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ABSTRACT Faster recovery, reduced trauma, and improved patient outcomes drive innovations in 
minimally invasive surgery (MIS). Notwithstanding significant advancements, traditional MIS tools have 
been limited in navigating deep anatomical pathways and offering precise control at target sites. Continuum 
robotics has emerged as a solution, with recent developments enabling greater flexibility and maneuverability 
in surgical interventions. In this review, we first highlight recent developments in mechanical-continuum 
robots for traditional minimally invasive surgery and then summarize the current state-of-the-art in steerable 
catheter-based interventions. We discuss limitations to current approaches and explore the emerging potential 
of soft robots as a novel strategy to solve the challenge of developing versatile, highly articulated flexible 
tools for minimally invasive surgical interventions. We hope that this review will, on the one hand, provide 
an introduction and resource for students and researchers alike, and on the other hand, will stimulate 
discussion vis-à-vis future directions in minimally invasive surgery. 

INDEX TERMS Continuum Robots, Minimally Invasive Surgery, Soft Robots

I. INTRODUCTION 
Innovation in robotics has revolutionized modern medicine. 
From the advent of hospital robot assistants, to auxiliary 
robots that automate day-to-day tasks, to robots that provide 
support and companionship to patients [1], and robots that 
are at the front line in pandemics [2]; it is clear that these 
machines will continue to transform the face of healthcare. 
Over the last two decades, the role of robots in the operating 
theatre has become of increasing importance [3], with some 
machines acting as sophisticated stereotactic tools for 
neurosurgery [4-6], and others serving as advanced surgical 
systems that enable tele-microsurgery [7]. Driven by a need 
to improve patient outcomes, reduce trauma, and provide 
faster recovery times, the development and improvement of 
these machines has become crucial in providing less invasive 
interventions.  

Advancement in surgical tool design has also enabled 
new minimally invasive surgical procedures to be conducted 
with increased ease and accuracy. In contrast to open 
surgery, minimally invasive surgery (MIS) typically 

involves long rigid inserted via small incisions or flexible 
tools introduced via natural orifices. As innovation 
continues, surgeons have accordingly transitioned to more 
sophisticated tools and procedures. For example, the advent 
of laparoscopic tools brought with it, improved patient 
outcomes and promised a new frontline in what procedures 
were possible. As surgeons began the wide-spread shift 
towards MIS in the 1990’s [8], both the scope and limitations 
of MIS became more apparent, and finding solutions to such 
limitations became a focus for researchers. 

For one, the insertion of long, straight tools through small 
entry sites creates a fulcrum effect which limits tool mobility, 
amplifies tremors, and inverts the surgeon’s hand 
movements, thus making the procedures more difficult (Fig. 
1.) [9, 10]. Further, MIS inherently brings with it reduced 
visibility and positional awareness, while the use of multiple 
instruments inserted from narrow corridors adds to an 
already constricted workspace. Finally, long, rigid tools 
introduce the risk of potential punctures and injuries to 
surrounding tissue and organs. Training surgeons to become 
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proficient in MIS techniques presents yet another challenge 
[10, 11]. These limitations, amongst others, have thus driven 
researchers to bring change into the operating theatre, 
namely, with the increased integration of robotics. 

As platforms such as the da Vinci Surgical System began 
to see increased usage [7, 12], it became apparent that robots 
could provide a unique platform to help solve the above 
limitations. Specifically, robots can do what humans cannot 
– accurately guide a highly articulated flexible tool deep into 
the body. With that, the possibility of compliant, 
miniaturized, and highly controllable robots that can actively 
navigate complex environments has become a primary focus 
in MIS. As various research teams, and now companies 
continue to develop and improve such tools, a shift towards 
more flexible approaches to MIS continues to gain 
momentum. These systems, termed continuum robots 
provide remarkable flexibility, control, and ability to 
navigate tortuous environments [13, 14]. Unlike more 
traditional linkage-based devices that utilize individual joints 
in series, continuum robots can bend continuously along  

 

 
FIGURE 1. Comparison of continuum robots and traditional straight-line 
rigid tools. Traditional tools may need to navigate through more critical 
tissue to reach the target, while continuum robots could potentially allow 
for safer navigation. 
 

II. LITERATURE SEARCH 
A systematic search across 4 databases, PubMed, Web of 

Science, IEEE, and Scopus, was conducted. The search 
parameters were kept consistent between databases. The 
search yielded a total of 1564 results (Fig. 2.), after which 
appropriate articles were isolated, and duplicates were 
removed (619 unique results). When selecting relevant and 
unique studies, previous studies covering previous protypes 
or aspects of robot development were included – where 
possible. The search yielded 190 relevant studies, 39 
supporting studies, and 151 relevant, unique projects (Fig. 
2.). The results of the search were then tabulated (Table S1), 
the salient aspects of which have been quantified below (Fig. 
3.). The inclusion and exclusion criteria are listed in Table 
1. Due to the lack of a standardized method with which to 
compare these characteristics, we adapt the approach used by 
Runciman, Darzi, and Mylonas in their recent systematic 
review on soft robots [20] (Tables 1, 2, and S1). We attempt 
to streamline and consolidate our findings across 
conventional, and soft robots to provide an overview from 
the perspectives of physicians, engineers, mathematicians, 
and material scientists.  

 

 
FIGURE 2. Flow-chart of systematic search, exclusion, inclusion, and 
organization of projects. 
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FIGURE 3.  Summary of systematic search and analysis. (A) The number 
of relevant studies found per year across 4 databases before and after 
duplicates were removed. (B) The number of relevant studies identified 
per year. 2024* indicates studies available in 2024 as of the writing of this 
review. (C) The number of studies indicating the use of a specific 
actuation mechanism. (D) Year-based trends in actuation mechanisms 
reported in identified studies. Hybrid refers to any study where more than 
one actuation mechanism was used, or a significant alteration to a 
conventional actuation mechanism provided properties similar to those 
exhibited by another actuation mechanism. (F) A quantified, inclusive 
breakdown of hybrid systems reveals how often certain actuation 
mechanisms were incorporated into such systems. (E) The stated 
application of the robot in the context of MIS. (G) A quantified breakdown 
of actuation mechanisms reported for a specific MIS application. Where 
unspecified, the studies were labeled as General. All plots are based on 
statistics from identified papers, rather than unique projects/robots. 
 

TABLE I: 
Inclusion and exclusion criteria 

Inclusion Exclusion 
Articles introduced a novel robotic 
device and empirically 
demonstrated its function 

Tool was not specifically 
intended for MIS 

Articles were published from 2000 
to 2024 

Papers that do not show 
physical prototypes or products 

Articles were accessible by the 
authors at the time of the search 

The device was not sufficiently 
flexible and articulated 

Articles were written in English  
The article’s primary focus was the 
development of the robot for MIS 

 

III. CONTINUUM ROBOT ACTUATION PRINCIPLES 
Broadly, continuum robots can be classified as either 

extrinsically, or intrinsically actuated, each with their own 
implications and strengths that lend them to different 
applications and workspaces [14, 21-23]. At its core, 
extrinsic actuation moves the power of the robotic system to 
outside the continuum section. When compared to similar 
intrinsically actuated systems, these systems have larger 
actuator units that take up more workspace and have less 
articulated control of individual points of the continuum 
section. They are also more susceptible to friction and 
hysteresis [24, 25]. They compensate for these limitations by 
allowing for smaller tool diameters with increased range of 
motion. On the other hand, the limitations of intrinsic 
actuation include larger tool diameters required to house 
internal motors or other actuators [25-27]. 

TABLE II: 
Characteristics noted per device 

Characteristic Description 
Class Structural nature of the robot. For example, 

continuum, or catheter. 
Actuation Actuation techniques utilized by the robot. For 

example, tendon-driven, concentric tube, pneumatic, 
piezoelectric, hybrid, etc. 

Application The specific MIS or related application for which 
the robot was designed. For example, cardiac valve 
delivery, transoral surgery, neurosurgery, etc.  

Dimensions Length and diameter of the functional sections of 
the robot.  

Materials Primary material used for structure and actuation. 
For example, nitinol cables, nitinol tubes, sucrose 
and coffee granules for stiffening, silicone-based 
pneumatic chambers, etc. 

Feedback Sensors Sensors used to determine position and to assess the 
surgical site. For example, visual or magnetic as 
explicitly stated. 

Instrumentation 
Channels 

Description of instrumentation and channels 
available. 

Payload/Force 
Exertion Capacity 

Carrying capacity or force exertion reported by 
empirical testing where applicable. 

DoF Description of the DoF of device or system, where 
available. 

A. Extrinsically Actuated: 
Traditionally, the majority of extrinsically actuated 

systems have been classified as cable-driven, multi-
backbone driven, or concentric tube systems. Cable-driven 
systems are the most common and consist of a central 
flexible structure that houses channels for tool delivery and 
appropriate cables for actuation (Table 3). These systems 
can contain either one or multiple flexible sections. Each 
section can be individually actuated by tendons which flank 
the central backbone and are fixed to secure checkpoints at 
specific points of the continuum robot. These cables provide 
considerable force and can steer the systems to desired 
angles, depending on the elasticity of the central backbone. 
To complement this, there is a need for flexible, yet strong 
biocompatible backbones. As noted by Burgner-Kahrs et al., 
when deciding on backbone materials, balancing a low 
Young's Modulus required for flexibility and strain threshold 
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is important. Although using backbone material that has a 
high Young’s Modulus and elastic strain limits is ideal, a 
compromise must be struck [14]. As a result, many research 
teams turn to nitinol for its flexibility, strength, and 
biocompatibility (Table S1). For example, Qi et al.’s 
prototype cable-driven system used for investigating control 
and movement modeling of such robots provides a classic 
illustration of these mechanisms [28]. Similarly, another 
team developed a three-segmented cable-driven robot using 
a nitinol backbone [29]. A 2023 study demonstrated a two-
segment tendon-driven robot coupled with translational 
motion by an external actuator module [30]. A natural 
evolution of this approach has been robots with multiple-
backbones and auxiliary rods, which are individually 
actuated and provide increased push and pull functionality 
(Table S1). Some of these flanking rods can provide added 
stability and actively enable pushing of the system to actuate 
the device. This offers increased conformational capabilities 
and allows for control of different segments of the system. 
Like backbones in cable-driven systems, these too 
commonly employ nitinol as the backbone material (Table 
S1). 

Modifications to cable-driven devices have led to 
creative and more modular devices with added capabilities. 
Some systems compound traditional cable-driven 
mechanisms with other types of systems to deliver the end-
effector with increased accuracy and range of movement. 
Burgner-Kahrs’ cable-based system contains extensible 
sections that leverage the capabilities of magnetic disks and 
concentric straight tubes to enable a unique follow-the-leader 
movement along the length of a continuum unit [31, 32]. This 
extensible tendon-driven robot can achieve follow-the-leader 
movement due to telescopic backbones and magnetic 
repulsion that produce consistent curvature signatures (Fig. 
4A.). Other notable examples include Yoon et al.’s maxillary 
sinus surgical system, which features two independent 
continuum robots that work off a spring-based backbone 
rather than a solid core to increase controllability and create 
an effective image-guided robot [33, 34]. Recently, Wang et 
al. combined a spring-based backbone with an offset nitinol 
rod for stability and increased bending control. This design 
allowed for more internal room to pass biopsy forceps in a 
small 4mm diameter design [35]. To enable tortional control, 
Zhang et al. leveraged concentric tendon-driven tubes to both 
position the robot to the target and rotate within the scaffold 
of the outer tube [36]. 

Research teams have also been tackling the issue of 
reduced payload and force exertion by complementing cable-
driven systems with various techniques. A 2018 study used 
both granular and layered jamming to stabilize a cable-
driven robot for tool delivery in a mock nephrectomy [37]. 
Others have opted for a more integrated approach, using 
rolling joints to reduce device diameters, and to offer 
increased stability [38]. For this, integrating both geared 
teeth joints and rolling joints has been shown to be effective, 

being able to uphold a payload of 300 g from a 3.7 mm 
diameter device [39]. Another team working on maxillary 
sinus surgery took advantage of a hybrid nitinol tube-based 
approach coupled with rolling joints to achieve increased 
bending angles and piecewise stiffness [40, 41] (Fig. 4.). 
Recently, the Auris MonarchTM platform has been deployed 
to the clinical setting and leverages a paired sheath and 
scope-cable mechanism to deliver a field of view in 
bronchoscopy interventions [42-44]. 

Various multi-backbone approaches have investigated 
parallel continuum setups that enable dynamic flexible 
characteristics that are otherwise incapable of such complex 
paths [45]. Some of these devices combine multiple small 
incisions to facilitate transiting of an inserted continuum 
device to the surgical target site and have been coined as 
continuum reconfigurable parallel robots for surgery 
(CRISP) [46, 47] (Fig. 4.). Developing accurate and 
generalizable kinematic models for these systems is of 
increasing interest [48, 49], such as resolving shape 
deviations and better modeling changes in twisting and 
bending [50]. Although cable and rod-driven approaches 
seem to be the most direct solutions to providing accurate 
continuum robot manipulation, inherent limitations to 
traditional cable-driven approaches exist. Chief amongst 
these is that single cables can only actuate in one field and 
rely on compound systems to produce more complex shapes 
that would be beneficial in more tortuous environments. 
Secondly, traditional cables do not provide an opportunity 
for extensibility of specific sections. As a result, other 
mechanisms, such as the one mentioned above must be 
integrated [31, 32]. Another team recently used nitinol rods 
to actuate along a collapsible main structure, and thus 
enabled extendable continuum robotic control [51]. 
Nonetheless, cable-driven devices still offer a lightweight, 
relatively well-characterized, and predictable control 
paradigm that can be scaled into robots that have the 
potential to provide significant force output. Conversely, 
multi-backbone systems, which although provide improved 
navigational capabilities, are much more complex, more 
difficult to machine, and have increased internal space 
requirements.  

On the other hand, concentric tube robots use elastic, pre-
curved tubes, which are normally made of nitinol and can 
have dramatically smaller diameters compared to their more 
conventional cable-driven and rod-driven counterparts 
(Table 3). Although not generally capable of eliciting the 
same full-length flexibility as most cable-driven solutions, 
these robots offer an interesting avenue for procedures that 
require long, thin tools to access surgical target sites with 
narrow workspaces [14, 52]. The concentric tubes are 
generally pre-shaped depending on the operational 
parameters and can be customized on a case-basis to allow 
sufficient range of motion for a procedure [53]. Each tube is 
individually actuated and can translate and rotate to affect the 
other tubes, and therefore the shape of the robot and position 
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of the end effector [53]. As opposed to classic cable-driven 
systems, translation and rotation are an inherent quality of 
these devices, which provide benefits in special surgical 
tasks such as resections or knot-tying. Other advantages 
include simplicity of design, and manufacturing protocols. 
However, these tools intrinsically lack strength in tasks that 
require higher force output and introduce difficulties in 
bending through highly tortuous environments due to the 
accumulation of elastic strain under high load [54]. When 
combined with other mechanisms however, these tools have 
the potential to become remarkably more resourceful, albeit 
much more complicated [55]. 

Given this, there has been encouraging progress in recent 
years, with one team demonstrating the feasibility of their 
robot via tele-operated transoral surgery in a porcine larynx 
model [56], and others developing a three arm concentric 
tube robot system for nasopharyngeal carcinoma surgery 
[57]. More recently a 3-robot setup was demonstrated for use 
for transnasal surgery for orbital tumors [58]. The extrinsic 
actuation housing was small and coverable, and the end 
effectors were successfully used to simulate tumor resection 
behind the eyes. Although concentric tube robots have 
traditionally not been associated with follow-the-leader 
movement, studies have reported special cases where this is 
possible [59, 60]. Others have detailed the expanded 
potential of concentric-tube devices in more general follow-
the-leader possibilities [53]. Developing this capability 
would provide a valuable addition to this class’s repertoire 
and offer more clinical incentive for this research. Teams 
have thus attempted to overcome this challenge by 
developing design frameworks that can better model follow-
the-leader-like movement in delicate mock neurosurgical 
tasks [53]. Alternative actuation mechanisms for these robots 
also exist, such as magnetic resonance (MR)-guided 
piezoelectric concentric tube continuum devices [61, 62] and 
magnetic concentric tube robots [63]. As these are some of 
the latest design paradigms used in continuum robotics, there 
is still much potential for growth; with tool design and 
kinematic modeling as primary focuses in furthering our 
understanding. Another limitation of concentric tube systems 
is the possibility of snapping when there is increased strain 
between tubes [54]. This stored energy can be dangerous in 
sensitive and tight workspaces in the context of MIS. 
Researchers have thus increased focus on developing 
solutions in the design of these robots, and the path planning 
of the procedures to avoid the build-up of this potential 
energy [64]. One way researchers have attempted to resolve 
this is by optimizing laser-cut topography on the tubes, thus 
increasing elastic stability in the workspace [65]. Others 
have taken a different approach, using this strain potential to 
drive a suturing needle and thus demonstrating how in 
certain conditions, the added strength of the snap could be 
beneficial [66]. However, developing a robust understanding 
of the kinematic modeling of these snaps remains an ongoing 
task. Another hybrid approach offsets the neutral axis of its 

tubes by leveraging internal tubes with square notches [67, 
68] (Fig. 4.). This provides a full-body push and pull 
property that is analogous to rod-actuated devices and 
enables increased range of motion while retaining the 
favorable characteristics of concentric tube designs. 

B. Intrinsically Actuated: 
Intrinsically actuated systems offer a somewhat different 

paradigm, taking inspiration from traditional serial robots 
and steadily increasing the number of joints and motors such 
that they resemble continuum movement. To bypass this, and 
to develop true continuum robots, three main actuation 
principles have been the most prominent: pneumatic, shape 
memory alloys, and hydraulic (Table S1). Other emerging 
techniques include the use of electroactive polymers such as 
elastomers. These design concepts have one key aspect in 
common, they are the first step in accommodating another 
characteristic that is beneficial for MIS: soft materials that 
can comply to their environment, and transit with less 
abrasion or injury to surrounding organs and tissue. The first 
of these techniques, pneumatic actuation, has been used for 
decades, with some of the first tools taking advantage of 
individually actuated McKibben muscles. These are 
pneumatic artificial muscles that can be applied in various 
methods to actuate both delicate and large industrial robots 
to control continuum devices [69, 70]. Pneumatically 
actuated devices have been developed to improve safety and 
versatility in various industrial applications due to their 
compliant nature [71]. In the realm of MIS, teams have 
investigated the potential of these pressurized chambers in 
actuating long continuum tools. One significant project, 
coined STIFF-FLOP (Fig. 4.), produced a robot with 
articulated pneumatic chambers and stiffening chambers that 
acted as an endoscope in a cadaveric mesorectal excision 
[72-74]. The robot contains a proximal and distal segment, 
which can be individually stabilized and extended to provide 
exceptional dexterity and view of the surgical site. 
Notwithstanding its highly articulated capabilities, this soft 
robot has till date been limited to endoscopic assignments, 
lacking the force exertion capacity to interact with tissue and 
organs to perform surgical tasks such as resection or 
suturing. To improve upon this, and to help the project 
evolve into one that can house and deliver instrumentation to 
the surgical site, recent papers have explored alternative 
approaches to enhance the robot’s stiffening mechanisms via 
fiber jamming [19] and  low-melting-point alloys [75]. 
Although much progress has been made, modelling a soft 
robot’s interactions with surrounding tissue and kinematics 
remains an evolving field. A 2017 study is one of many that 
have attempted to address these requirements by detailing a 
screw-based method for modeling kinematics and statics of 
soft manipulators such as STIFF-FLOP [76]. This platform 
has proven effective for developing further models for tip 
force estimation [77], and miniaturization with radial 
expansion reinforcement [78]. 
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Since then, various teams have made headway in better 
understanding pneumatically actuated continuum mechanics 
for MIS. One major approach to MIS involves the navigation 
of natural orifices, called natural orifice transluminal 
endoscopic surgery (NOTES). These procedures are meant 
to reduce invasiveness and patient trauma and require the use 
of highly dextrous manipulators that ideally would not 
damage the surrounding cavities. As such, pneumatic 
approaches have shown some potential. A recent study used 
rubber bellows to actuate an endoscope for upper 
gastrointestinal navigation [79, 80]. Another study 
introduced a pneumatically actuated endoscope with 
promising capabilities for integration into more narrow 
procedural workflows [81]. The device featured an elastic 
micro actuator with asymmetrically constructed walls to 
bend the robot in one direction. An important feature of 
pneumatically actuated devices is that unlike traditional 
cable-driven mechanisms, they allow a certain degree of 
extensibility to the robot. This may be crucial when 
repositioning of the full device may compromise tool 
stability and may damage the surrounding tissue. 
Notwithstanding their exciting prospects, there are still some 
limitations. For one, pneumatic actuation is not as rapid or as 
responsive as cable-driven mechanisms. Another classical 
limitation is that they expand radially, which can be a 
restricting factor when working in narrow spaces for MIS. 
Some teams have adopted an integrated approach to mitigate 
this, by adding hollow chambers within the robot’s structure 
wherein the device can expand [82, 83]. Although pneumatic 
micro actuators have relatively high power densities, they 
still require higher pressures to actuate large endoscopes and 
flexible tools which may pose a risk to delicate organs in the 
event of a rupture [81, 84]. Fortunately, most systems 
function under 300 kPa and thus do not pose a significant 
risk [79, 81]. That said, other uses for inflatable chambers for 
flexible robots for MIS exist. For example, a 2015 study 
reported a hybrid cable-actuated device that employed an 
internal air tube for control of the end effector (in this case a 
gripper) [85]. This allowed for strong actuation forces and 
powerful gripping forces without expansion of the robotic 
arm. More recently, a pneumatic bending microactuator has 
been engineered with PDMS to achieve small bending radii 
and increased flexibility for ophthalmic applications [86]. 
With their diverse applications, scalability, and power 
density, pneumatic continuum robots offer a promising 
avenue for further development of soft robots for MIS.  

Another method pertains to using hydraulic chambers to 
actuate a tool to navigate the surgical site. Like pneumatic 
actuation, incompressible hydraulics provide high power 
density and have the potential to bridge the actuation strength 
gap between pneumatic and conventional cable-driven 
manipulators [84, 87]. Concerns about possible risks of 
leakage can be mitigated with the use of saline as the 
actuation fluid, thus preventing significant harm. The 
integration of hydraulic actuation for continuum 

manipulators for MIS has been limited thus far, perhaps due 
to the added weight and difficulty in design of such robots. 
Examples do, however, exist. Lindenroth et al. showed a 
hydraulically actuated robotic design and took steps in 
understanding its force sensing and stiffness capabilities [87, 
88]. Their robot consists of a silicone STIFF-FLOP module 
with three actuation chambers that, when activated, elongate 
rather than radially expand, allowing them both forward 
movement and a high degree of controllability with regards 
to bending the different segments. Their proposed finite 
element model for estimation of normal and shear forces at 
the robot tip provided valuable information regarding the 
usability of hydraulic actuation chambers in deriving fore 
sensation [87]. Another team took a different approach, 
looking into the potential of hydraulic actuation in low-cost 
soft endoscopy with automatic navigation capabilities [89]. 
Recently, a water jet actuated gastroscopy tool allowed for 
directional control by the controlled release of pressurized 
water [90]. Together, pneumatic and hydraulic actuation of 
soft robots provide a tangible avenue for further 
investigation into the role of pressurized chambers to actuate 
continuum manipulators in MIS. 

Soft continuum systems are sometimes accompanied 
with another intrinsic actuation method: shape memory 
alloys (SMAs). SMAs can “store” a heat-programmed shape 
and revert back to that shape after deformation once heated 
past a transformation temperature [91]. The most commonly 
used SMA in the context of MIS employ various 
compositions of nitinol, again due to its biocompatibility and 
elasticity [92]. As such, continuum devices that use these 
SMAs as extensors can heat pre-coiled or pre-deformed 
nitinol tubes to return to their original conformations to 
extend, contract, or bend the device. This property enables 
several key characteristics that are beneficial for MIS such 
as the facilitation of peristaltic movement of hybrid SMA 
devices [93]. The soft prototype shown in [93] uses nine 
independently controlled SMA springs that are heated and 
cooled with the assistance of air tubes to actuate disks that 
interspace the three-segment robot (Fig. 4.). The silicone 
rubber skin folds and grips the surroundings, providing a 
passive recovery force that facilitates a peristalsis-like 
motion to translate the device. More conventional 
approaches also exist. Desai’s group developed SMA-
actuated MRI-compatible continuum robots for 
neurosurgical tasks [94-96]. A 2018 study combined tendon 
and SMA-driven methods to build a three-segmented 
tendon-driven robot for neurosurgery. Each segment housed 
a nitinol spring that could be temperature-controlled to 
achieve localized stiffness [97]. Recently, more teams have 
mimicked the structure of conventional tendon-driven tools 
with nitinol wire heating [98], and investigated reliability of 
SMA actuation over repeated loads [99]. Another team took 
a creative approach to temperature regulation of SMA-
actuated MIS tools, using heated or cooled fluid to actuate a 
surgical gripper [100, 101] (Fig. 4.). SMA spring-based 
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robotic actuation can be packaged into a small, modular, 
sterilizable package to build a small, 2 DoF polyamide 
system as well [102]. Notwithstanding the above 
applications, SMAs present tremendous potential as 
actuators for flexible surgical devices robots due to their thin 
elastic nature and ability to actuate in multiple directions 
depending on the encoded shape of the alloy. Further, SMAs 
can be positioned independently of each other, and be 
individually actuated via fine electrical wire to achieve 
surgical endpoints. However, limitations remain, such as the 
potential for damage to surrounding tissue due to heat 
dissipation, or the barriers in engineering an SMA setup that 
can match the force output of conventional tendon-driven 
mechanisms. 

 
FIGURE 4. Continuum robots are increasingly employing hybrid 
actuation mechanisms. (A) A hybrid tendon-driven robot with extensible 
sections mediated by magnetic repulsion [31]. (B) Maxillary sinus surgery 
robot with rolling joints [40]. (C) CRISP robot employing snares and 
parallel segments to reach surgical target site and achieve end-goals 
[46]. (D) Hybrid concentric tube robot that utilizes square notches to 
actuate the robot in an agonist-antagonist manner [67]. (E) SMA-actuated 
soft robot that mimics peristaltic movement for locomotion [93]. (F) 
STIFF-FLOP robot for pneumatically actuated endoscopic tasks 
(BioRobotics Institute of the Scuola Superiore Sant’Anna – Pisa, Italy).  

A fourth group, that falls arbitrarily between extrinsic and 
intrinsic actuation, are magnetically actuated continuum 
robots with on-board magnets. These systems have the 
benefit of not requiring large on-board motors or pressure 
chambers to change shape. Further, since any part of these 
robots can be embedded with actuatable elements, and the 
source acting on these embedded magnets can be large and 
versatile (eg. Stereotaxis© and Magnetecs© catheter 
manipulation systems), there are functionally infinite DoF in 
which these machines can be actuated. The efficacy of these 
systems has been proven in the clinic in the context of 
catheter-based interventions (discussed further in the 
Catheter-based Interventions section below). 
Notwithstanding their value in catheterization, magnetically 
actuated continuum robots have seen increasing 
development as teams continue to explore seemingly 
limitless approaches for actuation modeling. For instance, in 

a recent study, Lloyd et al. produced soft magnetically 
actuated continuum manipulators with embedded 
neodymium-iron-boron microparticles and demonstrated 
their control in a magnetic field [103]. Another study 
combined this with shape memory polymer springs and a 
silicone backbone to create a variable stiffness manipulator 
[104]. The tool’s stiffness can be dynamically adjusted 
through heating the shape memory polymer springs, 
allowing for precise control and adaptability in complex 
anatomical structures.  

TABLE III: 
Brief Comparison of Actuation Principles 

Extrinsic 
or 

Intrinsic? 

Type of 
Actuation 

Advantages Disadvantages 

Extrinsic 
Actuation 

Tendon-
driven and 
multi-
backbone 

Relatively 
lightweight, 
higher force 
exertion and 
payload, scalable, 
quick response. 

Friction along length 
can damage 
surrounding tissue, 
traditional designs 
cannot achieve 
extensibility or follow 
the leader movement, 
possible hysteresis.  

Extrinsic 
Actuation 

Concentric 
Tube 

Small diameter, 
extensive 
understanding of 
kinematics, built-
in forward 
movement, quick 
response. 

Elastic instabilities, 
limited load capacity, 
follow the leader 
movement is difficult 
to achieve. 

Intrinsic 
Actuation 

Pneumatic Compliant, high-
power density for 
soft actuators, 
extensible, 
relatively quick 
response, 
stiffening 
capabilities. 

Radial expansion 
during activation of 
pressure chambers 
requires larger 
diameter, slower 
response and lower 
force exertion 
compared to 
extrinsically actuated 
systems. 

Intrinsic 
Actuation 

Hydraulic Compliant, high-
power density and 
force exertion 
capabilities. 

Heavier, slower 
response time. 

Intrinsic 
Actuation 

Shape-
memory 
Alloy 

Allows for soft 
external structure, 
individually 
actuatable and 
independent 
segments. 

Slower response time, 
hysteresis (depending 
on the positioning and 
structure), risk of 
harmful thermal 
dissipation. 

Intrinsic 
Actuation 

Electroactive 
Polymer 

Miniaturizable, 
lower power 
draw, controllable 
actuation, 
lightweight. 

Limited load capacity, 
slower response time. 

Other Magnetic High degree of 
motion control, 
can potentially 
allow for 
translation, and 
navigation of 
complex routes. 

Expensive and large 
workspace setup, 
difficult to actuate 
larger devices with 
enough power, risk of 
magnetic interference. 
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However, there are inherent limitations to these 
approaches. For one, accurate and robust actuation of 
continuum robots requires a powerful and often expensive 
magnetic setup [105]. Attention must also be paid when 
choosing materials for such manipulators so as to not 
interfere with magnetic control or introduce risks into the 
surgical environment. However, as the role of intraoperative 
MR imaging increases, and surgeons begin making the 
transition towards MR-compatible surgeries [106], the 
avenues for magnetically-guided continuum manipulators 
for MIS will continue to expand. Another recent study took 
steps towards this by presenting independently actuated soft 
magnetic manipulators for bimanual operations. They 
proposed a method to independently actuate each robot 
within the same workspace to deliver a camera and optic 
fiber [107]. A brief comparison of these mechanisms in the 
context of both conventional MIS and catheter-based 
interventions has been provided in Table III. 

IV. VARIABLE STIFFNESS AND SOFT ROBOTICS 
At the beginning of 2020, Soft Robotics, an industrial 

robotics start-up with a simple idea to handle products using 
pneumatically actuated soft grippers received $23 million of 
funding to bolster their ventures [108]. This is not an isolated 
incident. Innovators have long looked to nature for 
inspiration in designing machines, with some of the earliest 
renaissance innovators mimicking bat wings for gliding 
[109], and others watching plants hook to fur as an 
inspiration for the invention of Velcro [110]. Of these, an 
emerging application is that of soft robotics in MIS. As 
compliant, economical, and patient-specific instruments can 
significantly increase the safety of surgical interventions, 
researchers have begun leveraging soft robotic approaches to 
actuation, such as those discussed above (pneumatic, 
hydraulic, shape-memory, amongst others). Aside from bio-
inspired means of actuation, these robots display another 
valuable characteristic of soft robots: variable stiffness 
[111].  

From getting to a target site, to performing the operation, 
compliant flexible manipulators must be able to stabilize 
their position to A) safely and properly deliver surgical tools, 
and B) leverage surrounding tissue and organs where 
necessary to get into an ideal position. Various mechanisms 
have been employed to achieve this variable stiffness, 
including but not limited to the use of multiple-backbone 
segment stabilization, SMAs, pneumatic, granular and layer 
jamming, and the use of artificial muscles. Miniaturization, 
and robust stiffening have become of increased focus. A 
complete review of the mechanisms of stiffening in flexible 
and continuum robots is beyond the scope of this review. 
Readers are pointed to excellent reviews that summarize the 
many mechanisms and their applications here: [112, 113]. 
This section will instead focus on discussing some common 
trends and other novel mechanisms that may help direct 
researchers looking towards other solutions.  

Continuum robots can be stiffened along their full length, 
or in segments to achieve specific end goals. Stiffening is yet 
another characteristic of soft robots that is observed when 
actuation units are activated [20, 113]. For example, inflation 
of a pneumatic chamber can decrease compliance and help 
secure the device’s shape. However, not all stiffening 
mechanisms reposition a device. Granular and layer 
jamming are two examples of stiffening mechanisms that 
instead secure the robot’s position [114]. Granular jamming 
commonly uses a vacuum, or pressure from neighboring 
chambers, to force together small particles, such as coffee 
granules or sucrose [37]. By principle, the higher the 
pressure difference achieved between external and internal 
chambers, the stronger the stiffening (Fig. 5.). This can be 
influenced by the granules used, the structure of the 
stiffening mechanism, and the materials used to create the 
chambers [37, 112, 115]. Although granular jamming offers 
relatively robust stiffening, it has several drawbacks. For 
one, granular chambers can add significant bulk and weight 
to the design, without contributing to the maneuverability of 
the robot. Secondly, modeling the spread of free-moving 
particles is difficult, with changes in the robot’s shape 
affecting the distribution of the granules. This may lead to 
unequal stiffening across the length of the granular chamber 
and thus the manipulator [20, 112]. On the other hand, a 
relatively newer approach called layer jamming forces 
together layers of a specially engineered material instead of 
granules. This technique leverages frictional interactions 
between layers and is directly dependent on the type of 
material used, its frictional coefficients, and the amount of 
force that can be applied perpendicularly to the layers (Fig. 
5.). Although this significantly reduces bulk, it does not offer 
the same level of stiffening as granular jamming [112, 113].  

Since size, and stiffening capabilities have been the 
primary goal of this field, researchers have invented several 
variants for both granular and layer jamming to address these 
two bottlenecks. Some approaches again take inspiration 
from nature. For example, NASA’s requirement for a 
continuum robot for medical interventions in space has 
driven the development of a “tendril” robot [116]. Various 
teams have since attempted to innovate solutions to the 
tendril’s shortcomings. With regards to variable stiffening, 
one team designed a scaly layer jamming system that utilized 
cable-driven actuation instead of more common pneumatic 
partners [117] (Fig. 5.). They employed thin layers of mylar 
polyester film tightly wrapped around a central spring. 
Another team took inspiration from both fish and snakes by 
engineering a helical cable-driven layer jamming mechanism 
for a STIFF-FLOP module [118]. Both approaches 
circumvent the traditional limitations of vacuum-based 
stiffening. Other teams have investigated the efficacy of 
other modifications to layer jamming. For example, one team 
produced a prototype soft tendon-driven manipulator with 
sliding layer variable-stiffening capabilities that utilized the 
core as an element in the stiffening. The proof-of-concept 
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leveraged a honeycomb central structure to amplify the 
jamming while allowing for reconfiguration of the stiffening 
region via a sliding layer mechanism. As the vacuum is 
applied, a friction between the jamming layers and the 
honeycomb structure provides relatively efficacious 
jamming [119]. As discussed earlier, recent advancements in 
jamming for the STIFF-FLOP manipulator have leveraged 
fiber jamming, which forces together fibers in an intercalated 
pattern to maximize stiffness in a controllable and 
predictable manner (Fig. 5.) [19, 120], and low-melting-
point alloys [75]. This new application of fiber jamming into 
a soft continuum manipulator brings with it the added benefit 
of miniaturization and controllability.  

These examples demonstrate that these stiffness 
techniques can be combined with several actuation methods 
to achieve their end goals. However, variable stiffness is not 
limited to non-actuator mechanisms, nor is it limited to soft 
robots. For example, a design employed wire tensioning in 
the context of cardiac valve delivery [121], and another 
innovative study reported how coaxial tube-based stiffening 
can improve the controllability and workspace for steerable 
needles [122]. They provide flexural stiffness with respect to 
directed force loads that are mediated by the rotation and 
translation of the tubes. Another team used SMA-based 
actuation and segment stiffening in an MRI-guided device 
designed for neurosurgery (Fig. 5.). The group utilized the 
changing stiffness of nitinol between austenite and 
martensite states to pull on tendons to bend the continuum 
robot. The robot itself has three segments supported by 
nitinol spring backbones, all of which could be similarly 
stiffened [97]. More recently, electroactive polymers – 
materials that when electrically stimulated, respond with 
mechanical motion – have been investigated to actuate 
continuum robots for endoscopy applications [123]. 
Nevertheless, techniques used in soft robots bring an 
increased measure of safety. The ability to selectively 
comply with the delicate surrounding environment, and in 
some designs offer continuous stiffening, can significantly 
improve the potential of such robots in the surgical 
environment. As such, soft continuum manipulators may 
play a considerable role in the development of clinical tools 
and potential surgical platforms due to their economical, 
compliant, and self-propelling properties. However, much 
work remains in the force sensing, position, and kinematic 
modeling. 

 
FIGURE 5. Soft continuum robots can stiffen in localized segments to 
provide a variety of use scenarios. Examples of variable stiffening in 
continuum robots are highlighted by (A) the principles of layer jamming, 
(B) granular jamming, and (C) fiber jamming [19]. Examples of variable 
stiffness continuum robots include designs that use (D) scaly layers 
[117], or (E) nitinol tendons and springs to provide segment stiffening 
[97]. 

V. ROBOTIC CATHETER-BASED INTERVENTIONS 
As the push for more minimally invasive procedures 

continues, endovascular interventions have taken center 
stage in the treatment of several conditions. These operations 
leverage long, thin catheters that can navigate the 
vasculature, guided by x-rays in a process called 
fluoroscopy, to perform clot-busting [124], endovascular 
coiling [125], placement of stents for arterial support [126], 
and drug elution [127] amongst other operations. Most 
endovascular procedures, however, rely on flexible but 
passive catheters that require considerable manipulation 
from the surgeon to navigate the complex anatomy. The 
surgeon uses rotational movement to direct the catheter to 
the target site, with no direct control over the steering tip. 
These devices are thus difficult to navigate with, and the 
absence of integrated actuation and force feedback presents 
the risk of damage to surrounding tissue and interventional 
failure. Additionally, difficulties in navigation and catheter 
placement increases the procedural timeframe, exposing 
both the patient and the healthcare team to more radiation 
[128, 129]. 

To address these gaps, steerable robotic catheters that are 
controlled either via tendon-driven, pneumatic, hydraulic, or 
magnetic-based actuation provide considerable advantages 
[130, 131]. Various commercialized products have made 
their way into the clinic, including the Magellan and Sensei 
robotic catheter systems by Hansen Medical. Other 
platforms include the CorPath GRX by Corindus, and the 
Genesis magnetic navigation system under Stereotaxis. A 
2018 review provides an excellent introduction to the field 
and summarizes key design principles [105]. This section 
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will complement and build on this discussion by briefing 
general actuation principles of robotic catheters, touching on 
the current state of the art in the clinic, and exploring 
emerging technologies.  

A. Actuation principles of robotic catheters 

Unlike the above discussion of robots for MIS, where 
flexible and continuum tools have the potential for 
improving operational outcomes, catheter-based 
interventions have long been made functional by those same 
characteristics. These devices showcase the role that flexible 
therapy delivery platforms may play in a robot-driven future 
for surgery. The main design considerations for catheters 
include diameter, controllability, DOF, cost, ability to 
exhibit variable stiffness depending on the operation, and the 
biocompatibility and versatility of the materials used to 
construct these devices. 

The most conventional approach utilizes wires to actuate 
the catheter in an agonist-antagonist manner. These are 
analogous to the cable and multi-backbone rod-based 
designs discussed above in the design principles of tendon-
driven continuum robots. A prime example of this tendon-
based actuation in the clinic is Hansen Medical’s Sensei 
Robotic Navigation System. The system can leverage 
various intracardiac echocardiography, 3D mapping, and 
fluoroscopy technologies to steer the robotic Artisan® 
Extend control catheter. To perform electrophysiological 
procedures, the catheter, which features a central nitinol 
spine and four tendons for the inner sheath, and separate 
tendons for the outer sheath, can bend up to 275⁰ in any 
direction [132]. The distal end offers force sensors that 
provide tactile feedback to the operator and prevent any 
advancement once a specific force threshold is breached. The 
smaller Magellan system has similar working principles and 
is designed for peripheral vascular procedures. Following 
suite of this approach, one team showcased the prototyping 
of an autonomous intramyocardial cell injection catheter that 
is actuated by four pull wires in an 8Fr package [133, 134]. 
In addition, the authors also integrated autonomous features 
to guide the end of the catheter post-calibration. Another 
team previously also prototyped a tendon-driven robotic 
catheter for radiofrequency ablation [135]. Jolaei et al. 
recently proposed a learning-based kinematic model and 
feedforward position control to validate a control framework 
for achieving task autonomy in a tendon-driven catheter 
[136]. These tendon-based systems are relatively 
straightforward and intuitive, and much work has been done 
to characterize their kinematics. However, despite their high 
degree of controllability, they are limited due to similar 
reasons as those of MIS-focused devices discussed above. 
Their bulk, and tendency for backlash and hysteresis 
introduce more barriers in the narrow workspace reserved for 
interventional procedures.  

On the other hand, concentric tube designs offer 
considerable advantages owing to their small diameters and 

have been utilized to explore methods for increased safety 
and force limitation in the delicate environment. Recently, 
one team was inspired by characteristic wall-following 
behavior seen in some organisms. To mimic this, they 
designed an autonomously driven concentric tube catheter 
system that leverages haptic feedback and surface 
identification to navigate the anatomy (Fig. 6.). Remarkably, 
the robot achieved high precision and repeatability to 
complement the physician’s role [137]. This work 
demonstrated that the understanding and control of 
concentric tube-actuated robots can effectively be leveraged 
in an AI-driven package to help achieve operational end-
goals. Nonetheless, much work remains in identifying tool-
specific and application-specific parameters, as well as 
overcoming conventional limitations such as pre-defined 
curvatures, the risk of snapping due to force build-up, and 
the ability to control the relative rotation of the tubes over 
long distances in a very delicate, and tortuous environment. 
With these fundamentals in mind, another team presented an 
autonomous navigation paradigm by using simultaneous 
localization and mapping with a tip-mounted camera to 
produce safe, autonomous navigation for a concentric tube 
catheter. This approach also allowed for an approximate 
follow-the-leader movement [138]. Given these recent 
advancements, concentric tube-driven catheters can continue 
to serve as platforms for highly miniaturized tools, although 
developing a commercially viable and safe systems that can 
navigate complicated vasculature and comply with the soft 
anatomy requires much work.   

Following suite of the benefits of soft robots, researchers 
have investigated the potential of hydraulic and pneumatic 
actuation in robotic catheters. These systems provide 
considerable advantages due to compliance, quick actuation, 
and high energy density. They also negate the possibility of 
electrical discharge in the blood stream by damage to an 
instrument that uses an electricity-based actuation method. 
Ikuta et al. developed a hydraulically actuated catheter that 
has steadily evolved over several iterations. The 3 mm Ø 
prototype contains multiple bellows actuator segments to 
navigate more complex vasculature and brings with it the 
advantage of MR compatibility [139] (Fig. 6.). To help 
resolve limitations in controllability of the continuum 
sections, they adopted a “pressure pulse drive” wherein the 
segments are pumped with waves of pressure to constantly 
change the base configuration and lead to increased actuation 
throughout in a relatively controllable manner [140]. Others 
have focused on the delivery of force feedback and position 
sensing technology, with a study demonstrating the use of an 
optic-based sensor to indicate bending angles [139, 141]. 
More recently, Nguyen et al. developed a hydraulic catheter 
that could bend 180˚ with a bending radius of 10mm, making 
is useful for navigation of small anatomy and interventional 
tasks such as ablation and clot removal [142]. They also 
developed a soft catheter tool with hydraulic filament 
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artificial muscles that had controllable extension and flexion 
purpose built for ablation procedures [143]. 

Finally, SMAs and electroactive polymers present an 
exciting area of actuation for robotic catheters. Contrary to 
Ikuta et al. and Nguyen et al.’s electricity-free designs, SMA-
actuated devices leverage the shape-memory effect that is 
induced by heating an SMA wire (such as nitinol). This 
allows for highly controllable and fine adjustments, albeit 
with lower response time and potentially output force. 
Examples include an SMA-based micro-actuator with a 
coiled structure that provides over 23⁰ of guidewire bending 
[144], and an MRI-conditional antagonistic SMA spring 
actuation-based catheter with a focus on neuro-
interventional procedures [145]. Lu et al. designed their 
nitinol spring actuator to wrap around a guidewire and 
exhibit semi-autonomous bending that was then tested in 
vitro [144].  However, given the nature of SMA actuation, 
and the sensitivity of the vasculature, limitations regarding 
damage from heat dissipation exist. In the context of MR-
compatibility, radiofrequency-induced heating of 
conventional metallic guidewires has also limited the scope 
of such systems [145]. As such, although SMA-actuation 
provides increased miniaturization, their fundamental 
barriers must be overcome before they can safely and 
effectively be combined with advanced guidance modalities 
and be employed in complex interventional procedures. On 
the other hand, electroactive polymers provide an alternative 
solution. These polymers change configuration in a 
predictable manner when an electric current is applied to 
them. One team sought to use this approach and created a 
two-part electroactive catheter with different stiffness 
characteristics [146]. The high modulus neck is 3cm in 
length, while the low modulus head is 1cm. Another team 
developed a “smart” guidewire using an electroactive 
terpolymer [147] (Fig. 6.). Electroactive polymers may work 
with lower currents and produce high displacement; 
however, further challenges exist in reducing the required 
voltage. Jacquemin et al. recently proposed a polymer to 
address this and modeled the kinematics of this polymer in 
the context of MIS [148]. 

Apart from these electromechanical approaches, wherein 
the catheter is directly actuated via wires, rods, or other 
onboard actuation units, some systems take a more distanced 
approach that is free of such mechanical constraints. Due to 
their small size, and the ability to precisely actuate a catheter 
in a narrow environment, magnetic actuation is becoming 
increasingly feasible. In principle, these systems use 
embedded magnets to steer the catheter via magnets that 
surround the interventional bed. Magnetic actuation is 
generally achieved in two ways. First is the use of 
electromagnets to generate a variable magnetic field to apply 
adjustable magnetic force [149]. These magnets require 
passage of electrical current, which in-turn provides the 
ability to vary the strength of the magnetic field. However, 
these systems rely on substantial heat management solutions. 

On the other hand, permanent magnets cannot readily change 
their field properties, except by repositioning neighboring 
magnets [150, 151]. These systems have the advantage of not 
requiring constant electrical input to activate, although the 
working environments are limited due to the requirement of 
specific magnet setups to ensure the magnetic fields are 
generated in line with the operational requirements. This is 
because they cannot have a net vector of zero for the 
generated fields and can pose restrictions to the surgical 
environment. 

Several technologies have taken advantage of this highly 
miniaturizable and controllable approach both in laboratories 
and in the clinic. Prominent current examples are the Niobe 
magnetic navigation system [150, 151] and the newer 
Genesis system, which is both smaller and faster [152]. 
These systems leverage large permanent magnets that are 
automatically repositioned throughout the procedure to 
actuate the catheter. Others include the CGCI system by 
Magnetecs, which uses 8 fixed electromagnets to articulate 
the catheter [149].  

Given their clinical potential, several teams have 
pioneered developments to overcome the traditional barriers 
of magnetically actuated catheter systems and to further our 
understanding of their articulation and versatility. For 
example, a group at MIT created a ferromagnetically 
actuated soft polymer-based catheter prototype that is 
embedded with neodymium-iron-boron alloy microparticles 
and actuated by a manually positioned permanent magnet 
[153]. This continuum device was navigated through a 
complex cerebrovascular phantom setup to demonstrate the 
accuracy and high level of articulation that is achievable with 
such forms of magnetic actuation (Fig. 6D.). These tools can 
further provide interventional options to hard-to-reach 
targets, as demonstrated by the routing of an optical fiber 
through the device to demonstrate the principle of laser 
delivery [153]. Lloyd et al.’s device featured discrete 
magnetized segments that would collectively be actuated by 
surrounding magnets [103]. This device was made with 
Ecoflex 00-30 elastomer embedded with neodymium-iron-
boron microparticles in a 1:1 weight ratio. Another team 
produced a variable stiffness magnetic robotic catheter [154, 
155]. Unlike conventional catheters, these individually 
stiffened segments allow the robot to achieve complex 
shapes which can better help it navigate tortuous 
environments. The variable stiffness segments are based on 
a low melting point alloy which allows precise control of the 
robot. Another team developed a 2mm diameter magnetic 
catheter with two magnets and drill tip and demonstrated 
unclogging of a blot clot in vitro [156] while others used 
embedded electromagnetic coils to magnetically guide and 
actuate their catheter [157]. Another study proposed an 
electromagnetically-powered propulsion and control model 
of a steerable needle [158], while Jung et al. optimized a 
steering approach by using a magnetic setup specific for their 
catheter’s path [159].  
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As many teams have worked on improving magnetic 
actuator control for endovascular procedures over the past 
two decades, others have attempted to overcome limitations 
in the magnets that control the catheters as well. For 
example, one team attempted to overcome a limitation of 
permanent magnet setups that prevent a field gradient of 
zero. Instead of inducing large translocations of permanent 
magnets, they used an array of rotatable permanent magnets 
that enabled 5 DOF control of a microrobot [160]. Other 
teams proposed a hybrid actuation and control method to 
develop variable stiffness catheters by incorporating 
magnetic actuation with a shape memory polymer [161, 
162]. Active heating and cooling helped achieve variable 
stiffness and higher dexterity. Another recent study describes 
a millimeter-scale magnetic steering continuum robot for 
transluminal procedures. This robot can navigate complex 
pathways by alternating between solid and liquid states and 
using programmable magnetic fields, allowing it to move 
safely and morph into functional tools or sensors in larger 
anatomical spaces [163]. 

 
FIGURE 6. Robotic and steerable catheters employ several actuation 
mechanisms, each with their own benefits and drawbacks. (A) 
Autonomous concentric tube robot for intracardiac navigation based on 
haptic vision feedback [137]. (B) Hydraulically actuated soft catheter with 
optical sensors for bending [139]. (C) Smart guidewire made from 
electrostrictive polymer that is activated with the input of current [147]. 
(D) Neodymium-iron-boron microparticle-embedded ferromagnetic 
catheter that is actuated by the localization of a permanent magnet and 
delivers an optic fiber to demonstrate the ability to deliver a laser [153]. 

Despite their tremendous clinical potential and increased 
usage, magnetic catheter actuation systems have limitations. 
For example, these systems commonly require large, 
expensive setups that also lack easy portability. The need for 
additional OR standards such as magnetic-compatible 
apparatus and shielding also restrict the accessibility of such 
systems. Future innovations will attempt to address these, 
and work on other aspects, including increased 
controllability of interventional devices, studying the 

efficacy of various embedded microparticles and their 
distribution, more acute actuator sources, and the 
investigation of creating powerful, tunable sources of 
actuation from permanent magnets that employ a full range 
of magnetic gradients. 

VI. FORCE FEEDBACK AND POSITION TRACKING 
For decades, surgeons have grappled with the question of 

how to provide minimally invasive interventions, whilst 
being fully aware of the internal anatomy within an 
operation. Traditionally, surgical workflow would have to be 
stopped, the patient transported for imaging, and then the 
operation continued based on this feedback. The introduction 
of intraoperative imaging significantly improved this and 
provided physicians with up-to-date images with which to 
navigate and continually plan their operation [106, 164, 165]. 
As the scope of interventional robotics increases [166], and 
the potential of continuum robots in MIS becomes more 
prominent, so too does the need for advanced position and 
force feedback. Here, we summarize the major solutions 
teams have utilized for continuum robots and touch on 
emerging approaches. We focus on recent work while adding 
to a previous in-depth survey by Shi et al. [167] on shape 
sensing for continuum robots in MIS, and Ramadani et. al. 
[168] on catheter tracking methods. 

Beginning with traditional endovascular interventions, 
one common mode of tracking catheters is by fluoroscopy, 
which uses continuous x-ray to observe movements within 
the anatomy. Both manual, and now robotic catheter systems 
are commonly made compatible with x-ray-based imaging 
and tracking processes, either by nature of a part of surgical 
tool, or by a contrast dye [169, 170]. This imaging technique 
has allowed physicians to perform interventional procedures 
in a relatively high-resolution and economical manner 
without the need for large cuts and invasive operations. 
However, fluoroscopy comes at the cost of relatively large 
amounts of radiation exposure which can potentially be 
damaging to long term patient health [171]. Over the years, 
various teams have investigated how to improve 3D 
reconstruction and kinematics whilst also limiting radiation 
exposure. For example, one team leveraged probabilistic 
priors and numeric optimization with kinematic models for a 
concentric tube robot to present a shape estimation model. 
This approach used a set of fluoroscopic images to predict 
the position of the deformable robot over time with a 
substantial degree of accuracy [172]. Another study 
employed image feedback and a Cosserat rod model to 
estimate forces in a microscale tendon-driven guidewire 
robot, achieving an average RMSE of 0.46 mm in shape 
predictions for notched nitinol tubes [173]. Another study 
presented a tracking model using monoplane fluoroscopy 
that compensated for 3D breathing motion for a 
radiofrequency ablation catheter [174]. The approach was 
particularly effective in minimizing drift and directly 
provided correction for 3D translational motion. To increase 
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accuracy, others have instead opted to investigate biplane 
fluoroscopic imaging to track instruments. For example, 
Wagner presented an algorithm that provides 3D 
reconstruction of deformational devices in the vasculature 
[175]. It is, however, important to note that although more 
powerful, biplane approaches increase radiation exposure 
[176, 177]. Overall, model-based and region segmentation 
approaches provide powerful tools for tracking catheters 
[178] and guidewires [179] via fluoroscopic means. On the 
other hand, ultrasound serves as a safer and more 
economical, albeit lower resolution solution for catheters 
[180]. For example, one team used 2D ultrasound to track a 
flexible needle in 3D [181] and another team used 2D 
ultrasound images and kinematic information for tip position 
estimation of a concentric tube robot [182].  

Due to concerns about x-ray radiation and poor soft tissue 
visibility, the use of MRI as an alternative tracking solution 
has been increasingly explored since its first clinical use in 
cardiac catheterization [183]. However, interventional MR-
guided catheterization procedures face a bottleneck due to a 
lack of guidewires and other interventional instruments that 
are MR-safe and provide both exceptional control and force 
output. Nonetheless, researchers have innovated solutions by 
testing various materials such as Kevlar with short nitinol 
modules under both active and passive MRI visualization 
[184]. Thus, demonstrating the feasibility of glass-fiber 
epoxy-based guidewires in porcine models under the 
guidance of a 3T MRI [185], and a synchrony of previous 
advancements by using an MR-compatible non-metallic 
Kevlar-braided guidewire to deliver non-metallic stent 
scaffolds [186], amongst other investigations [187-189]. 
Another team took on the challenge of circumventing 
traditional MR-incompatibility of metallic guidewires [190, 
191]. Basar et al. constructed electrically insulated nitinol 
guidewire segments that were 0.25λ of radiofrequency 
transmission at 1.5T, and demonstrated that they were MR-
safe [190]. This was built on by constructing a stainless steel-
braided catheter with a more continuous electrical flow, 
which was instead interrupted in 10 cm intervals [191] (Fig. 
7A.). A primary focus of the field remains the development 
of robust, actuatable, MR-compatible guidewires with 
exceptional visibility under both active and passive imaging 
that can synergize with advancements in MR and hybrid 
electrocardiographic imagery. For an in-depth review of this 
field, readers are pointed to excellent articles that evaluate 
the strengths and weaknesses of different MR visualization 
approaches, materials used in MR-compatible guidewire 
design, and their applications [192-194].  

Electromagnetic (EM) tracking sensors are another 
widely used technology that can provide real-time tracking 
of small objects without any line-of-sight limitations. Due to 
their small size, electromagnetic sensors can be embedded 
onto robots within in a variety of scenarios and their 
positions used to estimate the shape of the device within an 
electromagnetic field. Various examples have permeated 

both catheters and conventional MIS robots. For example, 
Dupourqué et al. introduced an electromagnetically assisted 
three-section robotic catheter with follow-the-leader 
movement and a focus on transbronchial biopsy [195]. An 
SMA-actuated robot for MRI-guided neurosurgery used an 
EndoScout sensor (Robin Medical, Inc., Baltimore, MD, 
USA) to track the robot within a magnetic field [97], while 
another team leveraged the Aurora System (Northern Digital 
Inc., Waterloo, Canada) to track the tip of their fetoscopic 
robot [196]. Another team used it to track their CRISP robot 
[46]. Song et al. embedded multiple sensors along the length 
of their robot to track the shape of their device in real-time 
[197], while the classic example of the highly articulated 
probe used only one sensor, located at its tip, due to its ability 
to exhibit follow-the-leader movement [198]. 
Electromagnetic tracking sensors benefit from coupling with 
kinematic modeling to predict robot shape and position in 
real-time. For example, shape reconstruction in Song et al.’s 
multi-section robot could be achieved by fitting multiple 
quadratic Bézier curves based on the positional data 
provided by the electromagnetic sensors. This helped them 
achieve a mean position error of 1.7 mm [197]. The 
integration of electromagnetic sensors with modeling in 
CRISP robots was explored to investigate a tracking 
paradigm for such robots [46]. On the other hand, Back et al. 
sought to improve catheter guiding without a marriage with 
kinematic modeling, and provided a model-free tension 
based control algorithm for tracking [199]. Song et. al. 
proposed an extended Kalman filter (EKF) algorithm for 
tracking multi-arm continuum robots by integrating the 
poses calculated from both the kinematic model and the 
magnetic field model, enabling the achievement of multi-
target positioning in surgical navigation [200]. Despite their 
widespread use in research, inherent limitations exist, as 
magnetically guided devices are susceptible to magnetic 
interference and require supporting setups to record the 
position and shape of the robot.  

While fluoroscopic, magnetic, and visual (the use of 
cameras to view and estimate position) approaches have 
traditionally dominated, another promising approach is that 
of fiber optic sensors. Most recently, fiber Bragg gratings 
(FBG) have seen increased use as a solution for shape 
sensing in various MIS continuum robot applications. These 
sensors are integrated into single fibers, differentiated by a 
change in the refractive index of the fiber, and are resistant 
to magnetic interference [201]. When a strain is applied, the 
wavelength of light that is reflected changes accordingly. A 
multiplexed system of sensors can thus provide valuable 
shape reconstruction information to operators, although 
single-core setups are prone to errors due to multi-reflections 
[202]. Multicore systems, which feature multiple sensors per 
fiber, are more complex, but offer solutions via sensor 
redundancy. These sensors thus offer exceptionally 
miniaturized solutions for shape sensing. For example, 
multicore fibers have recently been used for shape 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2025.3535677

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

14 
 

reconstruction of small sections of catheters with 118 mm 
sensing length [203]. The same group later used Bishop 
frame equations with the curvature interpreted from their 
FBG sensors to reconstruct the robotic pose [204]. Another 
team used their multicore sensor setup to optimize FBG 
shape sensing to a considerable degree of accuracy for their 
endovascular catheter over a 38 cm sensing length [205]. 
Other creative approaches have been leveraged to optimize 
shape sensing in different environments. For example, 
Chitalia et al. placed their fiber within a nitinol tube with a 
shifted neutral axis to provide repeatable compressive strain 
for curvature estimation and shape sensing (Fig. 7B.). They 
employed a Kalman filter based observer to validate the 
efficacy of their sensing technique in the context of large 
deflections in their mesoscale robot [206]. A more classical 
example explored variations to traditional FBG substrates by 
testing polymer tubes to provide a potentially more 
economical solution, but with less rigidity. They used three-
part FBG units mounted to their braided polymer tube 
located equidistantly from each other to test the strain 
transfer between the polymer tube and glass fiber [207]. The 
SMA-actuated MINIR-II robot by Desai’s group also 
featured a modular PDMS-encased FBG sensor [208]. 
Contrary to the traditional notion of continuum robots being 
limited to softer and more delicate tasks, researchers took 
advantage of the flexible technology for the insertion and 
fixation of bone fractures while employing continuum robot-
deployed curved drilling [209-212]. In a recent study, FBG 
sensors are used and provided adequate precision for shape 
reconstruction of a continuum dexterous manipulator 
undergoing large deflections in the presence of external 
obstacles [213]. Dai et. al. proposed a novel friction 
measuring method using FBG sensors— enabling full 
friction distribution measurement and improving static 
model accuracy particularly with inconsistent friction 
directions [214]. Yi et. al. presented a real-time shape 
estimation method for a hyper-redundant manipulator with 
embedded coiled fiber sensors which are flexible, compact, 
and cost- effective. The method guarantees accurate shape 
recognition under external loads [215]. The “ortho-snake” 
uses six FBG nodes compiled into two sensor arrays placed 
inside nitinol wires to provide feedback about the curvature 
of the robot (Fig. 7C.). Finally, given the inherent benefits 
of soft robots in MIS applications and their scope as an 
emerging field, optic fiber arrays have also been used to 
predict real-time shape detection and large deformational 
tracking in a bellows-shaped soft manipulator [216]. The 
proposed approach is based on parallel dual-fiber FBG 
arrays that compensate for temperature and axial force 
effects on the calculated curvature and demonstrate the 
versatility of optic-based sensors in shape sensing of soft 
robots. In recent years, deep learning approaches have been 
employed for shape sensing in continuum robots using FBG 
sensors [217-219]. Schwarz et. al. introduced a novel method 
that uses a deep neural network to estimate CDM shapes 

from FBG sensor data and incorporates uncertainty 
estimation to improve reliability. Their approach enhanced 
shape prediction accuracy while addressing uncertainties in 
neural network predictions, and validated this through 
bending and position estimation experiments [220]. 

FBGs also have the added benefit of force sensing, which 
can make the difference between a failed or successful 
operation. Without adequate force feedback, there is an 
increased risk of harming the patient. Work is underway to 
provide increased insight and to leverage such tools for 
different applications. For example embedded force sensors 
have used environment contacts to provide valuable 
feedback for catheters and can estimate the contact forces 
throughout the robot’s length[221], while other approaches 
such as the piezoresistive sensor in the robotic hand of the 
CathROB provide an indication of force feedback to alert the 
operator of high force output and to provide an automatic 
safety stop when a certain force threshold is breached[222]. 
Others have pointed to the unique advantage of soft robots 
given their inherent force sensing applications[87]. Force 
sensing by FBG sensors is a rapidly expanding field in 
continuum robots for MIS and interventional procedures. For 
example, Cheng and Law used three FBG wires for their 
force sensor that allowed them to detect the relative position 
of the catheter to the heart wall (Fig. 7D.). This informed the 
autonomous robot whether the heart was contracting or 
relaxed [133]. Gao et al. used FBG sensors to estimate 
robotic body contact and presented a mechanical model to 
simulate this [223]. Other teams devised creative solutions to 
simultaneously measure curvature, torsion, and force by 
helically embedding the FBG sensors into the robotic 
shaft[224], or using a well-positioned sensor array to 
measure forces in tumor localization tasks[225]. Both Rigid 
Link approximation and Cosserat rod theory models have 
been tested and compared for their accuracy in the context of 
FBG force sensing[226]. Further details about sensing 
technologies in continuum robots are described in a recent 
review[227]. Although further work remains in increasing 
sensor accuracy, improving temperature compensation and 
shape reconstruction in a variety of application pipelines, 
FBGs offer a unique avenue to miniaturize and track not only 
the robots, but also operational endpoints. 

Looking to the future, autonomous control and tracking 
of robot position will continue to gain interest and feasibility. 
As a result, vision-based tracking methods have emerged, 
promising real-time, non-invasive position tracking without 
the need for additional sensors. Wang et al. proposed a color-
enhanced random forest model for tracking the position of 
tools in MIS[228]. This method leverages a combination of 
segmentation and kinematic modeling to estimate the 
position of surgical tools in endoscopic images. The 
integration of 3D vision cameras, marked surgical tools for 
reference point tracking, and better force estimation markers 
based on tissue data collected with MIS cameras may form 
the basis for a comprehensive, live 3D model of the surgical 
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space. With sufficient data, AI-driven position and force 
estimation may demonstrate the potential of vision-based 
tracking to enhance the adaptability and miniaturization of 
MIS tools. 

 

 
FIGURE 7. Various tracking and force sensing modalities complement 
the capabilities of continuum robots in different surgical interventions. 
(A) Insulated stainless steel wire braiding interrupted in 10 cm segments 
to achieve for MR-safe metallic guidewires [191]. (B) FBG fiber in a shift 
neutral axis notched nitinol tube for compressional strain [206]. (C) 
Three-node FBG array setup within nitinol tube to provide feedback on 
the ortho-snake [212]. (D) FBG-based force feedback for autonomous 
robot in the heart [133]. 

VII. MODELING AND CONTROL 
Unlike conventional robot manipulators that are 

characterized by rigid links and have standard methods for 
kinematic and dynamic modeling[229] and control[230], it 
is difficult to establish a standard for modeling continuum 
robots due to their custom designs and structural complexity. 
This is particularly complex in the context of robot-assisted 
MIS[231, 232]. To address these limitations, several works 
have been done by researchers in modeling[233] and 
control[234] of continuum robots over the last few years. 

Modeling continuum robots using analytical 
methodologies typically consists of two main frameworks, 
namely, kinematics and mechanics[14, 16]. The kinematic 
framework describes the shape (position and orientation) of 
the robot by a set of configuration coordinates. The 
mechanics framework incorporates principles of mechanics, 
constitutive equations, virtual work, etc., to represent the 
effects of actuation and external loads (forces/torque) on the 
configuration and motion of the robot. 

VIII. KINEMATICS 
Several analytical models have been proposed based on 

kinematics frameworks. For example, researchers modeled 
the kinematics of continuum robots by approximating their 
structure with discrete rigid links [235-237], which is a 
common method for modeling conventional rigid-linked 
robot manipulators. This approach models the robot with a 
set of rigid links that are connected with conventional 
revolute, universal, or spherical joints. The kinematics 
formulation is described by a sequence of homogeneous 
transformations derived from the standard Denavit-
Hartenberg (D-H) parameters table. The discrete rigid link 
model is appropriate for conventional manipulators with 

discrete rigid structures, yet it can represent continuous 
elastic structures with good approximation. The discrete 
approach is also employed in estimating the shape and 
external loads of a continuum manipulator, utilizing pseudo-
rigid body (PRB) models. An array of electromagnetic coils 
is utilized to model and generate external loads, enabling the 
actuation of a magnetically driven continuum robot. The 
robot’s continuous shape is approximated through the 
connection of four discrete rigid links by three 2-DoF joints 
[238] (Fig. 8A.). Huang et al. introduced a MCR with two 
DoF and developed a deformation estimation algorithm 
based on the PRB model, which allowed better control. 
Integrated with mechanical systems and Jacobian-based 
control, the MCR achieved precise tip trajectory tracking and 
obstacle avoidance, making it a promising approach for 
interventional procedures [239]. 

Unlike discrete rigid links approaches, piecewise 
constant-curvature kinematic models comprise a finite 
number of curvilinear sections. The typical assumption is 
that each of these controllable sections maintains a constant 
curvature with respect to the arc length variable, s. 
Successive pairs of these sections are then tangentially 
aligned, creating a continuous tortuous shape to represent the 
geometry of continuum robots [240]. Camarillo et. al. 
proposed a constant curvature model based on circular 
bending and axial deflection. This model accounts for the 
distribution of forces between tendons and the manipulator’s 
structure, establishing a method to map tendon 
displacements to manipulator configurations [241].  

Assuming, piecewise constant curvature (PCC), Peng et. 
al. introduced a shape estimation method using multi-IMU 
fusion for a tendon-driven continuum robotic manipulator 
which demonstrated robust 3D-movement accuracy [242], 
while Sayadi et. al. modeled a steerable ablation catheter 
with a finite number of constant curvature arcs [243]. Further 
details about constant curvature models can be found in a 
review by Webster and Jones [52]. 

 
FIGURE 8. Schematics of different kinematics modeling approaches. (A) 
The pseudo-rigid body modeling approach involves substituting the 
continuum robot with a sequence of discrete rigid links, each link having 
a length li ∈ R+ connected by joints at positions ri ∈ R3. Each joint has 
two intrinsic rotations: the first rotation R(ηi) ∈ SO3 is about the y-axis by 
an angle (ηi), succeeded by another rotation R(θi) ∈ SO3 about the z-axis 
by an angle (θi) [238]. (B) The constant curvature modeling approach 
describes the continuum section with a circular arc with configuration 
variables such as arc length (l), plane (ϕ), and curvature (κ) [52]. (C) 
Parametric curve-based methods (Bézier curves) [197]. (D) A typical free 
body diagram used in the Cosserat rod theory for an arbitrary segment 
of a beam for the arc variable changing from c to s and subject to internal 
forces and torques n(.) and m(.), respectively. The external force and 
moment distributions are respectively represented by f(σ) and l(σ) [244]. 
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While constant-curvature kinematic models provide 
superior shape approximation in many continuum robots 
compared to discrete rigid link approaches, the assumption 
that the curvature of each actuatable section remains constant 
at every time instant with respect to the arc length variable is 
a simplification of the actual physical phenomenon. 
Particularly, when a single actuatable section is relatively 
long, points at different locations with distinct arc length 
variables, ‘s,’ can exhibit different curvatures at the same 
time. Thus, the constant-curvature assumption may not align 
well with reality. Consequently, there is a push to develop 
variable-curvature kinematic models that account for 
curvature variations with respect to s. To this end, 
researchers developed different types of variable-curvature 
models to represent continuum robot kinematics. For 
example, Euler spirals, also known as Clothoids or Cornu 
spirals, in which the curvature is directly proportional to the 
arc length s, are used to approximate the continuum robot’s 
shape [245]. It has been shown that Euler-based models 
could generate a faster response in curve approximation 
while providing sufficient accuracy in the presence of 
external tip forces [246]. Zhang et al. propose a new design 
for tendon-driven quasi-continuum robot that uses a non-
constant subsegment stiffness structure. They integrate rigid-
flexible coupling to improve load handling without 
sacrificing flexibility. Using the Newton–Euler formula, 
they propose a modeling technique that transitions from 
static to kinematic analysis, employing screw theory for 
kinematics and addressing tension losses due to friction 
[247]. Jiajia et al. introduced a new inverse kinematics 
method using Kepler ovals for both single- and multi-
segment continuum robots. Since the assumption of linearly 
increasing curvature does not suit all continuum robot 
designs, the study explores alternative models that account 
for variable curvature to for broader applicability [248]. 

In recent years, several kinematics models for shape 
reconstruction of continuum and soft robots have been 
developed based on parametric curves such as Bézier curves 
[249, 250] (Fig. 8C.). A Bézier curve of degree n can be 
defined as, 

              𝐶𝐶(𝑞𝑞) = �𝑃𝑃𝑖𝑖𝐵𝐵𝑖𝑖𝑛𝑛(𝑞𝑞)
𝑛𝑛

𝑖𝑖=0

           ,          0 ≤ 𝑞𝑞 ≤ 1                      (1) 

where C(q) is a vector-values function of a normalized 
independent value q, 𝑃𝑃0, 𝑃𝑃𝑛𝑛, are the beginning and ending 
points of the curve, 𝑃𝑃𝑖𝑖  ∈ 𝑅𝑅𝑑𝑑 are the control points, and the 
basis functions, 𝐵𝐵𝑖𝑖𝑛𝑛(𝑞𝑞), are the Bernstein polynomials of 
degree n defined as, 

         𝐵𝐵𝑖𝑖𝑛𝑛(𝑞𝑞) =
𝑛𝑛!

𝑖𝑖! (𝑛𝑛 − 𝑖𝑖)!
𝑞𝑞𝑖𝑖(1− 𝑞𝑞)𝑛𝑛−𝑖𝑖          ,         𝑖𝑖 = 1,⋯ ,𝑛𝑛           (2) 

Quadratic and cubic Bézier curve methods have been 
used for real-time shape reconstruction using 
electromagnetic (EM) tracking sensors [197]. In another 
study, a kinematics model is proposed using a combination 

of Biarc and Bézier Curves [251]. Yuan et. al. used a cubic 
Bézier curve method with an EM sensor in a kinematics-
static model for external force estimation [252]. 

Non-uniform rational B-splines (NURBS) present 
another commonly utilized parametric curve model in 
computer-aided design and manufacturing (CAD/CAM) for 
describing curved lines and surfaces [253]. Similar to the 
Bézier curves, the B-spline curve can be defined as follows, 

      𝐶𝐶(𝑞𝑞) = �𝑃𝑃𝑖𝑖𝑁𝑁𝑖𝑖𝑘𝑘(𝑞𝑞)
𝑛𝑛

𝑖𝑖=0

          ,          0 ≤ 𝑞𝑞 ≤ 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚                            (3) 

in which 𝑃𝑃𝑖𝑖’s are control points (also known as deBoor 
points) and 𝑁𝑁𝑖𝑖𝑘𝑘(𝑞𝑞) is the i-th B-spline basis function of 
degree k, which is represented by a recursive equation as  

  𝑁𝑁𝑖𝑖𝑘𝑘(𝑞𝑞) = 𝑞𝑞−𝑞𝑞𝑖𝑖
𝑞𝑞𝑖𝑖+𝑘𝑘−𝑞𝑞𝑖𝑖

𝑁𝑁𝑖𝑖𝑘𝑘−1(𝑞𝑞) + 𝑞𝑞𝑖𝑖+𝑘𝑘+1−𝑞𝑞
𝑞𝑞𝑖𝑖+𝑘𝑘+1−𝑞𝑞𝑖𝑖+1

𝑁𝑁𝑖𝑖+1𝑘𝑘−1(𝑞𝑞)            (4) 

𝑁𝑁𝑖𝑖0(𝑞𝑞) = �1   𝑖𝑖𝑖𝑖   𝑞𝑞𝑖𝑖 ≤ 𝑞𝑞 ≤ 𝑞𝑞𝑖𝑖+1
0   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                         

 

Spline-based methods are also used by researchers for 
modeling continuum trunk [254], endovascular 
catheterization [255], and soft robots [256, 257]. Compared 
to Bézier curves, B-splines offer increased degrees of 
freedom and enhanced flexibility. This is attributed to their 
capacity for localized curve shape control and the 
independence of the curve’s degree to the number of control 
points. Despite these advantages, B-splines are constructed 
from multiple polynomials connected at knot points, 
introducing complexity and potentially reducing stability. 
This complexity can pose challenges, particularly when 
applied to the shape reconstruction of continuum robots. 

Pythagorean hodograph (PH) curves [258] is another 
method that is used to resolve the complexity and 
computational instability problem of B-splines by 
introducing a closed-form solution for curved shapes [259]. 
For example, Singh et. al. utilized a PH-based modeling 
approach for shape reconstruction of the Compact Bionic 
Handling Arm (CBHA) robot [260]. In another study, a 
kinematics model based on a combination of Bézier Curve 
and Pythagorean Hodograph (PH) is proposed for shape 
reconstruction of a continuum robot using IMU and vision 
sensors [261]. Mbakop et. al. used a combination of a 
reduced order PH curve and a Gauss-Lobatto quadrature for 
modeling and control soft-continuum manipulators [262]. 

IX. MECHANICS AND DYNAMICS 
Many model-based control approaches for continuum 

robots focus solely on kinematics, neglecting mechanical 
and dynamic factors such as tendon tension, internal friction, 
and reaction forces. While incorporating these factors leads 
to more complex models and higher computation times, their 
influence on the robot’s shape is significant. Recently, 
methods have been introduced to account for these 
mechanical effects in control frameworks. In this section, we 
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provide a brief overview of two commonly used mechanics 
models for continuum robots: Energy-based formulations 
and Cosserat rod theory. 

Energy-based approaches are used to formulate the shape 
of continuum robots. For example, Euler-Lagrange 
equations derive the dynamics of continuum robots by 
establishing a Lagrangian function. This function is 
computed considering the kinetic energy arising from the 
robot’s motion, and the potential energy, which results from 
the effects of elasticity and gravity on continuum robots. The 
Lagrangian function was formulated for either lumped [263] 
or distributed [264] mass model assumption. Del Giudice et. 
al. developed an energy minimization approach using 
Lagrange equations with internal kinematic constraints to 
predict the turning points of a multi-backbone continuum 
robot [265]. Yang et. al. developed a kinematic and 
analytical stiffness model for dynamic behaviors using 
Euler-Lagrange equations [266]. A similar approach is 
employed for wrench estimation [267]. 

Another modeling approach is based on continuum 
mechanics theory and is characterized by different models 
for material properties such as strain theory [268, 269] for 
elastic material and hyper-viscoelastic models (e.g. 
nonlinear Kelvin-Voigt model [270]) for hyper-elastic 
materials. The mechanics framework can be represented by 
infinite-dimensional configuration space models such as 
Cosserat rod theory [271] or beam theory [272]. 

The Cosserat rod theory has been widely used in recent 
years for modeling both kinematics and mechanics/dynamics 
of different continuum robots including, tendon-driven [233, 
273], soft robots [274, 275], concentric/eccentric tube robots 
[276, 277], to name a few. Wang et. al. presented a Cosserat 
rod-based model for a variable stiffness granular-jamming-
based soft continuum robot. This robot featured a growing 
spine and its movement was accurately modeled using this 
Cosserat rod model [278]. Hanza and Ghafarirad introduced 
an inhomogeneous Cosserat rod theory to model the shift of 
the neutral axis in a 3-tube soft continuum robot, and 
experimentally validated their approach [279].  

Kolahi et. al. applied Cosserat theory to model the control 
and movement of continuum robots with permanent magnets 
or ferromagnets under magnetic fields, which may help 
improve tracking and movement modeling during surgical 
interventions with such devices [280]. 

In Cosserat rod theory, the configuration of a thin rod is 
determined by employing a continuous homogeneous 
transformation with respect to the robot’s arc length variable, 
s. The shape of the robot is represented using a position 
vector 𝑃𝑃(𝑠𝑠, 𝑡𝑡)  ∈  𝑅𝑅3 and a rotation matrix 𝑅𝑅(𝑠𝑠, 𝑡𝑡)  ∈  𝑆𝑆𝑆𝑆(3). 
The rotation matrix is based on a set of orthogonal directors 
(𝑑𝑑𝑥𝑥 ,𝑑𝑑𝑦𝑦 ,𝑑𝑑𝑧𝑧) of the locally attached frame, where 𝑑𝑑𝑥𝑥 and 𝑑𝑑𝑦𝑦 
are in the cross-section plane and 𝑑𝑑𝑧𝑧 is orthogonal to the 
cross-section plane (𝑑𝑑𝑧𝑧 =  𝑑𝑑𝑥𝑥 ×  𝑑𝑑𝑦𝑦). The differential 

kinematic equations alongside the arc length variable, s, can 
be written as 

                             
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑃𝑃𝑠𝑠 = 𝑅𝑅𝑅𝑅                                                      (5) 

                            
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑠𝑠 = 𝑅𝑅û                                                      (6) 

 where the vector 𝑢𝑢 = [𝑢𝑢𝑥𝑥 ,  𝑢𝑢𝑦𝑦,𝑢𝑢𝑧𝑧]𝑇𝑇 ∈ 𝑅𝑅3 represents the 
rates of angular changes about the local axes of 𝑅𝑅(𝑠𝑠, 𝑡𝑡). In 
other words, 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝑦𝑦 describe the rate of bending and 𝑢𝑢𝑧𝑧 
describes the rate of twisting. The vector 𝜈𝜈 = [𝜈𝜈𝑥𝑥 ,  𝜈𝜈𝑦𝑦 , 𝜈𝜈𝑧𝑧]𝑇𝑇 
T includes the rates of linear changes. Specifically, 𝜈𝜈𝑥𝑥 and 𝜈𝜈𝑦𝑦 
describe the rate of shear, and 𝜈𝜈𝑧𝑧 describes the rate of 
extension. A special case of the Cosserat rod theory where 
no transverse shears and axial strains are considered is called 
the Kirchhoff rod model [281]. The operator ()� ∶ 𝑅𝑅3 →
𝑠𝑠𝑠𝑠(3) represents the mapping operator from a three-
dimensional vector space to its crossproduct skew-
symmetric matrix in the special orthogonal Lie algebra, 
𝑠𝑠𝑠𝑠(3), and is formulated as 

                             û = �
0 −𝑢𝑢𝑧𝑧 𝑢𝑢𝑦𝑦
𝑢𝑢𝑧𝑧 0 −𝑢𝑢𝑥𝑥
−𝑢𝑢𝑦𝑦 𝑢𝑢𝑥𝑥 0

�                                             (7) 

In addition to the feasible assumption of quasi-static 
motion, which is suitable for the typically low-speed 
movement of many medical continuum robots, the dynamic 
motion of these robots is also explored by considering the 
temporal rate of changes in the geometry of the rods. This 
involves studying the dynamic aspects that account for 
variations in the shape and configuration of the continuum 
robots over time and is represented as  

                                       
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑃𝑃𝑡𝑡 = 𝑅𝑅𝑅𝑅                                                      (8) 

                                       
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑡𝑡 = 𝑅𝑅𝑤𝑤�                                                      (9) 

where q and w are the temporal linear and angular rate of 
change.  

The free body diagram for any arbitrary segment of the 
beam is illustrated in Fig. 8D., in which 𝑛𝑛(𝑠𝑠) and 𝑚𝑚(𝑠𝑠) stand 
for the internal force and moment vectors in global 
coordinate, and 𝑓𝑓 (𝜎𝜎) and 𝑙𝑙(𝜎𝜎) represent the external force 
and moment distributions per unit length of the arc parameter 
s. By establishing equilibrium force and moment equations 
and computing their derivatives with respect to s, the 
dynamic Cosserat equations in the global coordinate can be 
expressed as follows [282]: 

                      𝑅𝑅�
𝜕𝜕𝜕𝜕(𝑠𝑠)
𝜕𝜕𝜕𝜕

+ 𝑓𝑓(𝑠𝑠)� = 𝜌𝜌𝜌𝜌(𝑠𝑠)𝑃𝑃𝑡𝑡𝑡𝑡                                        (10) 

         𝑅𝑅�
𝜕𝜕𝜕𝜕(𝑠𝑠)
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕(𝑠𝑠)
𝜕𝜕𝜕𝜕

× 𝑛𝑛(𝑠𝑠) + 𝑙𝑙(𝑠𝑠)� = 𝜌𝜌𝜌𝜌
𝜕𝜕𝑅𝑅𝑤𝑤
𝜕𝜕𝜕𝜕

                        (11) 
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in which 𝜌𝜌 represents the mass density, 𝐴𝐴(𝑠𝑠) is the cross-
section area, and 𝐽𝐽 is the second moment of the cross-section 
area matrix. The time derivative terms are set to zero for the 
quasi-static motion assumption [244].  

The kinematic variables in the equations (5)-(9) can be 
related to the internal forces and moments in the dynamic 
equations (10) and (11) using the following mechanical 
constitutive relations  

         𝑛𝑛(𝑠𝑠) = 𝑅𝑅(𝑠𝑠)𝐾𝐾𝑠𝑠𝑠𝑠(𝑠𝑠)(𝑣𝑣(𝑠𝑠) − 𝑣𝑣∗(𝑠𝑠))                                          (12) 

        𝑚𝑚(𝑠𝑠) = 𝑅𝑅(𝑠𝑠)𝐾𝐾𝑏𝑏𝑏𝑏(𝑠𝑠)(𝑢𝑢(𝑠𝑠) − 𝑢𝑢∗(𝑠𝑠))                                          (13) 

         𝐾𝐾𝑠𝑠𝑠𝑠(𝑠𝑠) = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐺𝐺𝐺𝐺(𝑠𝑠),𝐺𝐺𝐺𝐺(𝑠𝑠),𝐸𝐸𝐸𝐸(𝑠𝑠))                                     (14) 

       (𝑠𝑠) = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐸𝐸𝐸𝐸𝑥𝑥𝑥𝑥(𝑠𝑠),𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦(𝑠𝑠),𝐸𝐸𝐸𝐸𝑧𝑧𝑧𝑧(𝑠𝑠))                                    (15) 

where 𝐾𝐾𝑠𝑠𝑠𝑠  and 𝐾𝐾𝑏𝑏𝑏𝑏 denote the stiffness matrices, with the 
former corresponding to shear and extension, and the latter 
relating to bending and torsion. 𝐴𝐴(𝑠𝑠) represents the cross- 
section area, 𝐸𝐸 is Young’s modulus, 𝐺𝐺 is the shear 
modulus, 𝐼𝐼𝑥𝑥𝑥𝑥  and 𝐼𝐼𝑦𝑦𝑦𝑦 are the second moments of cross-
section area about the principal bending axes, and 𝐼𝐼𝑧𝑧𝑧𝑧 =
𝐼𝐼𝑥𝑥𝑥𝑥 +  𝐼𝐼𝑦𝑦𝑦𝑦  is the polar moment of cross-section area about the 
torsion axis, which is normal to the cross-section at the 
centroid. 

The integration of these kinematics, dynamics, and 
constitutive equations results in a system of nonlinear partial 
differential equations. For example, Till et al. employed an 
implicit method for discretizing time derivatives, converting 
the partial differential equations into a boundary value 
problem with respect to arc length at each timestep [283]. 
Abu Alqumsan et al. employed the Generalized-α method to 
enable computationally effective modeling on a continuum 
robot [282]. While Cosserat rod theory often relies on linear 
constitutive models from beam theory, it can also incorporate 
more complex material behaviors, enabling broader 
application in robot modeling. Several other researchers 
have also studied the effects of grasping forces [284], cable 
friction forces [285, 286] and external loads [287-289]. 

Machine learning (deep learning) methods have also been 
widely used in recent years to model kinematics and 
dynamics of continuum and soft robots. Discussion about the 
details of such methods is beyond the scope of this work and 
interested readers can follow up on recent reviews about the 
application of different machine learning-based approaches 
in modeling [290, 291] and control [292, 293] of continuum 
and soft robots. 

X. DISCUSSION AND FUTURE DIRECTIONS 
Much progress has been made over the last decade in 

understanding continuum robots in the context of MIS. 
Several frontiers have emerged as physicians, engineers, and 
mathematicians work together to push the boundaries of 

surgery. In this review, we attempted to provide a 
streamlined summary of some of these avenues by 
amalgamating studies that emerged in a systematic search 
over four databases, and by also highlighting novel 
discoveries in the fields of conventional MIS, soft robotics, 
and robotic interventional surgeries. We cover mechanisms 
of actuation, robotic configuration, tracking, force feedback, 
and provide commentary comparing pertinent 
advancements. Due to the nature of the topics covered, 
wherein conventions for comparing such tools are not 
thoroughly established, we followed Runciman et al.’s 
approach for reporting key design characteristics [20].  

From the studies highlighted in this review, we see that 
progress has been made in addressing key challenges 
identified by [14, 192]. Notably, the increased emergence of 
hybrid actuation, magnetic actuation, the combination of 
imaging modalities with less conventional modes of catheter 
control, as well as the increasing role of soft robots seem to 
be emerging as potential solutions to current limitations. For 
the first time, scientists have begun to integrate automated 
navigation of catheters based on machine-learning 
approaches that are inspired by nature. Given this, we 
acknowledge that significant barriers continue to persist. For 
one, modeling the structure, deformation, and compliance of 
soft robots with non-uniform shapes remains complex, and 
the delivery of tools via variably stiffened soft platforms 
requires more robust and miniaturized solutions. In the 
broader context, integrating real-time 3D reconstruction of 
continuum robots into commercial systems still has 
considerable potential.  

While we envision that highly articulated continuum 
robots may one day bridge the gap between current robotic 
platforms and achieving consistently better surgical 
timelines and patient outcomes as compared to human-
driven MIS, a number of focus areas are crucial for rapid 
growth. For one, given that researchers can now successfully 
model autonomous movement for some actuation models, 
innovating solutions that can repeatedly and consistently 
enable follow-the-leader movement to navigate the anatomy 
– both forward, and backward – would significantly add to 
the repertoire of such systems. Secondly, given that soft 
tissue is compliant, dynamic, and at the risk of damage from 
hard tools, developing safe and reliable soft robotic chassis 
would have the potential to substantially reduce the risk of 
internal trauma. In addition to providing safe robot–tissue 
interaction, leveraging the inherent force sensing abilities of 
soft systems may provide added situational awareness and 
overall confidence in the procedure. Streamlining 
manufacturing processes for various continuum robots 
would significantly improve scalability and the feasibility of 
such systems. Finally, at the most fundamental level, the 
miniaturization of motors and overall tool designs, while still 
providing sufficient force output remains an ever-evolving 
conundrum. While these recent innovations point to some 
new challenges – and some consistent ones – they also bring 
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with them new knowledge that will inform the ever-
expanding number of concepts and approaches. As surgery 
moves into a new era of data-driven continuum robotics, one 
can only ask with anticipation, ‘what’s next?’ 
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