical robotics, which occurs
49 times. Similar terms, such as medical robots and sys-
tems(24 occurrences), surgical robotics(23 occurrences) and
robot(17 occurrences), can be broadly categorized as medi-
cal robotics. Since flexible needle systems represent a subset
of medical robotics, their emergence is a tangible manifes-
tation of ongoing research in the intersection of robotics and
the medical domain.

Several pertinent keywords emerge prominently concern-
ing the research topic of flexible needle systems. These

include steerable needles(39 times), needle steering(31
times), steerable needle(23 times), flexible needle(14 times),
steerable catheters(10 times), active needle(6 times), such
keywords share similar meanings and serve as varied expres-
sions for the flexible needles, which constitute the focal point
of investigation in this article.

Additional high-frequency keywords denote specific subtopics

within the study of flexible needles. For instance, path
planning is mentioned 20 times, guidance appears 11
times,motion is cited 15 times, motion planning is referenced
6 times. The above keywords are associated with research
on path planning for flexible needles. Existing research out-
comes have demonstrated that path planning is an essential
step in flexible needle puncture surgery, significantly enhanc-
ing surgical precision, minimizing patient discomfort, and
offering valuable guidance throughout the surgical procedure
[18, 34]. Keywords image registration appeared 13 times,
3d environments appeared 14 times, 3d appeared 7 times,
algorithms appeared 7 times, and model appeared 11 times
signify the research focus on image registration and control
algorithms for flexible needles.

2.7 Cluster analysis

Furthermore, citation clustering is employed to scrutinize
the underlying structure and disciplines within the realm of
flexible needle systems[35]. Literature citation clustering,
commonly called cluster analysis, is a potent data mining tool
for identifying themes, contents, and the relationships among
articles within a specific field[36, 37]. This methodology cat-
egorizes a substantial volume of literature data, simplifying
groupings through automated tagging functions. The log-
likelihood ratio (LLR) is the principal classification statistic
based on the keywords extracted from 498 papers. Figure 4
illustrates ten prominent clusters, labeled from zero to nine,
where the cluster size decreases with the ascending ID num-
ber. Table S3 provides detailed information on cluster-ID,
label, cluster size, silhouette, and alternative labels. In this
instance, the modularity is Q=0.8118, signifying the signifi-
cance of the keyword cluster analysis results. The weighted
mean silhouette is S=0.9212, indicating distinct knowledge
clustering characteristics within the relevant literature; this
suggests that the research field has garnered significant atten-
tion and recognition.

Subsequently, we conducted an analysis based on silhou-
ette scores to evaluate the highlighted clusters presented
in Table S3. Silhouette scores, spanning from 0.823 to 1,
are proportionate to the relationship between each cluster
and alternative labels within it. Cluster O (steerable nee-
dles), being the largest, has found widespread application
in papers related to flexible needles. The alternative labels
within this cluster include steerable needles, medical devices,
robotic assistance, needle insertion, medical robots, and sim-
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ilar labels are also found in Cluster 7 (needle steering).
Additionally, Cluster 1 (surgical robotics) and Cluster 6
(medical robotics) are interrelated clusters, sharing many
alternative labels with similar meanings. It can be observed
that the flexible needle system is a multidisciplinary theoret-
ical and applied research area that spans medicine, control
theory, mechanical engineering, and electronic information
engineering. With the advancement of robotics-related tech-
nologies and increasing attention to medical technology,
medical robots are gradually evolving toward intelligence
and flexibility. Clusters 2 (Mediastinum) and 5 (Prostate
Cancer) are associated with the application areas of flexi-
ble needles, such as prostate cancer, liver cancer, and others.
Numerous scholarly works underscore the substantial scien-
tific significance that the research on puncture needles is of
great scientific significance in the field of superficial large
organs such as the liver and lungs, especially in the field of
deep small organs such as the prostate, which require high
accuracy in signal processing and puncture [38—41]. Clusters
3 (needle deflection), 4 (mutual information), and 8 (path
planning) represent key research topics in flexible needles,
which are related to aspects like flexible needles image regis-
tration, path planning, and trajectory tracking control. Cluster
9 (Basic network principles) is also a crucial research topic,
signifying the increasing application of neural network-based
methods in various fields of flexible needle research.

Figure S4 presents a time zone map illustrating keywords
appearing five or more times. It is evident from the graph
that around 2005, keywords such as surgical robotics, needle
steering and needle deflection were already high-frequency
terms, and their persistent use as keywords indicates the
ongoing nature of research in this field. From 2010 to
2015, high-frequency keywords shifted to steerable needles,
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path planning and flexible needles. During this period, var-
ious research directions experienced notable developments.
Between 2015 and 2018, new topics emerged, reflected in
keywords related to computer vision, machine learning, and
neural networks. With the rapid advancement of computer
technology and artificial intelligence, these technologies
have been applied across various technical aspects of flexible
needle research, and the associated keywords have become
more prevalent over the past five years.

3 Existing research domains

Based on the keyword co-occurrence network and cluster
analysis graph, we systematically categorize the domains
of knowledge in flexible needle systems through manual
classification. Presently, research on flexible needles can be
broadly categorized into four main directions: needle systems
signal processing, multi-modal medical image registration,
needle insertion path planning, needle steering control and
system integration [42—44].

3.1 Needle systems signal processing

In the research related to flexible needles, signal processing
serves as the foundation of navigation, path planning, and
control. Enhancements in signal processing methodologies
can not only augment surgical precision, but also signifi-
cantly refine the surgical procedure itself [18]. Considering
the signal origins, they can be categorized into three domains:
user input signals, feedback signals from front-end sensors,
and signals derived from images and videos. Subsequently,
pertinent instructions are generated based on the outcomes of
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signal processing. At the same time, signal processing as the
basis for establishing the system model, it is necessary to put
forward more stringent requirements on the signal processing
method [13]. According to the signal source that the flexible
needle needs to process, the direction is roughly divided into
three categories: User input signals, Front-end sensor feed-
back signals, Image and video signals and finally according to
the signal processing results to generate the relevant instruc-
tions.

User input signals are often the key to guiding the flex-
ible needle to locate the problem precisely during surgery,
which has strong applicability in medical robots. Because
the movements of flexible needles are similar to those
of medical robots, their movements are pre-programmed,
remote-controlled by joysticks, and partially autonomous
[45-47]. However, as technology has advanced, the flexi-
bility of pre-programmed movements cannot be adapted to
the changing clinical environment, and its existence has been
gradually replaced by remote surgical control known by the
physician. Although the mode of manipulation is not the
same as before, the input of user signals remains an essen-
tial and indispensable ingredient in surgery. According to
Yulin Xu et al. [48], the processing of user input signals
during remote interaction needs to take these aspects into
consideration. Signal amplification: The user input signal is
amplified to ensure that the system is sufficiently sensitive
to small user actions. Filter design: According to the actual
application needs, suitable filters are designed to filter out
unwanted frequency components to ensure that only signals
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related to the manipulation are transmitted and to improve
the stability of the system. Motion decoding: Decode the user
input into motion, deformation or other control parameters
of the flexible needle. Furthermore, through mathematical
modeling and algorithms, user requirements are transformed
into specific control commands. Adaptive control: An adap-
tive control strategy is adopted to adjust the response of the
flexible needle according to the user’s operation mode and
characteristics.

Images and video signals are the “eyes” that convey infor-
mation during the manipulation of the flexible needle. By
combining an imaging system, which is often used in stan-
dard surgical tasks, with a flexible needle, the ability to track
the needle position and convey navigational cues can go a
long way toward avoiding failures due to inaccurate needle
penetration, a concern that is present in minimally invasive
surgical (MIS) [49], which is one of the most common pro-
cedures for remote manipulation, and also has concerns like
this [50]. Therefore, the surgeon needs to be able to observe
the needle’s direction of advancement and the environment in
real time while manipulating the needle to perform the pro-
cedure. The Da Vinci Si surgical system has used visual and
auditory feedback in commercial robotic surgical systems
[16]. According to Erp et al., Kuchenbecker et al., and other’s
research [51, 52], there are various ways to draw and capture
images in order to obtain as much information as possible
from the images; the associated signal processing becomes
very important: Image preprocessing: adjusting greyscal-
ing, denoising, contrast, etc., to improve the quality of the
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image and to adapt it to the needs of subsequent process-
ing algorithms. Feature extraction: extracting features such
as edges, corner points, textures, etc., for target recognition,
localization, and navigation. Image alignment: Image align-
ment is required at multiple time points or between different
imaging modalities to ensure consistency. Target Detection
and Segmentation: Identifying and localizing specific tar-
gets in an image. Visual odometry: Motion estimation using
image sequences. Image fusion: If multiple imaging devices
are on board, information from these devices needs to be
integrated to provide more comprehensive scene awareness.
Transmission and storage: Efficient image data transmission
and storage mechanisms can ensure real-time performance
and record keeping [53].

In addition to user input signals and image-video signals,
the control process of flexible needles also requires accurate
data acquisition of various parameters of the real-time envi-
ronment and the formation of real-time feedback through
modeling and algorithms. For example, biosensors com-
monly used in medicine, including electrocardiogram (ECG),
electromyogram (EMG), and electroencephalogram (EEG),
are used as biosensors by using medical electrodes to capture
these biosignals, which are known for their weak and unsta-
ble characteristics [54]. Flexible needles have an essential
role in therapy because their soft nature allows for accurate
insertion into soft, inhomogeneous tissue. Deformation sen-
sors enable precise control of deflection during surgery [55].
The effect of needle geometry on needle bending has been
demonstrated by Okamura et al. [56], and an optimization
algorithm for predicting needle deflection through a mechan-
ical model has been proposed by Abolhassani et al. [57]. In
their study, they assisted the manipulation by acquiring and
processing signals such as moments, deformations, and bio-
information [49]. The above studies demonstrate the critical
role of front-end sensor signal processing, which includes
signal filtering and amplification calibration similar to user
input signals, as well as feature extraction and information
fusion in the same way as image signal processing, State
Estimation: Estimation of the state of the flexible needle,
e.g., position, attitude, shape. Feedback control: Implement-
ing feedback control using sensor feedback signals to adjust
the motion or shape of the flexible needle to ensure that it
performs the task as intended. Data Sampling and Process-
ing: If the signal output from the sensor is an analog signal, it
needs to be converted into a digital signal by analog-to-digital
conversion (A/D conversion) and then further processed as a
digital signal [58, 59].

3.2 Multi-modal medical image registration
Image registration can be conceptualized as a sub-type within

signal processing [60]. Primarily, image registration entails
the manipulation of spatial or temporal correlations existing
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among diverse images with the aim of aligning and harmoniz-
ing them. Medical image registration refers to the pursuit of a
spatial transformation relationship for floating images, ensur-
ing spatial consistency of anatomical points with diagnostic
significance in both reference and floating images [61, 62].
Currently, multi-modal image registration methods mainly
comprise model-based registration, feature-based registra-
tion, grayscale-based registration, and deep learning-based
registration [63].

Model-based registration methods initially model the
complex deformation of small organs and then register it
with the segmented small organs in the image [64-66]. To
achieve deformation modeling of small organs, different
scholars have proposed three types of methods: biome-
chanical modeling method, statistical modeling method, and
hybrid modeling method. Biomechanical modeling meth-
ods primarily utilize finite element methods, combined with
elastic material models or nonlinear models [67], to achieve
deformation modeling of small organs. Elastic material mod-
els are only suitable for small deformation modeling, while
nonlinear models incur high computational costs and require
accurate physical parameters such as small organ elastic-
ity coefficients, Poisson’s ratio, shear modulus, which vary
among individuals and are difficult to measure clinically
[68-70]. Statistical modeling methods establish statistical
shape or deformation models through a certain quantity of
training samples. For example, in prostate tissue modeling,
Hu et al. [71-73] determined its biomechanical parameter
range through clinical experiments combined with finite ele-
ment modeling. However, using random sampling to obtain
specific parameter values has limitations, as the biomechan-
ical parameter range determined by experimental methods
is difficult to accurately cover different patients, and values
obtained through random sampling are difficult to match spe-
cific patient conditions due to individual differences. Hybrid
modeling methods attempt to combine the advantages of
above two methods to obtain a statistically specific deforma-
tion model, ensuring the practicality of the modeling. Wang
etal. [74, 75] combined prostate MR image segmentation and
ultrasound elastography to create a biomechanical statistical
model. Additionally, principal component analysis methods
cannot effectively handle nonlinear biomechanical statistical
models.

Feature-based registration methods begin by detecting
feature points in the floating image using methods such
as corner detection, calculating relevant features [79-81].
Subsequently, point correspondences are established based
on the features of these points, and a deformation field is
derived from the point correspondences to achieve image
registration. Chen et al. proposed a multi-modal registration
method for MRI-CT images based on the scale-invariant fea-
ture transform (SIFT) feature [82]. This method unifies the
SIFT feature gradient direction to the range of 0-, adapt-
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ing the SIFT feature to multi-modal grayscale variations.
The feature’s main orientation is calculated based on the
gradient vector, thus mitigating the impact of image rota-
tion on feature matching. Anis et al. introduced an image
registration method based on the normalized gradient field
[83]. This feature, based on image gradients, overcomes
grayscale differences between multi-modal images. Zhu et
al. utilized Zernike moments based on grayscale frequency
domain information as a feature representation [84]. Since
this feature is not directly based on grayscale to describe fea-
tures, it is suitable for registering multi-modal MR images
with inconsistent grayscale. Heinrich et al. proposed a series
of feature representation methods based on neighborhood
information for multi-modal image registration. These meth-
ods include the proposal of non-local shape descriptors,
modality-independent neighborhood descriptors MIND [85,
86], self-similar texture SSC [87], and image sparse repre-
sentation [88]. While the aforementioned methods may adapt
to grayscale differences between multi-modal images, they
are unable to effectively represent complex feature informa-
tion such as rotation and scale changes in the images. Kasiri
et al. proposed a TIW-T2W image block matching method
[89]. This method searches for matching blocks in the refer-
ence image based on pixel blocks, generating a registration
deformation field according to the correspondence between
blocks.

In grayscale-based registration methods, mutual informa-
tion (MI) methods are predominant, and research in this
area primarily focuses on entropy computation, optimiza-
tion methods, and algorithm acceleration. In the realm of
optimization research, Yang et al. proposed a method that
combines finite storage boundary methods with cat swarm
optimization [90]. Abdel et al. introduced the particle swarm
optimization algorithm into the MI registration method [91],
while Shen et al. proposed a method combining cuckoo opti-
mization algorithm with traditional optimization methods
[92]. Chen et al. improved the robustness of the method by
combining a multi-resolution strategy with Powell optimiza-
tion method [93], and Klein et al. presented a multi-resolution
image registration method based on a pyramid structure [94,
95]. In entropy computation research, Jonghye et al. intro-
duced an MI weight computation method based on Harris
detection results [96], and Rivaz et al. employed the stochas-
tic gradient descent method to avoid the influence of local
extremum [97]. Razlighi et al. incorporated neighborhood
spatial information into MI, increasing the weight of the
joint entropy term for neighboring pixels, thereby enhanc-
ing the robustness of the method [98]. Lou et al. utilized
Bhattacharyya distance as a measure of registration similar-
ity [99], avoiding the impact of local extremum. Loeckx et al.
introduced a conditional MI computation method based on
local joint histograms [100]. Wang et al. replaced probability
density with probability distribution to calculate informa-

tion entropy, proposing a cross-entropy accumulation method
[101] to improve the stability of the registration method.
Chen et al. presented generalized partial volume estimation
[102, 103] to address the MI local extremum problem caused
by entropy interpolation. Studhdme et al. introduced nor-
malized mutual information [104] to reduce the impact of
registration overlap changes on the distribution of mutual
information.

In the domain of medical image registration, deep learning-
based registration approaches primarily fall into two cat-
egories. The first category involves supervised learning
methods based on deformation fields [109, 110]. These meth-
ods utilize convolutional neural networks (CNNs) and similar
models to estimate real-time deformations, either through
simulating deformations or using deformations obtained
from traditional registration methods as labels. The second
category comprises unsupervised learning methods [111],
which directly learn the similarity between the registration
result and the reference image. This allows for image registra-
tion and fusion without the need for deformation field ground
truth. Balakrishnan et al. proposed the Morph method [112],
utilizing dissimilarity between the registered and reference
images as a loss function to reconstruct the registration result
using spatial transformation layers. Building upon this, Boah
Kim et al. introduced the CycleMorph method [113], incor-
porating implicit regularization based on cycle consistency
to maintain topological structures during the deformation
process, thereby enhancing registration performance. Addi-
tionally, Fan et al. and Duan et al. presented registration
methods based on generative adversarial networks (GANs)
[114, 115]. Such approaches leverage GANs to generate
deformation fields, distort floating images, obtain registration
results, and subsequently employ a discriminator network to
assess the alignment of the two images.

3.3 Needle insertion path planning

Existing findings have unequivocally demonstrated that tra-
jectory planning is an indispensable process in flexible needle
puncture surgery. It significantly enhances the precision of
surgical procedures, thereby reducing patient distress and
providing substantial guidance for the surgical process [116—
118]. Since the inception of the concept of flexible needles
and its analysis by Webster et al. [18], current puncture path
planning can be broadly categorized into three classes based
on algorithms: numerical methods, search methods [119],
and inverse methods [120].

Numerical methods involve optimizing paths through a
series of numerical computations, typically by calculating
the extrema of a defined objective function to determine
the optimal trajectory. These methods can be further cat-
egorized into probabilistic methods and objective function
methods [121, 122]. Probabilistic methods were introduced
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by Alterovitz et al. [120], based on a motion model similar to
the Unicycle model trajectory, they considered the uncertain-
ties in the needle puncture process and computed the optimal
deflection point to guide the needle most likely to reach the
target location. Through the “MDP process,” they identified
the needle’s path strategy to navigate obstacles in 2D space
[123]. Scholars like Park et al. introduced noise to simulate
uncertain tissue conditions, they utilized probability density
functions to calculate the reachable probability of the nee-
dle tip, thus planning the trajectory of the needle. Initially
applicable to obstacle-free three-dimensional environments,
the algorithm was later extended to three-dimensional spaces
with obstacles [27]. Objective function methods, also pro-
posed by Alterovitz et al., utilized a finite element model.
They aimed to establish a nonlinear objective function based
on criteria such as the shortest puncture path, meeting punc-
ture accuracy, and avoiding obstacles [26].

Search methods involve using Al search techniques to
find trajectory nodes that meet the specified requirements,
thereby forming feasible paths [125-127]. In 2010, Patil et
al. conducted a study on an RRT algorithm for rapid motion
planning in complex three-dimensional environments. The
research relaxed constraints such as curvature limitations,
using a bicycle model as a reference to achieve flexible needle
path planning. This improvement led to enhanced planning
speed and applicability in intricate three-dimensional envi-
ronments [128].In 2013, Moreira et al. segmented the flexible
needle into multiple sub-paths, with each sub-path following
arc curvature and being pieced together through segmented
fitting. This method synthesized the needle’s trajectory,
enabling flexible needle movement through target points in
non-uniform media while avoiding moving obstacles [129].
In 2015, Sun designed a motion planning algorithm based on
the Rapidly-exploring Random Tree (RRT) algorithm, incor-
porating a high-frequency replanning strategy during motion.
This approach involved executing high-frequency path plan-
ning for the next action while implementing the optimal path
from the previous cycle [130]. Xiong et al. in their 2015 study
on the rapidly exploring random tree algorithm, accelerated
the search speed, making it easier to identify the optimal path
for probe insertion [131]. Tsumura focused on preoperative
planning to reduce the flexibility hindrance caused by mul-
tilayered tissues [132].

Inverse methods involve employing kinematic inverse
analysis to calculate effective trajectories from the needle
insertion position to the target location [133—135]. However,
itis crucial to note that the paths obtained through this method
may not necessarily represent the optimal trajectory and may
even lead to situations where the path cannot be computed
[136, 137]. Duindam et al. were the first to propose the use of
inverse methods for calculating three-dimensional S-shaped
trajectories [138].
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3.4 Needle steering control and system integration

The needle insertion control fundamentally constitutes a
constrained nonlinear control problem, and the effective-
ness of the control significantly impacts the outcomes of
needle-based treatment [139, 140]. Current challenges in the
research on needle steering control include how to design
observers and controllers based on the characteristics of med-
ical images, and how to guide the flexible needles along a
preplanned trajectory [140-142].

To manage the distance of the needle tip departing from
the puncture plane, Kallem et al. [143, 144] proposed a nee-
dle steering feedback control scheme. They linearized the
nonholonomic kinematic equations through state transfor-
mation and employed a state observer to estimate individual
motion state variables. Lapouge [145] proposed a puncture
control algorithm based on Kalman filter for curvature esti-
mation. Other advanced nonlinear control algorithms such as
sliding mode control [146], adaptive control [147], image-
based sliding mode control [148], backstepping control
[149], and geometric control [150] have been successively
applied to the control process of flexible needle puncture,
demonstrating good performance through simulations or
experiments.

In the realm of system integration solutions for flex-
ible needles system, numerous research institutions have
developed a series of robotic prototypes based on different
principles [151-153]. Starting in 2012, Okayama University
in Japan embarked on the design of a teleoperated punc-
ture robot that enables quasi-real-time navigation through
CT perspective images [154]. Austria has been engaged
in the study of the B-Rob puncture robot since the early
20th century [155]. Since 2008, Johns Hopkins Univer-
sity has been instrumental in developing multiple robotic
systems for prostate puncture surgery [156, 157]. The CT-
Bot robot, developed in France, weighs a mere 3kg and
boasts CT compatibility, making it suitable for pulmonary
punctures guided by CT[158]. Beihang University intro-
duced the Remebot, a neurosurgical stereotactic surgical
robot designed for procedures such as biopsy, aspiration,
ablation, implantation, and radiotherapy. It obtained CFDA
certification in 2018 [161]. Collaboratively developed by
Beijing Institute of Technology and the 301st Hospital in
2010, a robotic-assisted puncture system was tailored for
microwave ablation surgery targeting liver tumors [162]. In
2011, Harbin Institute of Technology devised a real-time
three-dimensional ultrasound-guided puncture robot [163].
Tianjin University, in both 2013 and 2017, pioneered prostate
puncture robots guided by MRI and CT-guided puncture
robots [164, 165], achieving successful experimental appli-
cations.
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4 Challenges

Based on the analysis of the existing research areas in
the previous sections, we further summarize the poten-
tial challenges of flexible needle systems, including the
mathematical theories for multi-modal medical image regis-
tration, theoretical foundations for hybrid systems modeling
and trajectory planning, the integration of nonlinear robust
control systems for puncture robots and reliability opti-
mization. To comprehensively understand the concepts and
research challenges within flexible needle systems, this sec-
tion presents an in-depth knowledge mind map, as shown in
Fig. S5.

5 Conclusion and outlooks

The article presents a scientometric analysis of advancements
in flexible needle systems research. Through a compre-
hensive review of 498 articles spanning from 1997 to
2023 and incorporating diverse perspectives, we conduct
a scientometric study that provided a comprehensive anal-
ysis of the flexible needle system, including publications,
authors/institutions, keyword co-occurrence, clustering, and
time zone maps. Subsequently, the knowledge domains
related to flexible needle systems are categorized into
three main areas: multi-modal medical image registration
during the puncture process, methods for robot-assisted
puncture path planning, and the control of flexible nee-
dles and system integration. Furthermore, the paper sum-
marizes the emerging research directions and challenges.
The analysis yields an integrated and cohesive knowl-
edge mind map, contributing to the information network
of flexible needle systems and offering valuable insights
into prospective research directions and advancements for
researchers engaged in the realm of flexible needle sys-
tems.
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