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ABSTRACT

Continuum robots offer enhanced flexibility and dexterity compared to traditional rigid-link systems, making them well-
suited to minimally invasive and endoluminal interventions. Numerous design and actuation configurations have been pro-
posed, spanning from hard yet flexible robotic structures to passively adaptable monolithic soft-bodied designs. However,
unimodal approaches often face trade-offs between compliance, range of motion, and control precision. Recently, hybrid
continuum robots that integrate multiple design and/or actuation strategies within a single architecture have emerged.
By spanning a broader range of materials and actuation approaches, hybrid continuum robots aim to overcome the limi-
tations of single-modal systems and present new capabilities suited to challenging clinical applications. The presented review
specifically focuses on the designs, architectures, and configurations of this emerging field, emphasizing how distinct struc-
tural and actuation combinations present significant diversity in performance and application. We first stratify hybrid con-
tinuum robot architectures by their material composition, capturing hard- and soft-bodied designs in exclusive or combined
configurations. Within each high-level grouping, we consider the range of associated actuation methods and clinical appli-
cations presented to date. Adjacent approaches that achieve hybrid performance through active adaptability are also con-
sidered. Finally, we discuss the open challenges and opportunities for continuum robot hybridization in the context of clinical
applications and future translation.

1 | Introduction Many traditional CR design approaches combine a flexible back-
bone formed from hard components with mechanical actuation
using tendons [9, 10], rods [11], shape-memory alloys (SMAs)
[12] or the interaction of concentric pre-bent [13, 14] or notched
tubes [15]. The development of suitable modeling and sensing

approaches for hard CRs has facilitated precision control and

Continuum robots (CRs) represent a well-established alternative
to traditional rigid-link robotic manipulators, offering slender
bodies with enhanced flexibility and dexterity to complete com-
plex navigation and manipulation tasks within confined and

delicate environments [1-3]. Coupling robotic capabilities with
broad design freedom across scales, materials, and actuation
modes has made CRs of particular interest for medical applica-
tions such as minimally invasive surgery (MIS) [4], endoscopy
[5, 6], and endovascular interventions [7, 8], as detailed in asso-
ciated reviews on the topic [1, 2].

allowed development into commercial continuum robotic systems
such as the da Vinci SP [16] and Ion systems [17] (Intuitive
Surgical, USA). However, hard CRs typically retain a higher overall
stiffness relative to biological tissues, which must be taken into
account to provide safe interaction with delicate anatomy during
diagnostic or interventional procedures [2, 18].
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As an alternative approach, researchers have explored the use of
soft materials to form the CR’s structure, offering the potential
for enhanced dexterity and better conformation to anatomical
shapes due to large actuation ranges and passive adaptation
during interaction [19, 20]. Soft CRs can be designed from mate-
rials such as silicone [21] and hydrogels [22], and actuated via
methods including pneumatic/hydraulic networks [23], cables/
tendons [24], and smart materials such as dielectric elastomer
actuators [25], ionic polymer-metal composites [26], liquid
crystal elastomers [27], and magnetics [28]. Although benefi-
cial for safer interaction, the low stiffness of soft CRs limits
their ability to apply forces for functional manipulation of tissue
[29] and makes them challenging to model and precisely
control [30].

Clear trade-offs exist when developing robots based on individual
hard or soft CR strategies in isolation. However, approaches
based on hybrid architectures have recently been proposed that
combine established CR designs and actuation modalities into a
variety of configurations. Hybrid CR (HCR) strategies most com-
monly arise as a direct combination of multiple design and/or
actuation approaches that seek to decouple degrees of freedom,
modulate length-wise compliance, or improve workspace, pay-
load, or navigational capabilities.

However, to more formally define the scope of HCR approaches,
Figure 1 illustrates key characteristics with respect to established

rigid-link and continuum approaches. In conventional rigid-link
robotics, the terms serial and parallel refer to kinematic topology,
with serial manipulators consisting of a single open kinematic
chain (Figure 1A) and parallel manipulators being formed by
multiple closed-loop chains (Figure 1B) [31]. Analogous con-
figurations exist for CRs, where rigid links are replaced by
continuously deformable flexible robotic elements. Serial config-
urations arise from stacking continuum segments end-on-end
(Figure 1C), while parallel CRs result from multiple continuum
elements, each connected to a rigid base, sharing a common end-
effector platform (Figure 1D) [32]. Emerging HCR approaches
introduce an additional level of architectural complexity due
to the integration of a variety of possible subsystem when com-
bining numerous subsystems within a single robot. At a high
level, we consider serial hybridization as the stacked combina-
tion of two or more distinct CR segments (Figure 1E), whereas
parallel hybridization refers to the intra-segment integration of
multiple distinct CR elements that share a common end-effector
connection (Figure 1F). It should be noted that more complex
HCRs are also possible by combining multiple HCR segments
in serial and/or parallel assemblies.

The presented review aims to provide a classification for the
range of HCR design architectures proposed to date, and capture
the current state of HCR research in the context of clinical appli-
cations. We specifically consider the term hybrid, in the context
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FIGURE1 | Conceptual illustrations of serial and parallel configurations in traditional rigid-link, continuum, and hybrid continuum robotic archi-

tectures. Traditional rigid-link robotic manipulators: (A) serial open-chain mechanisms and (B) parallel closed-chain mechanisms. Continuum robot

architectures: (C) serially connected flexible segments forming a continuous backbone and (D) parallel continuum structures composed of multiple

interacting continuous robotic backbones. Hybrid continuum robots: (E) hybrid serial configurations integrating distinct actuation or material CR

domains in series, and (F) hybrid parallel configurations with intra-segment integration of multiple actuation or material CR domains coupled to

a common end-effector.
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of HCRs, as architectures that integrate two or more established
CR designs or actuation modalities within a single CR structure.
This definition intentionally excludes CR designs that commonly
maintain a uniform structural layout and actuation approach
across multiple segments (e.g., multi-segment tendon-driven con-
tinuum robots). Likewise, robots that achieve hybrid-like behavior
through adaptable mechanisms rather than CR approaches (e.g.,
jamming- or thermally responsive stiffness tuning) are categorized
as having active adaptability rather than being structurally hybrid,
and are discussed separately. Accordingly, the review covers
hybridization arising from the deliberate integration of heteroge-
neous mechanical and/or actuation CR subsystems. A specific
focus is given to emerging HCR designs, architectures, and con-
figurations, with aspects of sensing, modeling, and control still pre-
dominantly aligned with established CR research and covered in
other reviews [1-3].

In Section 2, we first extend the classification of HCRs, consid-
ering stratification by materials, configurations, and modes of
action. Subsequently, in Section 3, we provide an overview of
the broad range of HCRs proposed to date for application in chal-
lenging clinical scenarios. An overview of key adaptable CR
approaches aligned to HCRs is given in Section 4, before summa-
rizing the presented review in Section 5 and concluding with con-
sideration of the open challenges and future outlook in Section 6.
Providing this focused synthesis of HCR strategies aspires to
guide future research toward the most promising opportunities
and to support the identification of technical challenges that
must be addressed for successful translation.

2 | Classification of Hybrid Continuum
Robot Architectures

At the highest level, we consider CR classification based on the
material structures employed in their design; although alterna-
tive distinctions can be reasonably made (e.g. actuation type).

U] (ii)

Hard-Bodied (HB)

As introduced above, we categorize CRs on the basis of including
primarily hard or soft components. In general, hard CRs can pro-
vide higher structural stiffness for tasks that require greater pre-
cision and/or high-force transmission [1], while soft CRs offer
passive adaptability for potentially lower-risk interaction with
delicate environments [19]. As depicted in Figure 2, we extend
material type categorization to the consideration of hybridization
strategies. As such, we consider hybridization as falling within
the spectrum of existing CR designs, ranging from hard-bodied
(HB) (Figure 2A) to soft-bodied (SB) (Figure 2C) in exclusive or
combined HB/SB configurations.

As depicted in Figure 2B, we therefore consider a HCR as a con-
ceptual aggregation of distinct constituent subsystems, with three
subsets based on material composition, as:

L, HBj, hard-only, N >1
HCR= ZQ’I: 1 SBy,

N HB;+ M | SB;, mixed, N,M>1

soft-only, M > 1

where combinations of N hard and M soft CRs are considered.
This notation is intended only as a high-level abstraction, and
does not indicate aspects including CR cross-coupling, actuation
type or serial versus parallel interconnections, as introduced in
Figure 1E,F.

However, based on these groupings, hard-only HCRs represent
configurations with exclusive combinations of hard CR
approaches. This allows retention of relatively high stiffness while
potentially improving robot scaling and dexterity through efficient
combinations of actuation modes and differing segment stiffness.
This strategy delivers strong candidates for applications such as
robotic-assisted surgeries, where load-bearing capacity and force
application are critical.

Conversely, soft-only HCRs represent exclusive combinations of
soft CR approaches, which can extend soft CR capabilities by
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FIGURE2 | Conceptual illustration of materials configurations for HCRs in the context of Hard-Bodied (HB) and Soft-Bodied (SB) CRs, illustrating
their structural and actuation diversity. (A) HB CR examples, showing: (i) a tendon-driven CR, and (ii) a concentric tube CR; (B) HCRs of different

materials compositions, showing: (i) a hard-only HCR design example of a tendon-driven and concentric tube combination, (ii) a mixed (HB and SB)

HCR combination example of a tendon-driven and pneumatic design, and (iii) a soft-only HCR design example of a pneumatic and magnetic combina-

tion; and (C) SB CR examples, showing: (i) a pneumatically actuated soft CR, and (ii) a magnetically actuated soft CR. The dashed outline indicates the

scope of HCR designs considered in the context of review.
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decoupling and distributing actuation degrees-of-freedom
(DOFs) for improved dexterity and control at small scales. This
strategy is therefore potentially advantageous for delicate envi-
ronments, such as in endoluminal procedures, where passive
adaptation, scalability, and high dexterity are advantageous [19].

The mixed HCR combinations maximize intra-robot design
diversity, offering potential for the broadest selection of passive
compliance and actuation approaches. This can deliver self-
supporting robotic structures with dexterous end effectors and
decoupled actuation. These characteristics are well-suited to
applications such as endoscopic diagnostic and interventional
tasks, where competing requirements of navigation and task exe-
cution exist simultaneously [33].

A comparative summary of materials-based classifications,
highlighting their key characteristics, primary applications,
and associated challenges, is provided in Table 1. However, con-
sidering hybrid categorization based on materials alone does
not capture the broad range of actuation approaches available,
or the different methods of integration, including serial (=) or
parallel (&), discussed previously. Serial configurations (e.g.,
HB — SB, such as in [34]) involve proximal-distal stacking of
sequential robot segments (Figure 1E). This can offer benefits
of reducing scale, increasing compliance or dexterity, and
decoupling of DOFs. Conversely, parallel configurations (e.g.,
HB @ HB, such as in [35]) combine different robot approaches
directly, exploiting their simultaneous interaction to deliver
enhanced motion and compliance characteristics within a
unified robotic structure (Figure 1F). Figure 2B highlights a
non-exhaustive selection of possible HCR approaches pertain-
ing to the criteria outlined, while the following sub-sections
cover the three high-level materials-based classifications out-
lined in detail.

2.1 | Hard-Only Architectures

Hard CRs, which serve as the foundation for hard-only HCRs, are
designed primarily with higher-stiffness structures, which pro-
vide the essential characteristics of stability, precision, and
high-force transmission [2]. Hard CRs will include a flexible
backbone structure with actuation via tendons, rods, or self-
interaction.

Commonly, a hard but flexible backbone element in the form of
an elastic/superelastic rod or notched tube will be combined
with either integrated disks or design features to guide separate
drive tendons (in the case of tendon-driven CRs) or flexible
rods (in the case of multi-backbone CRs) along the robot’s
length. This approach allows for variation in number, routing
pathway, and termination locations for tendons/rods to suit
desired kinematic behavior and deliver single- or multi-
segment designs [36]. As an alternative to actuation tendons/
rods, multiple structural backbones can interact to induce defor-
mation. The most common approach of this type is Concentric
Tube Robots, which consist of nested, pre-curved tubes, typically
made of superelastic NiTi, that rotate and extend relative to one
another. The interaction between the actuated tubes establishes
the robot’s configuration and can provide multi-degree-of-freedom
motion [13]. A recent related variant in the form of a concentric
push-pull robot combines opposing nested notched tubes con-
nected at their distal end to allow bending via relative push-pull
motion applied at the robot’s base [37]. In both cases, combining
the flexible mechanical structure and transmission together allows
for a compact configuration with an open central lumen and high
dexterity.

The advantage of hard CR systems lies in their ability to transmit
greater forces while maintaining control precision, which is

TABLE 1 | Comparative summary of the three main hybrid CR classifications, highlighting their mathematical formulation, key characteristics,

primary medical applications, and associated challenges.

Key characteristics &

Primary medical

Hybrid classification capabilities applications Key challenges
Hard-Bodied Combinations + High Stiffness and « Neurosurgery « Low Compliance
HCR= Zj‘i 1 HB; Stability + Orthopedic Surgery « Risk of Tissue Trauma

+ Precision & High
Force-Force
+ Structural Integrity

Soft-Bodied Combinations » High Compliance and
HCR= >}, SB, Safety

« Passive Adaptability

+ Large Deformations

Hard + Soft Combinations « Balanced Stiffness and
HCR= ), HB;+ > )., SB; Compliance
« Variable/Tunable
Stiffness

+ Synergistic Functionality

« Single-Port Surgery

« Delicate Tissue » Low Force Application
Biopsy » Control & Modeling

» Fragile Lumen Complexity
Navigation

« Soft Tissue Gripping

« Gastrointestinal » Design and Integration
Endoscopy Complexity

« Endovascular « Stiffness Discontinuities
Interventions

« Catheter-Based
Procedures
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particularly critical in many surgical applications [3]. The variety
of hard CR approaches allows rigidity and flexibility to be balanced
through materials, design optimization, and actuation approach to
suit a wide range of clinical tasks [38]. Combining multiple hard
CR approaches, in the form of hard-only HCRs (e.g. [39],), extends
the opportunity to improve clinical task suitability.

However, the integration of multiple hard-bodied subsystems
also introduces unique engineering challenges that must be
addressed to fully exploit their potential. Many of these chal-
lenges are not exclusive to hybrid architectures; they also appear
in conventional hard multi-segment continuum robots, where
transmission friction, inter-segment coupling, and alignment
sensitivity similarly degrade performance [1, 40]. First, in terms
of force transmission, the coexistence of multiple actuation paths,
such as tendons, rods, or concentric tubes, can result in internal
friction, backlash, and transmission losses that reduce the effec-
tive output force at the distal end. These effects become more
pronounced in compact or highly curved configurations, where
tendon routing and tube-tube contact increase energy dissipa-
tion [15]. Second, maintaining accuracy and repeatability is
inherently difficult when rigid transmission components are cou-
pled through compliant or nonlinear interfaces. Small alignment
errors between nested or serially connected backbones can accu-
mulate, leading to tip pose deviations that are difficult to cali-
brate or model accurately [41]. Finally, motion coupling
between adjacent segments or actuation channels represents a
major source of control complexity. In parallel hybrids (e.g., con-
centric or eccentric tube designs), torsional interactions between
pre-curved elements can cause unintended secondary motions,
while in serial architectures, bending of proximal sections can
alter the mechanical boundary conditions of distal ones [42].

It is important to note, however, that hybridization can also alle-
viate some of these limitations by expanding the design space. By
combining heterogeneous actuation modes, hard-only HCRs
may reduce routing constraints or mechanical interference; for
example, tendon-driven and concentric-tube actuation can be
combined in a non-competing manner, enabling more efficient
use of internal space, as demonstrated in systems such as [43].
Such mixed strategies offer opportunities for improved packag-
ing, redundancy, and selective task-oriented actuation.

2.2 | Soft-Only Architectures

Soft CRs, which serve as the foundation for soft-only HCRs, are
built entirely from compliant materials, such as elastomers or
hydrogels. They are designed to leverage passive adaptability
for improved conformation to their environment and reduced
risk of damage during interaction with delicate structures [44].

Typical soft CRs include designs based on pneumatic/hydraulic
actuation, cable/tendon transmission, and stimuli-responsive
smart materials. Pneumatic or hydraulic networks, often imple-
mented as embedded chambers within elastomeric bodies, enable
large deformations through internal pressure control [20]. Cable-
or tendon-driven soft structures provide similar actuation with
simple, robust designs and the potential for precise steering or
load-bearing capacity [24]. Smart material-based soft robots using
approaches such as dielectric elastomer actuators, ionic polymer-
metal composites, or shape-memory polymers to achieve electri-
cally or thermally driven deformations, offering compact actuation

without bulky external hardware [25, 26]. A prominent example
within this category is magnetic actuation, where elastomers
embedded with ferromagnetic particles enable wireless control
of manipulators for highly constrained anatomical environments
[28, 45].

The advantage of SB systems lies in their ability to achieve large
bending, twisting, and elongation while maintaining intrinsic
compliance, making them well-suited to applications that priori-
tize safety over precision. This is particularly critical in delicate
medical procedures requiring endoluminal navigation, where
rigid or hard CR approaches may pose a higher risk of tissue
damage [18, 46, 47]. Furthermore, their deformable and highly
adaptable nature enables them to operate effectively in unstruc-
tured and tortuous anatomical pathways, offering unique advan-
tages over more rigid architectures.

However, the same properties that make soft CRs advantageous
also introduce limitations. Their low stiffness restricts their
capacity for forceful tissue manipulation or payload delivery,
while non-linear material behavior and distributed actuation
complicate modeling and control [30]. These challenges have
motivated the development of soft-only HCRs, where multiple
soft actuation modalities are integrated within a single robot
(e.g., pneumatic chambers combined with dielectric elastomers,
or soft magnetic steering integrated with fluid-driven elonga-
tion). Such combinations can decouple actuation DOFs, increase
dexterity, and overcome the limitations of using a single soft actu-
ation strategy in isolation.

By combining different soft CR approaches, soft-only HCRs
extend the capabilities of compliant robots. For instance, parallel
integration of magnetically active fluid within growing robots
allows for independent length control and wireless steering
within a compact fully soft CR body [48], while serial integration
of multiple soft modules (e.g., soft tendon-driven segments with
deployable growing robots) can allow position and orientation
control coupled with navigation into tortuous vasculature [49].
These soft-only HCR strategies demonstrate the potential of soft
materials not only to reduce operational risk, but also to provide
controllable deployment and dexterity suitable for variable
demands across clinical interventions.

2.3 | Mixed Architectures

HCRs that combine HB and SB elements aim to leverage the
advantages of flexibility and softness [33]. These specific config-
urations allow robots to achieve the structural stability and pre-
cision associated with hard CRs while benefiting from the
adaptability, flexibility, and safe interaction of soft CRs [19].
Within this class, hard and soft subsystems may be arranged
in serial or parallel forms, or in multi-level combinations where,
for example, a hard backbone supports embedded soft actuators,
or a soft distal segment is deployed from a stiffer proximal
platform.

Beyond their conceptual combination of hard and soft compo-
nents, mixed HCRs introduce engineering behaviors that are
not present in hard-only or soft-only systems. However, challenges
can arise from the mismatch in mechanical properties between
rigid and compliant elements. Differences in elastic modulus,
energy storage, and deformation modes can lead to non-uniform
strain distribution at the interfaces, which may induce local stress
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concentrations or reduce motion transmission efficiency. As a
result, mixed HCRs often require carefully designed mechanical
interfaces, such as graded stiffness transitions, reinforced bonding
layers, or mechanically interlocking geometries, to maintain struc-
tural integrity during large deformations [3].

From a control perspective, mixed architectures blend the more
predictable kinematics of hard CRs with the highly nonlinear,
distributed compliance of soft CRs. When these subsystems inter-
act in either a serial or parallel configuration, their boundary
conditions dynamically influence one another, resulting in
configuration-dependent coupling that complicates model-based
control. This has motivated hybrid control strategies that com-
bine model-based estimation for hard segments with data-driven
or adaptive controllers for soft sections [50].

The benefit of such mixed integration is the ability to achieve
distributed stiffness shaping along the robot’s body. Hard ele-
ments can support load transmission or provide shape-holding
behavior, while adjacent soft elements enable local dexterity,
compliance, or safe interaction. Serial arrangements (e.g., hard-
to-soft distal transitions) are advantageous when a stiffer proxi-
mal structure must deliver and orient a softer, more compliant
tip, whereas parallel arrangements (e.g., soft actuation superim-
posed on a tendon-driven backbone) can facilitate decoupling of
bending, elongation, or twisting DOFs within a single segment.
These architectural synergies underpin many of the medical
applications discussed in Section 3, where mixed hybrids are
employed to reconcile competing demands on navigation, task
execution, and safety.

3 | Applications of Hybrid Continuum Robot
Designs in Healthcare

Building upon the architectural classifications introduced in
Section 2, this section focuses on how different HCR designs have
been applied within medical and surgical contexts. The discus-
sion highlights representative examples where hard-only, soft-
only, and mixed hybrid architectures have been tailored to meet
distinct clinical requirements such as navigation through tortuous
anatomy, safe tissue manipulation, and precise tool deployment.
By analyzing these application domains, we emphasize the rela-
tionship between each hybrid architecture’s structural design
and its corresponding functional advantages. Figure 3 shows rep-
resentative HCR designs for a range of targeted medical applica-
tions across the body, highlighting significant variety in materials,
actuation, configuration and scale. A complete summary of the
representative clinical applications, grouped by HCR classification,
is also presented in Table 2.

3.1 | Hard-Only Hybrid Design Approaches
and Applications

Hard-only HCR architectures (HB @ HB or HB — HB), have
merged tendon-driven systems [43], concentric tube mechanisms
[15], rods [52], backbones [42], and SMAs [12]. As summarized in
Table 2 (upper section), these combinations have been explored
in a variety of dimensions and applications, from neuroendovas-
cular interventions to endoscopic approaches. Figure 4 presents a
range of hard-only HCR examples from the literature.

Parallel configurations (HB @ HB) in hard-only HCRs typically
involve the concentric nesting or direct integration of different
mechanisms to augment a primary actuation method or add
new functionality. A common theme is the combination of
tendon or backbone structures with other mechanisms. For
instance, combining tendon actuation and concentric tubes is
used to achieve critical follow-the-leader motion for delicate
endonasal surgery [43], as illustrated in Figure 4A. In orthopedic
surgery, a flexible backbone is combined with tendon actuation
for precise tasks such as drilling curved paths within bone for
screw placement [83]. Another key theme in parallel designs
involves integrating multiple interacting tubes and rods, often
arranged concentrically or eccentrically around a central back-
bone to augment motion control. The concentric push-pull robot
shown in Figure 4B enhances motion control by integrating a flex-
ible backbone within concentric tubes [15]. This concept is
extended in the eccentric tube robot (Figure 4C), which uses a cen-
tral backbone to guide multiple rotatable, pre-curved tubes for
neuroendoscopy [42], and in the Concentric-Tube-Eccentric-
Rod (CTER) mechanism, which enables high-precision linear
motion for micro-vascular surgery [35]. Finally, parallel hybridiza-
tion is a powerful method for adding functionality, such as incor-
porating SMASs to dynamically modulate stiffness, which is crucial
for safer tissue interaction in applications like MRI-compatible
neurosurgery [84, 55].

Serial configurations (HB — HB), in contrast, involve the
proximal-distal stacking of different hard CR segments to create
multi-segment manipulators. This architecture is particularly
useful for tasks requiring complex navigation followed by precise
manipulation. For example, multisegment catheters based on
concentric, notched tubes actuated via push-pull motion have
been developed for neuroendovascular interventions, where each
segment can be independently controlled to traverse tortuous
vasculature [52]. A similar serial strategy is used in multi-
segment backbone-driven robots for transurethral bladder resec-
tion, which allows for both navigation and stable positioning for
surgical tasks [41]. As seen in Figure 4D, another serial approach
integrates a distal rigid-joint wrist with a flexible tendon-driven
body to optimize dexterity and payload capacity, making it par-
ticularly suitable for minimally invasive surgical tasks in con-
fined spaces [39]. More complex serial designs, such as the
combination of concentric tube and tendon-driven segments,
have been explored for procedures such as optic nerve sheath
fenestration [56] and general minimally invasive surgery [57],
and multi-mode hybrid architectures that integrate a distal
concentric-tube section with a proximal cable-driven notched
continuum segment to enhance trajectory planning and opera-
tional accuracy [85].

Across hard-only HCRs, representative trends and approaches
have already emerged for both serial and parallel integration pat-
terns. As summarized in Table 2, serial hard-only hybrids most
commonly combine tendon-, backbone-, or rod-driven segments
with concentric or notched tube mechanisms [56, 57]. Serial
stacking of heterogeneous hard-bodied subsystems allows for
sequential tuning of stiffness, dexterity, and force-transmission
characteristics along the robot’s length, while maintaining com-
pact designs. Such combinations have demonstrated benefits for
tasks that require follow-the-leader motion in tortuous anatomy
[15, 43], high-force interaction for drilling or resection [41, 83],
and precise multi-segment dexterity for confined minimally
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FIGURE 3 | Representative examples of HCR architectures for targeted medical applications. The figure highlights the versatility of these systems,

showecasing examples for vascular, urological, gastrointestinal, pancreatic, pulmonary, and neurosurgical interventions. For the vascular system, rep-
resentative robots are shown. (A) Endovascular procedures (SB — SB). Adapted with permission from ref. [49]. Copyright 2025, IEEE. (B) Aneurysm
interventions that require navigating tortuous paths (HB @ SB). Adapted with permission from ref. [51]. Copyright 2025, IEEE. (C) Neuroendovascular
interventions for stroke treatment (HB — HB). Adapted under the terms of the CC-BY license [52]. Copyright 2024, The Authors, published by IEEE.
(D) A multi-segment CR is depicted for transurethral bladder resection and surveillance in urology (HB — HB). Adapted with permission from ref. [41].
Copyright 2013, IEEE. For gastrointestinal endoscopy. (E) A hybrid manipulator is shown navigating the intestines (HB @ SB). Adapted under the terms
of the CC-BY 4.0 license [53]. Copyright 2023, The Authors, published by Wiley. (F) A specialized CR for accessing the pancreas and surrounding ducts
via a single port (HB — SB). Adapted with permission from ref. [34]. Copyright 2025, IEEE. In pulmonary medicine, (G) a bronchoscope robot for deep
lung examination (HB — SB). Adapted with permission from ref. [54]. Copyright 2024, IEEE. (H) A device for minimally invasive tissue biopsy sampling
(SB @ SB). Adapted under the terms of the CC-BY 4.0 license [48]. Copyright 2025, The Authors, published by Wiley. Finally, for neurosurgery,
(I) endoscopic endonasal approaches to the skull base (HB@ HB). Adapted with permission from ref. [43]. Copyright 2025, World Scientific
Connect. (J) An MRI-compatible neurosurgical tool (HB @ SB). Adapted with permission from ref. [55]. Copyright 2017, IEEE. The illustration

was created in BioRender. [51] https://BioRender.com/ka9ni2j.

invasive procedures [39, 56, 57]. In contrast, parallel hard-only
hybrids predominantly rely on concentric or eccentric geometric
layouts to integrate multiple CR subsystems within a single seg-
ment. This includes designs such as concentric push-pull mech-
anisms, eccentric tube arrangements, and tendon-concentric
tube pairings. Parallel integrations, although less common, offer
high motion precision, enhanced torsional controllability, and
increased structural redundancy, making them particularly effec-
tive for delicate operations such as neuroendoscopy [42] and
skull-base surgery [43].

3.2 | Soft-Only Hybrid Design Approaches and
Applications

In soft-only HCRs (SB @ SB or SB — SB), combinations involve
the integration of different soft actuators to enhance adaptability,
control, and safety beyond that of unimodal soft systems. These
designs merge a variety of approaches, including pneumatic
actuators [61], integrated tendons [63], magnetic particles [48],
growing mechanisms [49], and smart materials approaches such

as shape memory polymers (SMPs) [64]. Table 2 (middle section)
highlights a range of soft-only HCR systems that leverage these
different actuation approaches in diverse and unique combina-
tions. Figure 5 presents a range of soft-only HCR examples from
the literature.

Parallel configurations (SB @ SB) combine different soft actuation
methods to work simultaneously, often to decouple degrees of free-
dom or introduce multi-modal control. A common approach is to
augment soft pneumatic actuators with other mechanisms. For
instance, pneumatic systems have been combined with integrated
tendons to achieve enhanced control and variable stiffness for
applications like human-robot collaboration and intra-bronchial
interventions [61, 63]. Similarly, combining pneumatic and
magnetic actuation enables multi-stimuli response for tasks in
neurosurgery or creating intelligent bionic hands [58, 60, 62].
Another distinct parallel soft-only HCR approach, exemplified
in Figure 5A, is magnetic vine robots that uses an eversion
growing mechanism for advancement and a magnetic skin or
internal magnetic fluid for steering to support navigation of
the bronchial tree [48, 86].
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https://BioRender.com/ka9ni2j

TABLE 2 | Summary of example studies on hybrid actuation systems, grouped by their core classification and classified into parallel (@) and serial
(—) configurations. Actuation key: T=Tendon, P = Pneumatic, C = Concentric Tube, B= Backbone, R = Rod, M = Magnetic, SMA = Shape Memory
Alloy, SMP = Shape Memory Polymer, G = Growing, H = Hydraulic.

Configuration Diameter, Length,

Refs Hybridization type DOF mm mm Application

Hard-Only Combinations

[52] CcC->C Serial 4 1.2 95 Neuroendovascular Interventions

[41] B-C Serial 5 <8 — Transurethral Bladder Resection

[43] T®C Parallel 3 <4 — Endoscopic Endonasal Approaches

[39] T->T Serial 3/6 12.4/4.5 50/110 Minimally Invasive Surgery

[56] T—-C Serial 2/4 9 83/40 Optic Nerve Sheath Fenestration

[15] T C Parallel 5 4 — Endoscopic Deployment

[57] C->T-C Serial 6 — 100/100/100 Minimally Invasive Surgery

[55] T & SMA Parallel 2/2/2 12.6 65 MRI-Compatible Neurosurgery

[35] R®C Parallel — 2.1 — Microsurgery

[42] B C Parallel — 18 65 Neuroendoscopy

Soft-Only Combinations

[49] T—->T-G Serial 2 7.6/2.67 -/445 Endovascular Emergencies (Stroke)

[48] GeoM Parallel 3 5 145 Minimally Invasive Tissue Biopsy

[58] POM Parallel — 4 30 Neurosurgery

[59] P->P->G Serial 3 3.5 — Lung Tissue Biopsy

[60] PoM Parallel — 18 113 Intelligent Bionic Hand / Medical
Rehabilitation

[61] POT Parallel 3 — — Human-Robot Collaboration

[62] PoOM Parallel 3 3 18 Biomedical Applications

[63] POT Parallel 2 15 84 Robot-assisted Intra-bronchial
Intervention

[64] P & SMP Parallel — 22 110 Minimally Invasive Surgery

[65] H-H Serial — 13 600 Gastrointestinal Tract Screening

[66] PoP Parallel 3 45 45 —

[67] P—>P Serial — 18 1600 Colonoscopy

Mixed Combinations

[51] T oM Parallel 3 24 11.3-24.4 Aneurysm Interventions

[53] T®P Parallel 2 18 110 Flexible Gastrointestinal Endoscopy

[34] T-M Serial — 2.8/1.3 250/60 Pancreatic Applications

[54] T-M Serial >6 4.5/2.4 460 Deep Lung Examination / Bronchoscopy

[68] T®P Parallel 3 — 40-115 —

[69] R@®P Parallel — 66 200-248 —

[70] TP Parallel — 23 47 Minimally Invasive Surgery

[71] T @P Parallel >6 10-40 300 Surgical Applications

[72] ToP Parallel 6 90 310-950 Remote Exploration and Operation

[73] T->M Serial — 3.3 30 Biomedical Robotics

[74] T-M Serial — 3.1 132 Medical Interventions

[75] C->M Serial — 0.8-7 150 Endovascular Intervention

[76] C->M Serial — 1.8/3.5 300/250 Vasculature Intervention

[77] (T®&P)—(THP) Serial 2 — — Minimally Invasive Surgery

(Continues)
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TABLE 2 | (Continued)

Configuration Diameter, Length,
Refs Hybridization type DOF mm mm Application
[78] (T®&P)—>(THP) Serial — 42-100 270/160 Assistive Human Applications
[79] GoT Parallel — 6.4 60 Intraluminal Applications
[80] P->P Serial 4 55 — —
[81] ToP Parallel — 3 95 Mammary Duct Inspection
[82] P->P->T Serial 7 12/12/7 35/35/40 Lower Gastrointestinal Interventions

Serial configurations (SB — SB) involve the proximal-distal stack-
ing of different soft robotic segments, which is ideal for proce-
dures with distinct sequential phases. A clear example of this
architecture is the system developed for endovascular emergen-
cies shown in Figure 5B, which connects a tendon-driven soft
robot proximally with a soft growing robot distally [49]. This
allows the tendon-driven section to perform active steering in
larger vessels, which then precisely positions the growing robot
to navigate through extremely tortuous and delicate distal anat-
omy. Similarly, a low-cost endoscope for gastrointestinal screen-
ing combines a proximal hydraulically actuated soft body for
primary bending with a distal water-jet propulsion system for
an expanded steering workspace [65]. Growing-pneumatic com-
binations have also been demonstrated, such as the soft everting
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FIGURE4 | Examples of HCRs composed of HB elements. (A) A par-
allel hybrid (HB @ HB) combining two tendon-actuated robots concentri-
cally for endonasal surgery. Adapted with permission from ref. [43].
Copyright 2025, World Scientific Connect. (B) A parallel hybrid
(HB @ HB) concentric push-pull robot integrating a flexible backbone

to enhance planar control. Adapted with permission from ref. [15].
Copyright 2022, IEEE. (C) An eccentric tube robot, a parallel hybrid
(HB @ HB) that functions as a multi-arm steerable sheath by combining
a central backbone with multiple pre-curved concentric tubes. Adapted
with permission from ref. [42]. Copyright 2022, IEEE. (D) A tendon-
driven hybrid robot (HB — HB) with integrated rigid segments designed
to optimize dexterity and payload capacity. Adapted with permission
from ref. [39]. Copyright 2023, IEEE.

colonoscopy robot, which is augmented via a pneumatic omni-
directional steering soft tip [67]. Finally, as seen in Figure 5C,
hybridizing multiple soft actuation systems allows a complex,
multi-stage medical task to be achieved that would not be possi-
ble via a single-function soft robot [59]. This soft-only HCR seri-
ally integrates three distinct soft actuators, each with a
specialized function: steering, stabilization, and needle deploy-
ment. This hybrid design allows the robot to sequentially navi-
gate to a target, anchor itself to increase its effective stiffness and
counteract reaction forces, and then transmit sufficient force to
puncture tissue for a biopsy.

Across the soft-only hybrid category, the designs surveyed in
Table 2 indicate a clear trend of pneumatic actuation as a key
[58-65]. This is largely due to its natural compatibility with elas-
tomeric materials, ability to achieve large deformations at low
pressure, and the ease of integrating additional subsystems
within soft robotic bodies. Within this landscape, parallel
pneumatic-tendon combinations emerge as the most prominent
approach [61, 63]. These designs exploit pneumatics for global
deformation while tendons provide directional control or local-
ized stiffness tuning, resulting in multi-DOF segments capable of
3D bending and adaptable mechanical response. Although
potentially advantageous for deployment or navigation in con-
strained anatomical environments, these systems have typically
been restricted to relatively large diameters. In addition to
tendon-based systems, modular vacuum-powered platforms such
as the V-SPA robot demonstrate a fully soft parallel architecture
that integrates pneumatic actuation, suction-based manipula-
tion, and jamming-enabled stiffness control within a single soft
module (Figure 5D) [66]. In comparison, parallel fluid-magnetic
hybrids illustrate how tendon-free steering methods can provide
advantages such as reduced diameter and improved remote con-
trol in constrained neurosurgical, intraluminal, or vascular envi-
ronments [58, 60, 86]. Serial soft-only hybrids, while fewer in
number, represent an emerging direction aimed at extending
workspace or distributing specialized functions along the robot
body. Multi-stage architectures, such as proximal steering mod-
ules coupled with distal growing or stabilizing segments [49],
illustrate how serial integration can effectively separate naviga-
tion, stabilization, and task execution.

3.3 | Mixed Hybrid Design Approaches and
Applications

In mixed HCR architectures (HB @ SB or HB — SB) designs often
merge distinct CR architectures and modes of actuation, such as
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FIGURES5 | Examples of HCRs composed primarily of SB elements. (A) A parallel hybrid (SB @ SB) vine robot using hydraulic pressure for growth
and an internal magnetic fluid for steering. Adapted under the terms of the CC-BY 4.0 license [48]. Copyright 2025, The Authors, published by Wiley.

(B) A hybrid (SB — SB) platform for endovascular emergencies, combining a proximal tendon-driven soft robot with a distal soft growing robot. Adapted

with permission from ref. [49]. Copyright 2025, IEEE. (C) A millimeter-scale serial hybrid (SB — SB) robot for tissue biopsy, which serially integrates

three fluidic actuators for steering, stabilization, and needle deployment. Adapted under the terms of the CC-BY 4.0 license [59]. Copyright 2023, The
Authors, published by Wiley. (D) A modular vacuum-powered (SB @ SB) hybrid actuator system (V-SPA), integrating soft pneumatic actuation, suction-
based manipulation, and jamming-based stiffness control. Adapted with permission from ref. [66]. Copyright 2017, AAAS.

combining stiffer tendon-driven structures with soft pneumatic
actuators [53, 80], integrating magnetic elements with either
hard or soft components [34, 51], or pairing growing mechanisms
with other actuation types [81]. Table 2 (lower section) presents a
range of mixed HCRs developed for a variety of medical appli-
cations. Figure 6 presents a range of mixed HCR examples from
the literature.

Parallel configurations (HB @ SB) typically integrate soft actua-
tors into a higher-stiffness flexible skeleton/structure to create
multi-functional end-effectors with tunable properties. The most
common parallel approach combines pneumatic actuators and
tendon-driven higher-stiffness flexible elements. This design is
seen in various manipulators for minimally invasive interven-
tions and surgical applications, where hard, flexible elements
provide precision and soft actuators offer compliance [53, 68-72].
For instance, the modular hybrid manipulator in Figure 6A uses
soft pneumatic actuators alongside hard, flexible joints for con-
trolled stiffness modulation [80]. In a similar but distinct
approach, the motion-decoupled joint combines a stiffer skeleton
with soft pneumatic muscles to enhance dexterity [87]. Other
parallel hybrids combine different materials, such as the
variable-length catheter tip for aneurysm interventions, which
pairs a soft tendon-driven helical body for extension/contraction
with a hard permanent magnet for steering [51] (Figure 6B).
Similarly, as shown in Figure 6C, the MAMMOBOT [81] is a
mixed hybrid system for mammary duct inspection that integra-
tes a hard, tendon-driven steerable catheter with a soft eversion

growing sheath. This combination uses the precise steering of the
hard catheter to guide the soft sheath, which can then navigate
delicate and tortuous ducts by growing at its tip without creating
frictional forces at the tissue walls.

Serial configurations (HB — SB) typically involve a smaller, softer
CR being deployed from a larger, stiffer platform. This allows the
proximal robot to navigate to a target area before the soft robot
is deployed/engaged to safely explore delicate or tortuous distal
anatomy. An illustrative example is the combination of a tendon-
driven rigid manipulator deploying a soft magnetic robot. This
approach has been offered for a robotic platform for pancreatic
applications, as shown in Figure 6D [34], a hierarchical broncho-
scope for deep lung examination [54], and a millimeter-scale
robot for biomedical applications [73]. This serial deployment
strategy is also effective for decoupling the control of position
and orientation; for instance, a hybrid design combining a prox-
imal tendon-actuated tube for positioning with a distal,
telescoping magnetic ball chain for orientation has been shown
to create a highly dexterous workspace, allowing the robot tip to
approach a target from an arbitrary direction [74]. More com-
plex serial designs involve stacking multiple parallel-hybrid seg-
ments. For instance, manipulators composed of serially
connected segments have been developed for dexterous manip-
ulation and assistive applications [77, 78]. A related serial mixed
configuration has also been demonstrated for colorectal ESD,
combining proximal soft pneumatic segments with a distal
tendon-driven tip [82].
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FIGURE 6 | Examples of HCRs combining HB and SB components.
(A) A modular parallel hybrid (HB @ SB) manipulator combining soft
pneumatic actuators and rigid joints. Adapted with permission from
ref. [80]. Copyright 2020, IEEE. (B) A parallel hybrid (HB @ SB) catheter
tip combining a tendon-driven soft helical body for variable length with a
hard permanent magnet for steering. Adapted with permission from ref.
[51]. Copyright 2025, IEEE. (C) A parallel hybrid (HB & SB) growing
robot for mammary duct inspection, which combines a tendon-driven
steerable catheter with a soft eversion sheath. Adapted with permission
from ref. [81]. Copyright 2023, IEEE. (D) A serial hybrid (HB — SB) plat-
form where a tendon-driven robot deploys a soft magnetic catheter for
pancreatic applications. Adapted with permission from ref. [34].
Copyright 2025, IEEE.

Mixed HCR architectures from the literature, presented in Table 2,
show the broadest versatility in design variation and application.
However, for serial designs, a consistent trend is noted as the use of
a stiffer hard-bodied proximal segment to provide structural sup-
port, load-bearing capacity, and precise proximal positioning, with
a softer distal element enabling safe interaction, local dexterity,
and adaptability within confined or delicate anatomical environ-
ments [34]. Common integration patterns of this type employ a
tendon-driven or backbone-based proximal segment followed by
a soft distal pneumatic or magnetic segment [54]. This division
of roles allows mixed hybrids to reconcile the competing require-
ments of precision, compliance, and dexterity in many clinical
applications; as seen in systems for pancreatic access [34], deep
bronchoscopy [54], and millimeter-scale task-specific modules
[59]. Parallel mixed hybrids, although diverse, typically embed soft
pneumatic or magnetic actuation directly into a higher-stiffness
flexible backbone [68]. This configuration leverages the stability
of the hard structure while enabling distributed deformation, var-
iable stiffness, or field-based directional control.

4 | Adaptable Approaches for Hybridization

Beyond combining physically distinct CR subsystems, hybrid-like
performance can also be realized through active adaptability
within a single robotic structure. This section, therefore, consoli-
dates the enabling technologies that allow CRs to achieve hybrid

behavior without physically integrating multiple CR architectures.
These approaches, collectively referred to here as functional
hybridization, focus on mechanisms or control strategies that
dynamically adjust stiffness, compliance, or interaction behavior
to emulate the dual characteristics of hard and soft systems.
Unlike the structurally hybrid designs reviewed in previous sec-
tions, which integrate heterogeneous subsystems at the hardware
level, the techniques discussed below achieve hybrid performance
through material tuning or algorithmic control. Such adaptability
is particularly valuable in medical applications, where a robot may
require compliance for safe navigation yet sufficient stiffness for
effective task execution. This adaptability can be primarily realized
through either (i) dynamic adjustment of the robot’s structure, or
(ii) implementation of advanced control approaches that algorith-
mically manage the robot’s behavior to emulate compliance. These
aspects have attracted considerable research attention in their own
right [88], but are summarized here as aligning technologies for
implementing hybrid performance in CRs.

Variable stiffness CRs propose the integration of materials and
design elements that facilitate on-demand adaptation to the
robot’s mechanical properties. This approach allows a structur-
ally uniform CR to exhibit both hard and soft characteristics.
Several key physical principles have been proposed to deliver
stiffness modulation, which are often tailored to suit the restric-
tions of specific actuation methods such as tendons [79, 89],
pneumatics [90], hydraulics [65], or magnetics [91, 92].

One of the most prominent approaches to achieve rapid stiffness
change is the use of jamming mechanisms. These rely on control-
ling the internal friction between elements such as particles,
fibers, or layers, typically by subjecting them to vacuum pressure
within a confined elastic structure. For example, granular (parti-
cle) jamming was successfully employed in the STIFF-FLOP
manipulator, where a flexible membrane filled with granular
material was able to stiffen on-demand alongside pneumatically
actuated steerable segments [90]. This allows the robot to be flex-
ible during navigation through delicate anatomy and to become
rigid to perform surgical tasks. Using a related principle, fiber
jamming replaces particles with parallel fibers that can freely
slide relative to each other under normal operation but lock
together under application of a vacuum to cause reversible stiff-
ening. This approach was recently implemented in a slender
magnetically steered cardiovascular catheter to provide on-
demand stiffening without the delays associated with alternative
methods [91]. Similarly, the use of layers instead of fibers has also
proven effective in creating tubular stiffening sheaths. The thin,
overlapping material flaps used in layer jamming significantly
increase rigidity against lateral loads while naturally preserving
a central lumen for the robot [93]. As a promising alternative to
vacuum-based actuation, magnetically induced stiffening has
also been explored, which combines magnetorheological fluids
with jamming scaffolds to achieve rapid, electronically controlled
stiffness changes without pneumatic lines [94]. Recent advance-
ments have further expanded the jamming category to include
novel approaches such as 3D printed fabrics [95], granular chains
[96], and hybrid jamming [97], which combine multiple jamming
principles to achieve more versatile stiffness tuning [88].

Another major category for stiffness modulation relies on ther-
mally responsive materials (TRMs), which leverage temperature-
induced phase transitions to alter their mechanical properties
[88]. This principle has been demonstrated using a range of
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materials, including SMA [98], SMP [64], low melting point
alloys (LMPAs) [83], and thermoplastics (TPs) [99], which all
transition from a solid high-stiffness state to a more malleable
low-stiffness state upon moderate heating. For instance, SMA
springs have been integrated into soft robotic arms, where they
act antagonistically against driven cables to modulate the arm’s
overall stiffness [98]. Similarly, SMPs, valued for their biocompat-
ibility, have been integrated as a stiffening backbone in pneumatic
soft arms [64], with recent innovations, including thermoset SMPs
that eliminate the need for an encapsulation layer, thereby
improving manufacturability and enabling further miniaturization
[100]. To further simplify the design, conductive SMPs have been
developed to serve simultaneously as the heating element, temper-
ature sensor, and variable stiffness structure [101]. LMPAs have
also served as temporary skeletons in tendon-driven manipulators
for minimally invasive surgery [83] and have been used to create
sub-millimeter scale catheters that exhibit a high stiffness varia-
tion via a controlled radial temperature gradient [102]. More
recently, TPs like graphene-polylactic acid have been used in mag-
netically steerable manipulators, where stiffness is modulated via
Joule heating of the composite material [99]. While TRMs can
offer a very high stiffness change ratio, they face two primary
drawbacks. The first is a characteristically slow response time
due to thermal dynamics, although this can be mitigated with
hybrid control strategies integrating both active heating and cool-
ing [103]. The second is the challenge of safely and effectively
delivering the required thermal energy to the material, particularly
for devices intended for use within the human body [88].

Stiffness can also be modulated through the integration of mov-
able mechanical elements that physically constrain, lock, or
apply antagonistic forces to the robot’s body. A primary example
of this is tendon antagonism, where the co-contraction of oppos-
ing tendons compresses the robot’s structure to increase its
overall stiffness [88]. This technique has been applied to manip-
ulators for minimally invasive surgery, using a variable neutral-
line mechanism to precisely control stiffness during procedures
[89], and in bioinspired designs such as a robotic tail where
adjustable tendon tension allows for precise stiffness control
[104]. Other mechanical approaches include shape-locking
mechanisms, as demonstrated in a hydraulic endoscope where
a pneumatically-driven balloon locks alloy wires to provide a sta-
ble platform [65], and sliding backbones, where a movable NiTi
rod selectively defines the flexible and rigid sections of a magnet-
ically actuated soft robot [92]. Further innovative mechanical
approaches include friction change mechanisms, where an SMA
spring is used to alter the friction between internal wires to con-
trol stiffness [105], and variable stiffness ball joints, in which
pneumatic actuators adjust the clearance within the joint to mod-
ify its effective rigidity [106].

While physical stiffness modulation provides an effective method
of adaptation, managing CR’s effective compliance via algorith-
mic control approaches represents an efficient alternative that
does not necessitate alteration of the CR’s underlying design
architecture. Sophisticated control strategies have been devel-
oped to address challenges in force regulation [107], motion coor-
dination [108], and adaptive responsiveness [109], enabling CRs
to perform with the precision and compliance required for medi-
cal interventions. Effective force and motion control can be cru-
cial to prevent tissue damage in delicate procedures [110], and
advanced systems often combine force feedback with precise

motion control to dynamically adjust their behavior [111].
Recent work has also explored hybrid control strategies that
combine learning-based kinematic estimation with model-based
feedback control to improve accuracy and robustness in soft
robotic manipulators [50].

The broad range of variable stiffness techniques contributes to
the enhanced design versatility of CRs in medical applications,
enabling them to adapt their stiffness to the task at hand,
whether it involves passive tissue interaction or the application
of controlled forces. Similar to hybridization through design,
stiffness modulation plays a critical role in enabling CRs to
potentially perform a wide spectrum of surgical procedures with
a balance of precision and safety.

5 | Summary

In this review, we have classified and reviewed various HCR
architectures in the context of their proposed medical applica-
tions. This covers integration variety across HB and SB compo-
nents and adaptable design approaches, and has emphasized the
importance of underlying materials selection and collaborative
actuation modes as key considerations in expanding the capabil-
ities of CRs through hybridization. Hard-only HCRs leverage the
benefits of established high-stiffness CR approaches to maintain
high precision and load-bearing capacity, which are beneficial
characteristics in many robot-assisted surgical applications. In
contrast, soft-only HCRs are constructed entirely from combina-
tions of soft CR approaches, maximizing flexibility and passive
compliance. These hybrid designs have demonstrated suitability
for tasks that involve delicate tissue, particularly at small scales.
Finally, HCRs that combine HB and SB elements facilitate a bal-
ance between stiffness and compliance, where higher stiffness
backbones can support soft, high-dexterity actuators, or where
multiple actuation modes may be tightly integrated to provide
enhanced adaptability. Mixed HCR approaches offer broad suit-
ability for applications such as endoscopy and catheter-based
interventions, as combinations can allow passive adaptability
while maintaining control precision.

It is also important to recognize that several hybrid continuum
robots [78, 79] identified in this review exhibit both serial and par-
allel hybrid characteristics at different levels of their architecture.
In these systems, parallel hybridization is often implemented
within a segment; for example, through the integration of tendon
actuation with pneumatic, magnetic, or stiffness-modulating com-
ponents, while serial hybridization emerges at the robot level
through the sequential stacking of heterogeneous segments. In
addition to this segment-vs-system layering, some architectures
use a serial continuum mechanism to structurally support, con-
strain, or guide an embedded parallel subsystem; an approach
exemplified by eccentric multi-arm concentric-tube sheaths, in
which the coordinated rotation of multiple precurved tubes drives
the deformation of the overall structure while the central back-
bone passively maintains disk spacing and geometric coupling
[42]. This multi-level ‘hybrid of parallel and serial’ organization
allows designers to combine complementary advantages across
scales, achieving local dexterity or stiffness modulation alongside
large-scale workspace shaping and navigational capability.

Some of the key performance benefits of hybrid approaches are
mirrored in dynamically adaptable, variable stiffness designs.
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Techniques such as structural jamming, antagonistic actuation,
and integration of TRMs embody CRs with the ability to switch
between compliant and rigid states as needed. In addition,
advanced control strategies can be employed in fixed robot archi-
tectures to balance motion precision and compliance under
external loading.

HCRs offer a broad category of versatile CRs that represent a
promising pathway to overcome limitations associated with con-
ventional CR approaches. The possibility of tuning and adapting
designs across a wide range of materials, actuation approaches,
and integration strategies offers the potential for custom HCRs to
be developed to meet the requirements of many challenging
healthcare applications, with the potential to improve patient
safety and provide more dexterous robotic tools. However,
HCR approaches still represent a minority within CR research,
and many challenges and opportunities remain to maximize
their potential.

6 | Open Challenges and Future Vision

Although HCRs have shown significant potential, the added
complexity inherent in many designs poses several challenges.
In particular, where a significant mismatch in materials exists,
attention is required to achieve seamless and/or robust integra-
tion between elements. For HCRs with fixed relative arrange-
ments of elements, discontinuities in material stiffness at joins
can create regions susceptible to breakdown or failure. In the
alternative case of elements allowing deployable motions, fric-
tion and self-interaction may restrict design freedom or influence
performance. Integration challenges can also exist where the sup-
ply of multiple modes of actuation is required within the same
HCR design. For example, attempting to co-supply mechanical
tendons and pneumatic supply lines places additional restrictions
on minimum robot dimensions, passive compliance, and can
limit the possibility for auxiliary working channels or functional
component integration. Beyond the body of the robot, external
actuation hardware, including motors, regulators, or external
magnetic field generation systems, adds complexity and cost rel-
ative to single-mode CR systems, and must compete for space in
the context of healthcare settings.

Additional challenges are also presented through added
manufacturing requirements, especially due to the level of minia-
turization required for many minimally invasive tools. The mate-
rials used in hard and soft CRs typically necessitates the use
of different manufacturing approaches. This makes direct co-
fabrication challenging and thus often requires researchers to for-
mulate novel assembly processes for each HCR. Employing mod-
ular design approaches may alleviate some of these challenges and
provide options for rapidly reconfiguring blends of hard and soft
CR components to suit different applications. However, looking to
the future, the expansion of material options and multi-material
3D-printing may offer more freedom to solve challenges around
HCR manufacture, assembly, and actuation integration. This
may also help address the challenges of miniaturization and
biocompatibility that must be overcome for HCRs to realize their
impact as medical devices.

In addition to the complexities of physical design in HCRs, a major
challenge lies in their control. Coupling between rigid and soft
components introduces non-linearities that are difficult to model,

potentially requiring different approaches. Furthermore, the inte-
gration of multiple actuation systems demands robust synchroni-
zation and management of undesired interactions. Improved
multi-physics simulation tools, design optimization tools, and
adaptive control algorithms will be essential to ensure HCRs
can operate effectively in safety critical environments. Looking
ahead, artificial intelligence and machine learning will likely play
a critical role in handling the added complexity of HCR control to
better adapt to unstructured environments, improve and maintain
their performance over time, and make real-time decisions.

As with general CR research, the development of HCRs for
healthcare applications will need to employ appropriate sensing
approaches. Many sensor types are currently well-suited to either
hard or soft CR designs, such as fiber Bragg grating sensors versus
soft optical waveguides, respectively. There is a dearth of
approaches that can be readily integrated across certain HCR
designs without impacting on the stiffness or scale of the robot.
This functional component integration problem is also present
when modes of active stiffness modulation are included. To
enable HCRs to switch between soft and rigid states dynamically,
existing techniques, such as pneumatic actuation, granular jam-
ming, and TRMs usually require additional space allocation
within the robot’s body for energy supply and can be slow to
respond when required. Integration of onboard logic and embod-
ied intelligence approaches may allow robots to sense and
respond to the environment without reliance on off-board com-
ponents for more rapid and seamless transitions between states.

In conclusion, while HCRs are still in an early stage of develop-
ment, they hold great promise for transforming fields such as
healthcare. The maturity and breadth of CR research has pre-
pared the way for a rapid and creative future of HCR develop-
ments. However, with the significant diversity in potential
approaches, it is critical that HCRs are co-designed with appro-
priate clinical oversight to target the specific requirements relat-
ing to key healthcare applications. Overcoming current
challenges related to design, fabrication, integration, and control
will be essential for unlocking their full potential.

The future outlook is optimistic, with emerging enabling technol-
ogies and materials likely to push the boundaries of what HCRs
can achieve in terms of adaptability, precision, and safety.
Looking ahead over the next three to 5 years, the most significant
breakthroughs are expected to emerge from mixed hard-soft
hybrid architectures and functionally adaptive continuum sys-
tems. In particular, modular tendon-pneumatic designs that
exploit multi-material 3D printing and embedded sensing may
achieve clinically appropriate scales while offering controllable
stiffness. These approaches would be well suited to endoluminal
applications such as bronchoscopy, pancreatic access, and gastro-
intestinal diagnostics. At smaller scales, soft-only HCRs combin-
ing mechanical-magnetic and fluidic-magnetic approaches are
also likely to gain momentum due to their ability to efficiently
integrate high dexterity remote magnetic steering with higher
force actuation. These may enable navigation and task execution
in previously inaccessible anatomical regions for neurosurgical
or intravascular interventions. Converging advancements in
additive manufacturing, smart materials, and Al-assisted model-
ing and control are anticipated to accelerate HCR development
and provide a pathway from laboratory prototypes to clinically
deployable tools supporting minimally invasive diagnosis and
intervention.
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