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Abstract: Aerial manipulators have seen a rapid uptake for multiple applications, including inspec-
tion tasks and aerial robot–human interaction in building and construction. Whilst single degree of
freedom (DoF) and multiple DoF rigid link manipulators (RLMs) have been extensively discussed in
the aerial manipulation literature, continuum manipulators (CMs), often referred to as continuum
robots (CRs), have not received the same attention. This survey seeks to summarise the existing works
on continuum manipulator-based aerial manipulation research and the most prevalent designs of con-
tinuous backbone tendon-driven continuum robots (TDCRs) and multi-link backbone TDCRs, thereby
providing a structured set of guidelines for fabricating continuum robots for aerial manipulation. With
a history spanning over three decades, dominated by medical applications, CRs are now increasingly
being used in other domains like industrial machinery and system inspection, also gaining popularity
in aerial manipulation. Fuelled by diverse applications and their associated challenges, researchers
have proposed a plethora of design solutions, primarily falling within the realms of concentric tube
(CT) designs or tendon-driven designs. Leveraging research works published in the past decade,
we place emphasis on the preparation of backbones, support structures, tendons, stiffness control,
test procedures, and error considerations. We also present our perspectives and recommendations
addressing essential design and fabrication aspects of TDCRs in the context of aerial manipulation,
and provide valuable guidance for future research and development endeavours in this dynamic field.

Keywords: aerial manipulation; continuum arm aerial manipulation; tendon-driven continuum robots;
continuum robots; continuum manipulators; continuum robot design; continuum robot fabrication

1. Introduction

In this paper, we begin by briefly outlining the current state of aerial manipulation with
drones and the challenges they face. Following that, we offer a comprehensive summary of
the existing research on continuum manipulator (CM)-based aerial manipulation systems.
Additionally, we emphasize the advantages of utilizing CM-based aerial manipulation
over RLM-based systems. Subsequently, we delve into the study of fabrication methods
employed for continuum manipulators. While our survey is conducted with the aim of
benefiting aerial manipulation systems, we also acknowledge that the insights from our
prototyping survey can extend to other application domains.

1.1. Overview of Aerial Manipulation Systems

The willingness to employ UAVs is increasingly evident across various research sec-
tors, industries, government sectors, and the general public. Applications have primarily
centered on industrial inspection and monitoring [1], precision agriculture [2,3], disaster
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management [4], environment monitoring [5–7], smart city operations [8], military opera-
tions [9], space and planetary exploration [10,11], archaeological exploration [12], and more.
The application domains are actively expanding as cutting-edge control and manufacturing
technologies are continuously researched and applied in practical scenarios.

Various aerial platforms have been developed according to the demands of specific
applications. While many of these developments focus on monitoring, inspection, and
viewing-related applications, a significant portion also involves aerial manipulation [13,14].
UAVs intended for monitoring and inspection tasks are typically equipped with cameras and
additional sensors. Many of these vehicles do not physically interact with the environment.
This limitation has hindered the full utilization of UAVs in real-world scenarios. Addressing
this bottleneck has led to the concept of aerial manipulation, where UAVs are empowered to
perform tasks beyond monitoring and inspection. These tasks encompass perching, grasping,
and manipulating activities, in addition to their monitoring and inspection capabilities.

Drones in the form of multirotors, such as helicopters, octorotors, hexarotors, quad-
rotors, etc., are becoming a popular choice for aerial manipulation tasks [13,14]. These
multirotor-based AMSs are developed with various RLM morphologies [14]. Some ex-
amples of AMS morphologies include multirotors attached with a gripper [15], a single
DoF-RLM [16,17], two or multiple DoF-RLM [18–20], multiple arms [21,22], and a parallel
manipulator [23,24]. Furthermore, there are attempts to develop a swing load method
of manipulation designs [25,26]. Apart from the perspective of manipulator arm design,
fully actuated multirotor UAV designs incorporating tiltable rotor morphologies [27] and
tethered UAV [28,29] developments are also underway.

While each of these approaches has its contextual advantages, they also come with
limitations. Helicopters can handle large payloads with a higher level of freedom, but are
limited to working in open environments. Tethered UAVs are lightweight and can handle
objects with a better power-to-weight ratio, but have restrictions in their workspace, freedom,
and reach. Small UAVs equipped with grippers excel in grasping operations, particularly
in structured and less cluttered environments. RLM-attached aerial robots surpass all the
previous examples in terms of workspace and degree of freedom (DOF), however, due to the
limitations that RLMs possess in terms of dexterity, reach, power-to-weight ratio, flexibility,
compliance, and the safety of the environment and humans, UAVs equipped with RLMs are
not effective, especially when the manipulation space is cluttered. Furthermore, employing
RLM-enabled UAVs raises safety concerns, particularly in robotics situations where human
interaction is required. Moreover, all the RLM-based UAVs design morphologies lack
compliance with the environment. Overall, these aspects are crucial in understanding
existing aerial manipulation, considering both their strengths and challenges [13,14,30,31].

When the need for a compliant and safe manipulation system arose, research works
proposed control-based solutions [32–34], while another set of attempts focused on achiev-
ing compliance through mechanical design [35–37]. Although virtual impedance control-
based solutions were proposed, the complexity and issues with sturdiness under different
external conditions favored mechanical compliance-based designs. As a result, consider-
ing mechanical compliance, dexterity, and safety aspects, researchers began focusing on
developing aerial robots as continuum arm aerial manipulation systems (CAAMSs).

1.2. Overview of Continuum Arm Aerial Manipulation System (CAAMS)

Continuum manipulators can present several task-specific advantages for aerial manip-
ulation. These include the inspection of cluttered scenes in industrial environments, corner
inspection of building infrastructures, examination of duct systems in industrial plants, and
applications in agricultural operations. Despite the substantial growth in research and de-
velopment concerning rigid link manipulators for aerial manipulation systems, continuum
manipulator-enabled aerial manipulation systems are still in their infancy, with only a few re-
search records emerging over the last few years. The objective of uncovering the potential of
continuum manipulators (CMs) beyond medical applications can be effectively harnessed in
the field of aerial manipulation. Aerial manipulation poses challenges in controlling two sys-
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tems, primarily the unmanned aerial vehicle (UAV) and the manipulator. We firmly believe
that providing a summary of the current state of research on continuum manipulator-based
aerial manipulation systems, alongside a design and prototyping-oriented summary of CMs,
can significantly benefit researchers and engineers focusing on integrating a continuum
manipulator with a commonly available UAV platform.

The Figure 1 depicts a CAD model of a CAAMS with a TDCR. There have been notable
endeavours to harness the potential of continuum manipulators for aerial manipulation
tasks [31,38–48]. These works are discussed under the Section 2. When it comes to aerial
manipulation, payload weight, dexterity, manoeuvrability of the manipulation system, com-
pliance, and safety of the environment and humans are considered important factors [31].
In this respect, CMs possess advantages over RLMs [38,45]. In modern day, various UAV
systems are being researched or used for several manipulation applications, such as non-
destructive inspection of industrial sites [1], agriculture [49,50], application in construction
industry, including inspection [17,51], water body sample collection [52], search and re-
trieve [53] operations, etc. These application domains in general exhibit non-uniform space
with obstacles, hence high compliance and dexterity are required to perform the tasks with
ease. Even though there are several RLM-based aerial manipulation systems proposed by
various research studies, only a few applications have been implemented for real world use
cases. This might be due to the limitations of RLMs in terms of the aforementioned traits
required for aerial manipulation tasks. Therefore, tapping the potentials of CMs for aerial ma-
nipulation can pave the way for many effective real-world applications. Figure 2 depicts two
different conceptual application possibilities of CAAMSs, where Figure 2a shows a CAAMS
in a water sampling application and Figure 2b shows a cooperative aerial manipulation task.
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1.3. Overview of CRs

Continuum robot (CR) research has been an active field of research for over three
decades [54,55] and has seen exponential progress during the last decade (until the time of
writing), as shown in Figure 3. The exploration of continuum manipulators began in the
1960s with the introduction of Orm, a pneumatically-actuated hyper-redundant manipula-
tor developed by researchers at Stanford University [56]. Following the development of
Orm, the first tendon-driven, hydraulically actuated, hyper-redundant manipulator, known
as the ‘tensor arm’, was patented in 1968 [57]. Researchers further contributed to this field
by introducing the first continuous backbone tendon-driven manipulator named ‘Elastor’.
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Various definition statements exist for characterizing continuum robots. This paper
adopts the definition provided by [58], synthesizing prior definitions by [59] and [60].
Accordingly, a continuum robot is described as follows: “A continuum robot is an actuatable
structure whose constitutive material forms curves with continuous tangent vectors” [58].
This definition serves to clearly differentiate continuum manipulators from multi-link
backbone robots. These multi-link backbone robots are referred as ‘quasi-continuum robots’
in some literature. Moreover, it is essential to specify that our survey exclusively addresses
manipulator robots constrained on one end. The scope does not encompass snake robots or
any other types of mobile continuum robots.

While articulated rigid link manipulator (RLM) robots, the counterparts of contin-
uum robots (CRs), continue to dominate various application areas, CRs have garnered
significant attention in the medical industry, particularly within surgical procedures. Ex-
tensive research and development efforts focused on surgical applications have robustly
demonstrated the capabilities and advantages of continuum robots, while also highlighting
the associated challenges [58,61,62]. It is noteworthy that the versatility of continuum
manipulators (CMs) extends beyond the medical field. Research and implementations
have showcased the suitability of CMs in diverse domains, including inspection and
maintenance, fluid delivery applications, operations in hazardous environments, object
manipulation, and cleaning [63–66].
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1.4. Categories of CRs

According to the review work [64] on continuum robots (CRs), these robots can be
categorized into two groups based on actuation methodology: (1) extrinsic actuation and
(2) intrinsic actuation. In intrinsic actuation, the actuation occurs within the body of the CR
itself, whereas extrinsic actuation involves actuators placed at the base of the continuum
robot. Within extrinsic actuation, CRs can further be subcategorized as (1) TDCRs, (2) con-
centric tube robots (CTRs), and (3) rod-driven continuum robots (RDCRs). The intrinsic
actuation class encompasses (1) fluid muscle robots (FMRs) and (2) soft growing robots
(SGR). A more detailed exploration of these classes is available in [64]. It is worth noting
that the development of SGRs and FMRs is still in its early stages, compared to CTRs and
TDCRs. This indicates that these technologies may require a significant amount of time to
reach maturity before they canbe utilized in practical applications like aerial manipulation.
Therefore, extrinsically-actuated designs from the literature are examined, while focusing
on aerial manipulation as the primary application.

Each type of continuum robot (CR) boasts a distinctive design (in this work, the term
‘design’ is used to refer the CR’s structural aspects only), along with its unique strengths,
limitations, and capabilities. The CTRs stamped their strong utilization in the medical
industry [61,67,68] and many high-tech medical industries adopted them for surgical
equipment and system development. CTRs feature specially-treated and manufactured
hollow tubular profiles, where a single tube or multiple concentrically arranged tubes
function as the manipulator. The driving mechanisms for CTRs typically involve motor-
driven lead screws or linear track and pinion mechanisms [68]. However, these mechanisms
are complex, and the driving compartment that encapsulates them is bulky compared to
those in tendon-driven continuum robots (TDCRs).

TDCRs are often conceptualized as flexible spines with multiple parallel-arranged
supports, radially surrounded by flexible tendons. RDCRs are similar in design, but use
flexible rods instead of tendons to actuate the continuum body. In most cases, the tendons
of TDCRs and rods of RDCRs are actuated by electrical motors, serving as force transmitters
from the driving motors [69]. Some innovative designs integrate the electro-mechanical
and control aspects of both CTRs and TDCRs [68]. Figure 4 provides a classification of
TDCRs under two major categories based on the backbone design: (1) continuous backbone
TDCRs and (2) multi-link backbone TDCRs. The multi-link backbone TDCRs are also
referred as ‘quasi-continuous tendon-driven robots’ in some literature. The classification
further indicates the different most common material choices available for elastic backbones
of TDCRs and the support structures. From these classifications, selected design details,
excluding fluid pressure-supported backbone designs and other designs unsuitable for
aerial manipulation, are discussed under the Section 4.

In the aerial manipulation stand point, a continuum manipulator should be slender,
have a compact structure, suitable weight capacity for inspection related manipulation,
and ease of scalability, while maintaining compactness [31]. There are many types of
extrinsically-actuated continuum robots (CRs) based on the actuation methodology and
structure they use, such as concentric tube, tendon-driven, fluid-based, and magnetic
integrated actuation designs. However, fluid-based CRs are comparatively heavier and
bulkier in size, and magnetic integrated designs are not suitable, as they can interfere
with the UAV and the environment. Considering the aforementioned facts, we believe
the tendon-driven design excluding the fluid pressure-supported designs can be more
suitable for CAAMSs. In this context, there is a recent survey covering the design and
fabrication methods of CTRs [68], which is useful in providing the design and fabrication
details of CTRs. Therefore, our focus mainly concentrates on studying TDCRs for aerial
manipulation systems.
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1.5. Previous Literature Surveys on CRs

Numerous literature reviews in the domain of continuum robotics (CRs) comprehen-
sively address various aspects, including overall design, modelling, control, path planning,
navigation, applications, and future perspectives. Figure 5 illustrates the distribution of ex-
isting literature across the major aspects of CRs focusing on (a) overall review, (b) vine robots,
(c) actuation, (d) applications, (e) medical, (f) design/modelling, (g) control/navigation,
(h) fabrication, (i) grasp/grip, (j) performance evaluation, (k) sensing, and (l) stiffness tuning.
It is evident that many reviews have focused on design, modelling, control, and navigation,
while few have delved into actuation, sensing, stiffness tuning, grasping, and fabrication.
Additionally, Figure 3 demonstrates a significant and rapidly increasing interest in CRs
among researchers.

The discussion in the above paragraph implies the need for a comprehensive reference
document containing all possible options related to fabrication of continuum robots (CRs).
This document would prove invaluable for researchers or developers focusing on integrat-
ing CRs into new applications, such as aerial manipulation, mobile ground manipulation,
inspection operations, and control strategy evaluations. Having a centralized reference can
facilitate the creation of prototypes without unnecessary struggles and time wastage. The
absence of a dedicated and structured set of reading materials that thoroughly explains
the design and fabrication methodologies for CRs is currently a scarcity. Therefore, there
is a crucial gap to be filled in terms of providing a complete and organized resource for
those involved in CR research, development, and enthusiasts. Such a resource could allow
researchers and developers to allocate their time more effectively, addressing challenges like
control, planning, navigation, and the integration of CRs into new real-world applications.

At this juncture, we again recall that Nwafor et al. identified a gap in the design and
fabrication methods within the concentric rube robots (CTR) class and made commendable
efforts to address this demand [68]. Inspired by [68] and recognizing the efforts of the Open
Continuum Laboratory, University of Toronto in supporting CR development globally, we
have undertaken a literature survey on the fabrication of tendon-driven continuum robots
(TDCRs), while discussing their suitability for aerial manipulation, including multi-link
backbone TDCRs. This survey aims to fill another segment of the literature gap, focusing
on TDCRs. In terms of ensuring the reproducibility of CRs as a system, we firmly believe
that, in conjunction with [68], our work will provide a robust foundation.
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1.6. Contribution of This Work

1. Providing a summary of existing works on CAAMSs and our perspectives on the
research horizon;

2. Summarising the literature of prototyping materials and methodologies of continuous
backbone TDCRs/multi-link backbone TDCRs/manipulators (hereafter, the term
‘flexible manipulators’ will be used to refer both the types together) under a well-
structured classification. We study the aspects of flexible manipulators through
the following categories: (1) multi-link backbone TDCRs, (2) preparation of TDCR
backbone, (3) fabrication of TDCR support structure, (4) tendons, (5) stiffness tuning,
and (6) errors and calibration in the TDCR synthesis. This classification provides a
systematic approach to understanding various aspects of flexible manipulators and
their fabrication;

3. Our perspectives on different aspects of flexible manipulator components and fabrica-
tion towards aerial manipulation using drones.

1.7. Review Methodology

A thorough study and summarisation of research publications available at the time of
writing this paper have been conducted. The focus of the study is primarily on research
publications from the last decade, along with key design and fabrication-oriented early
research. Patent works have been excluded from this study. Additionally, publications
that do not explicitly cover fabrication details have not been included. The information
extraction method is graphically illustrated in Figure 6.

Emphasizing the original intention of this survey, which is to provide fabrication
options for researchers and developers working on the integration of TDCRs for various
applications, it is important to note that this work specifically investigates well-developed,
common types of designs. New approaches that explore innovative and not fully developed
methods for TDCRs, such as origami-based designs [113,114], braided designs [115], bio-
mimicking approaches, etc., are not covered. Similarly, within the multi-link backbone
TDCRs category, considering the compactness, design evolvement, wider adaptation,
and less complexity, only the cross universal joint type and globe joint type robots are
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included. The article begins by providing an overview of current horizon of the CAAMS
research in Section 2, followed by a concise overview of the design parameters in Section 3.
Subsequently, Section 4 comprehensively addresses the fabrication and preparation of multi-
link backbone TDCRs, TDCR backbones, TDCR support structures, tendons, actuation
units, methods of stiffness control, and errors and calibration. In the conclusion, the key
aspects of the study are summarised.
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2. Continuum Arm Aerial Manipulation Systems (CAAMS)

Continuum manipulators (CMs) designed for aerial manipulation and integration
with multirotor unmanned aerial vehicles (UAVs), hereafter referred to as CAAMSs, have
been the subject of investigation by a limited number of studies. Jalali and Janabi-Sharifi,
proposed a set of conceptual systems for aerial manipulation utilizing continuum manip-
ulators [31]. They explored various configurations, including UAVs with a single CM,
multiple CMs, collaborative CAAMSs, and UAVs with extensible CM. In this work, they
also conducted benchmarking of aerial manipulators (AMs) while comparing CMs against
rigid link manipulators (RLMs) and stated the advantages and challenges of using CMs.

Additionally, as indicated by [38,45,116], continuum arm robots exhibit specific advan-
tages over RLMs. These research works further suggest that at present, there are only a few
features, such as payload capacity, agility, controllability, path planning, and positioning,
posing challenges to CMs compared to RLMs. Despite these challenges, CMs demonstrate
superiority over their counterparts in many other aspects, including safety, dexterity, han-
dling unstructured environments, and flexibility. The challenges with CMs mentioned here
are applicable when it comes to CAAMSs, since the aerial vehicles incorporate CMs for
aerial manipulation. Therefore, an area that offers opportunities for further research is the
control and navigation of CAAMSs toward producing a robust system that can perform
useful aerial manipulation tasks precisely and accurately.

Researchers undertook the modelling of a CAAMS with a single continuum ma-
nipulator (CM) and simulated its dynamics and control [45]. In this attempt, the aerial
manipulation system was considered, such that the CM and the UAV are treated as two
separate systems for modelling their dynamics, employing the Cosserat rod and Cosserat
string models to model the continuum arm. To ensure a set of real values for the CM’s
structural parameters, the researchers utilized the design parameters given in one of the
previous CM works [117]. Conversely, in another work, considering the UAV and the
CM together as a single system, modelling and control simulation were performed using
the Euler–Lagrange theorem [16]. A CAAMS featuring two continuum robotic arms has
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been proposed, encompassing modelling, pre-grasp planning, and control [42], aimed at
enhancing load handling capacity, stiffness, and compliance. This research used Euler–
Lagrange method for modelling and experimented the developed control and planning
strategies through simulation. Ghorbani and Janabi-Sharifi developed a method for state
estimation CAAMSs using deep neural networks (DNN) and extended Kalman filter (EKF)
for dual-arm CAAMSs [43].

Only a few attempts have been made to construct prototypes of CAAMSs. A NiTi
backbone CM was prototyped with a 3D printed support structure and tested for use with
UAVs [118]. This continuum robotic arm is tendon-driven and was experimentally assessed
for its kinematics on a UR5 robotic manipulator simulating the UAV-base. Alongside the
kinematic behaviour, the arm underwent testing for its static properties. Given that the
stiffness of CM is a critical parameter influencing payload capacity, researchers conducted
stiffness evaluation for the arm prototype [118]. The study also recommended hardware
specifications, including off-the-shelf actuators for CM fabrication, serving as a valuable
starting point for those aiming to integrate CMs with UAVs. However, it is important to
note that this prototype was not tested in an actual flight scenario.

A research project conducted at the Singapore University of Technology and Design
developed a tethered continuum arm aerial manipulation system (CAAMS) where the CM
arm segment is integrated with the UAV, and the actuation system is tethered from the
ground [40]. In this setup, the CM features a NiTi backbone with 3D printed supports.
However, the actuation is facilitated by a ground-based tethered tendon-driven system,
wherein an actuator pack is mounted on the ground, and tendons are routed up to the UAV
for CM control. Consequently, this system has limitations in operating at greater heights
and in complex environments.

Researchers in University of Hongkong developed an aerial platform named AeCoM
featuring a lightweight continuum manipulator (CM) that claims to exhibit precise end
effector pose under external force [39]. It is important to note that the manipulator is a multi-
link backbone TDCRs. It is constructed using 3D printed cross-universal joints with four
spring-paths radially supporting the vertebrae. This work addresses the tendon slacking
issue, an undesirable behavior in a continuum robotic arm under inertia forces during
sudden acceleration. The primary objective of this continuum arm aerial manipulation
system (CAAMS) is object grasping. However, it possesses a larger size compared to the
UAV body, which may not be a desired feature in terms of power consumption and access
to confined spaces. Table 1 offers an overview of the works conducted on CAAMSs to date,
while indicating their main contribution.

Table 1. Overview of the research conducted into CAAMSs and their core contributions. (DCPM:
decoupled modelling that considers the UAV and CM as two separate systems, CPM: coupled
modelling that considers the UAV and CM as unified system, CRT: Cosserat rod theory, E-L: Euler–
Largrange, EKF: extended Kalman filter.).

Work Main Contribution Prototype Made? DCPM/CPM Modelling Method

[45] Modelling and control simulation No DPM CRT

[38] Modelling and control simulation No CPM E-L

[42] Modelling a CAAMS with dual arm, pre-grasp
planning and control No CPM E-L

[43] Development of EKF utilizing DNN for state
estimation of dual arm CAAMS No CPM E-L

[118] Prototyped a CM and experimentally tested its
kinematic, static and stiffness properties Yes N/A CRT

[39]
• Prototype of a lightweight CM.
• Tendon slacking prevention control.
• Precise pose control for CM end effector.

Yes CPM N/A
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2.1. Perspectives on CAAMS Research

The design of CAAMSs possibly needs to explore variations in terms of operating
scenarios, including performing operations above the UAV’s body, operations below the
body, and operations sideways. In each of these scenarios, the CM may need to be attached
either on top, underneath or on an extended profile towards a side. These choices can
pose challenges inherent to the design of CMs. For example, when attaching the CM,
we need to take extra care to make sure CM will never interfere with the propellers. In
addition, the CM’s mass should be distributed such that the system’s centre of gravity
is kept with in a safe region for balancing. When the CM is taken to a side, the CAAMS
design should counter-balance the mass of the CM. Furthermore, these design choices
can directly impose challenges in dynamics modelling and control of the CAAMS, mainly
due to the fluctuation of inertia and reactive wrenches due to the CM’s motion [16]. At
this juncture, design variables could be investigated within the UAV design as well. For
example, (1) variable angle tilt rotor UAVs for orienting the base of the CM in different
poses, and (2) fixed angle tilt rotor UAVs to have fast response for changing orientations of
the base, compared to variable angle tilt rotor UAVs [38], could be considered to exploit
their capabilities for CAAMSs.

Additionally, means of providing translational motion capability to the CM with
respect to the UAV body is also a critical factor in design. When the CAAMS is used for
an inspection or maintenance task where a narrow passage or cluttered scene is present,
translational motion freedom, in addition to the bending, is necessary. This necessity arises
to navigate the CM through the desired path. Even though a UAV can provide translational
motion, the accuracy and precision may not be enough to match the demand of the use case.
Essentially, the modelling, control, navigation, and path following capabilities of a CM
attached to a floating body (UAV) is highly challenging. The modelling and control problem
can be even more challenging when the CAAMS needs to have coupled dynamics operation
with a multi-CM installed, which is a highly non-linear problem [42], or when tasked
to perform collaborative operation between multiple CAAMSs [31]. There are various
control methods of CAAMSs attempted in simulation, including vision-based control [48]
for coupled dynamics system with uncertainties, hybrid feedback control [47], and PID-
SMC [42]. Employing methods involving machine learning and artificial intelligence
techniques may benefit to bypass complex modelling and solve challenges [42]. However,
consideration should be given to how feasible a control strategy is to implement a CAAMS
for real-time operation.

Another prominent area to consider when developing a CAAMS is the method of
state estimation and shape sensing for the CMs and CAAMSs [43,80,107]. The CMs need
special focus, as they are intended to be utilized to deal with unstructured, cluttered, or
difficult to access spaces. When CMs are designed, feasible state estimation hardware with
fabrication feasibility and relevant state estimation methodology and algorithms also need
to be focused on. This opens a completely unique research area in the CAAMS domain.

When aerial manipulation involves grasping-based operations, for example, pick and
place tasks, the CM should be capable of catering the requirement. It can be achieved by
either a dedicated gripper as the end effector, or by manipulating the continuum portion
of the CM around the object. A detailed study on the various possibilities of grasping
can be found from [105]. Further, when choosing gripping mechanisms, one should take
care of the weight and size of the gripper, as it can greatly induce the inertia fluctuation
when the CAAMS is in operation. Moreover, the actuation mechanism of the gripper
can also influence the total weight of the CAAMS, which is crucial. Existing literature
surveys on grippers can help to evaluate a gripper design, such as in [104,119,120] where
they cover the options for soft grippers as well. Soft grippers would be beneficial when
the aerial manipulation is performed in a force-sensitive environment. In addition to the
grasping, the ability to compactly keep the CM around the middle of the UAV is important
to avoid the tendon-slacking effects on the fly [39] and avoid unnecessary interaction with
the environment.
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From Table 1, it is evident that research activities, both in terms of quantity and the
depth of exploration in the CAAMS domain, are still in their infancy. Most researchers
limited themselves within simulation studies. Therefore, the potentials of CM for aerial
manipulation warrant investigation on physical CAAMS, particularly with a focus on
applications. This exploration should delve into various aspects, including design, man-
ufacturing, control, navigation, guidance, safety, accessibility, payload capacity, reach,
and dexterity. Hence, to support these types of research works focusing on real-world
implications, there needs to be physical prototypes of CAAMSs. It also implies that to come
up with a physical CAAMS, the availability of concise reading material encompassing the
fabrication methods of CMs could ease the burden on the researchers.

3. Elements of a TDCR
General Design of Typical TDCRs

Figure 7 presents the anatomy of a typical tendon-driven three-section robot. Here,
it is assumed as there are two antagonistic pairs of tendons used for driving each section.
Concerning design, morphologies can be explored from different angles. Examining the
CR-backbone reveals various design classes, as shown in the Figure 4. Additionally, in
terms of workspace and dexterity, the design of CMs is analyzed based on the number of
sections they possess. In the case of a straight-path tendon-driven robot (different tendon
routing are discussed under section xx), increased sections result in more versatile curves.
Nevertheless, researchers have demonstrated that achieving versatile curves or shapes is
possible within a single section of a CM, using helical tendon routing (HTR) [121–123].

In a TDCR, the backbone provides the shape while taking the load together with
tendons. Tendons are also responsible for driving the continuum structure. The sup-
ports/disks provide the peripheral shape while facilitating guide holes (referred to as
eyelets) for tendons. An early research work investigated the fundamental design pa-
rameters of an antagonistic tendon-driven CM using segment length (L), diameter of the
supports (D), and eyelet height (H), as outlined within Figure 8. The path and length of
the backbone centreline is considered for modelling the CM. The backbone is treated as
thin, highly elastic, and non-extensible, and researchers have experimentally found a set of
optimum design parameters for TDCRs with an elastic backbone under constant curvature
assumptions [124].
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Figure 8. (a) The most common TDCR type. D: Diameter of the support disk, L: segment length,
and H: eyelet height. (b) A random section deflected under a general tip load W and an external
moment M.

The researchers of [124] defined a non-dimensional eyelet height (h) as the ratio
between the eyelet’s normal distance from the backbone and backbone segment length at
its natural position. They proposed a range of h, such that 0.2 < h < 0.5, with the optimal
value being h = 0.4. This minimizes the error for using constant curvature kinematics
against non-linear models. The researchers also determined the segment (space between
two supports) design that minimizes tendon slack (S) (Smax = 2 − sum of the lengths of the
cable pair of the segment under a particular driving condition). Hence, they found that
h = 0.3 provides the critical value for Smax, thus the researchers proposed the increase of h
to reduce the tendon slack. Reducing tendon slack is crucial to avoid tendon entanglement
and prevent missing pulleys or guides and eliminate actuator backlash. As demonstrated,
a large h is required to reduce the tendon slack, and this can be interpreted as reducing the
segment length (gap between supports) to reduce the slack.

Even though many works have not reported on the total weight, including the actua-
tion compartment to power ratio of the CMs, this ratio is one of the critical parameters when
CMs are utilized for mobile manipulation applications or space applications. Those intend-
ing to use a CM for such applications should investigate any design in the literature for its
weight-to-power ratio and ensure it has the required value for the intended application.

The equations given in the Table 2 can be useful in designing the CM’s geometry
according to the application in hand. Non-dimensional load capacity can be used as a
tool to make decisions during the design phase, as it can provide a measure of the robot’s
ability to handle loads compared to its length, applied unit load, backbone diameter, and
the selected material [124]. Non-dimensional eyelet height enables the designer to justify
the CM design, such that it is optimized for the least tendon slack and accurate constant
curvature kinematic implementation [124]. The slenderness ratio is an important factor
to ease the ability of the CM to traverse through constrained space [125]. When variable
length backbone, disk-supported CMs are designed, it is crucial to determine the maximum
number of supports possible, along with the possible maximum curvature and minimum
length to allocate, because all these three parameters are interrelated [126].

Avoiding singularity is crucial in CR operation. Generally, these robots can suffer
from performance issues, such as an inability to move in certain directions, and lack
the required accuracy and stiffness [127–129]. Singularity issues in continuum robots
are investigated across various types, including TDCRs [130,131], CTR [132] and parallel
continuum robots [127,133]. Since singularity is more of a design and modeling-oriented
problem, and the primary focus is on the fabrication aspects of TDCRs, this paper does not
cover a detailed discussion on continuum robot singularities.
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Table 2. Some basic parameters to consider when making a TDCR.

Design Parameter Equation Reference

Non-dimensional load capacity (w)

w =WEI
L2

Where:
W: Applied tip load of a segment
L: Length of the segment at its natural position
E: Young’s modulus of the backbone
I: Second moment of area of the backbone

Li and Rahn [124]

Non-dimensional eyelet height (h)

h =H
L

Where:
H: eyelet height
L: Length of the segment

Li and Rahn [124]

Minimum length of a section of a variable
length CM made by concentric tubes
as backbone.

lmin= p.h Amanov et. al. [126]

Maximum curvature Kmax(li) of a section of
a variable length CM made by concentric
tubes as backbone.

Kmax(li) =
li−lmin

li. d
2

li: Section length in neutral condition
d: Spacer disk diameter
lmin: Minimum length of a section
Where Kmax(li) ≤ Kε

Kε = 2ε
∅o(1+ε)

ε: Maximum recoverable strain of the backbone material
∅o: The largest tube diameter of the respective
backbone section

Amanov et. al. [126]

Slenderness Sld = L
D Tonapi et al. [125]

4. Fabrication of TDCR
4.1. Preparation of Multi-Link Backbone TDCR Structure

Multi-link backbone TDCRs typically feature a snake-like spine (serpentine). They
can be categorized broadly into cross-universal joints, globe/ball joints, and other types
of joints. Cross-universal joints possess too rotational a DoF and globe joints have three
rotational DoFs. Example CAD models of a globe joint and cross-universal joints are
illustrated in the Figure 9.
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4.1.1. Cross-Universal Joint

A cross-universal joint is composed of two orthogonal individual axes (Yaw and Pitch),
facilitating two degrees of freedom (DOFs) of movement between two successive links in
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two perpendicular directions, thus the potential to create a 3D workspace. The discrete
links with alternating diagonally-aligned joints contribute to the overall arm having high
torsional stiffness. Additionally, this design allows for a significant degree of bending at
individual links, while maintaining a high load-handling capacity [39,134–139]. Therefore,
these types of manipulators are explored for applications beyond the medical field in
the realm of continuum manipulators, including aeroengine repair [135], nuclear plant
maintenance [136], and aerial manipulators for pick and place operations [39].

There are two main approaches followed in positioning the joints. Some designs choose
to place the joints along the centreline of the backbone, resembling vertebrae [39,116], while
others prefer to position them at the periphery or outer surface of a tubular-profiled manip-
ulator design [134,136]. In the latter approach, the tendon guides (eyelets) are fashioned
either in the form of welded guide rings radially attached to the joint supports [134,136], or
as guide holes (eyelets) created on disks inserted at equal intervals throughout the manipu-
lator. Conversely, the centreline-based joints method features radially extended flange/disk
profiles around each joint, providing eyelets for routing the tendons [39,116,137].

Vertebrae Profile

In designs with vertebrae profiles, the structure is bolstered by radially arranged
equidistant compression springs connected to the disk profiles. This configuration en-
hances the bending stiffness of the arm. Moreover, the tendons also pass through these
springs. This design is comparatively less complex than the tubular-profiled one and
can be fabricated using various methods such as 3D-printing of polymers or machining
of materials like steel and aluminium [39,116,137,138,140,141]. When excessive force is
applied through the actuating tendons, it may lead to excessive compression on the springs,
causing undesired effects, such as buckling, in another plane. To address this issue, [137]
a sliding link universal joint design capable of distributing excessive compression on a
certain link-spring to other links can be incorporated.

Tubular Profile

The tubular-profiled structure offers space not only to accommodate tendons, but also
flexible tools, wires, and any other necessary components that need to be taken up to the
end of the manipulator without interfering with the outer environment [116,135,136,142].
These include signal/power cords for sensors, light sources, and end effector–actuators. In
some designs, such tools or cords are directed through dedicated disks with lumens (holes)
embedded across the length of the manipulator [142,143]. Material options for constructing the
tubular-profiled cross-universal joint manipulator arm structure include the SUS 316 austenitic
stainless steel containing molybdenum, titanium alloy, and 316L SS surgical stainless steel, etc.

Various manufacturing techniques are employed across different research works.
Processing tough metals like titanium involves methods such as laser cutting [134] and CNC
machining [134]. In the case of tubular designs, the links are manufactured and connected
using a rivet pin [134], pin-free pivot-like contacts with compliant twin pivots [135], or
pin-free rolling contact joints where all the links are connected through tendons [136].
There are a few works that have attempted 3D printing of the joint and the structure using
polymers as well [144]. An innovative technique by Liu et al. produced a thin, one-bending
DOF manipulator structure, without the need for assembly. The technique involved laser
profile machining on a 2.2 mm diameter, 316L SS tube [142].

If the application requires traversing a narrow and long passage to reach the point of
interest for performing the desired task, the manipulator could be designed with two stages:
one feeding portion as the proximal part and a manipulation portion as the distal stage. In
such designs, the feeding part’s stiffness and shape could be supported with a backbone
made of materials such as NiTi rods [135,136]. When continuum manipulators are actuated
extrinsically, the torque requirement increases with the mass of the manipulator. The
cross-universal joint type manipulators made of metal are quite solid, as the joints occupy a
significant volume of mass. Therefore, designs should consider mass optimization of CM’s
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components against the required strength, to enhance performance. The works [134–136]
applied slots and bevel cuts on each individual link (or disks), which optimized the mass
of the manipulator while the bevel cuts provided restricted bending.

Ma et al. presented an extensible manipulator comprising two sections arranged
concentrically. They introduced a technique using steel wire mesh to cover the surface of
the manipulator sections, enhancing torsional stiffness, and ensuring smooth translation of
extensible sections. Additionally, this design incorporated a spring backbone within the
internal section [134]. Guoxin Li et al. also employed wire mesh to cover the manipulator,
facilitating navigation through narrow passages [136].

4.1.2. Globe Joint

The globe joint is designed in such a way that a spherical object (globe) freely turns
inside a truncated, hollow sphere (globe seat). Each of these spherical portions is connected
to different links. This morphology provides the joint with the ability to orient the connected
bodies in any orientation with respect to each other, until they restrict the movement either
by themselves or by an external body. In general, the joint is designed to accommodate a
tendon guide structure with eyelets, and they are supported with springs between every
two joints radially. Similar to vertebrae-type cross-universal joint robots, springs are
typically mounted in a way that the tendons are routed through them [145–147]. A globe
joint-based manipulator could be less stable and exhibits low stiffness. Incorporating helical
springs [145–147] or flexure hinge [148] can increase the bending stiffness and stability of
the manipulator. A CAD model shown in Figure 9a provides a general structure of globe
joint. As spherical joints are comparatively difficult to produce, recent designs exploit
3D-printing techniques, which provide accuracy and weight reduction [145,147].

Researchers have introduced non-conventional designs using globe joints. Shen et al.
created a three-section prototype with spherical joints applied with a sandpaper layer. This
method provides variable stiffness through friction. In contrast to the conventional method
of attaching radially aligned spring supports, this design introduced a series of springs
placed along the center line of the robot [145]. Researchers synthesized a pipe-fish-inspired
square cross-sectioned structure with globe joints made of glass ball and 3D-printing [147].
This design was proposed for whole-arm grasping of various objects.

4.1.3. Perspectives on Multi-Link Backbone TDCR Designs

Certain aerial manipulation applications, such as heavy object grasping, agricultural
harvesting operations, and power tool handling in maintenance tasks, demand high strength,
load-handling capacity, and torsional stiffness. Cross-universal joints can offer more tor-
sional rigidity without compromising bending capability. However, the complexity in design
and the increased number of individual components add more mass to the manipulator,
making it less suitable for applications requiring a lightweight design. It can become heavier
compared to an elastic backbone design, necessitating weight optimization methodologies.
Nonetheless, innovative designs using carbon fiber as a manufacturing material or special
topology-optimized 3D printing of the joints can overcome this limitation. Titanium alloy is
preferable when a lightweight manipulator with high strength is expected. Moreover, SUS
316 and 316L stainless steel are corrosion-resistant, making them suitable for operating in
environments susceptible to corrosion. 3D printing techniques can be a labor-efficient way
to manufacture the arm, while optimizing weight. However, the friction between the links
may be higher compared to molding or machining processes. Therefore, special operations
such as sanding and applying a Teflon coating might be needed to reduce friction.

As discussed in Section 2.1, having a continuum manipulator (CM) with translational
motion capacity is crucial for tasks where the aerial manipulator may need to navigate
through complex environments. These include inspection of industrial infrastructure,
precision agriculture, and environment sampling. Accommodating concentrically arranged
multiple sections is a convenient design method to produce an extensible continuum
manipulator with cross-universal joints. Such an extensible CM can exhibit the bending
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and translational motion required to navigate through complex environments. Laser
profiling is suitable for accurately producing the designed components, especially for
miniature designs. Miniature CM designs can be beneficial for miniaturized UAVs used
for operations like pollination in precision agriculture. When the CM of an aerial vehicle
is operated with grippers or power tools or sensing mechanisms, it is important to have
a channel to keep the power and signal cables running from the tip of the CM to its base.
Having the joints at the surface provides the advantage of lumens along the center line of
the CM for these signal or power cables.

4.2. Preparation of TDCR Backbone

CM Backbones are prepared in various forms using various materials, such as elastic
backbones made of springs [149], super-elastic solid metal rods [150], super elastic metal
tubes [151], carbon fibre-based tubes [152], and soft materials like silicone [153].

4.2.1. Spring Backbone

Spring backbone robots are mainly fabricated using two types of helical springs,
compression springs [123,154,155] and extension springs [156]. In most designs, the spring
serves as an alternative to an elastic backbone medium. Other aspects, such as support
structures, tendons, driving methods, etc., are the same as those discussed for elastic
backbone robots in the following subsections. In many designs, the chosen spring is meant
to provide flexibility for spatial bending, while some designs, the selected springs can allow
for extension and contraction [155,157,158]. When springs are used as the backbone, they
need to be covered with a flexible sheath to avoid tangling with the environment [154].

If the CM boasts a multi-section design, the sections are separated by spacer disks/solid
couplings [149,155]. Springs have been opted for when the application requires a lengthier
robot that can be compactly packed [125,149]. When translational motion is in place in
other words, axial compression or extension is required, and all the tendons of a particular
section are pulled or released synchronously by the same amount, so that a compression or
extension of the spring backbone is achieved [154–156].

The spring backbone could be prepared either by having a single helical spring on
which the supports are fixed [123], or multiple small length springs connected together by
support disks [140]. Disk type supports are commonly used in conjunction with the spring
backbone. When putting together a helical spring as a backbone, a challenge is to maintain
a stable connection between the support disks and the spring. A possible solution could be
making a spring with two different pitch variations. The spring could be designed to have
subsequent coils with less pitch value, where the support disks could be easily connected to
the spring. The rest of the portions of the spring will have a comparatively larger pitch [123].
A method of attaching the disks and the spring could be friction fit, gluing, crimping etc.,
based on the design limitations one would have. However, a friction fit or gluing may fail
to keep the support disk at its primary position and orientation when the spring undergoes
heavy deflections. The spring should not be under tension or compression or bending and
should be straight when assembling with the disks. This will make sure the support disks
are firmly fixed and aligned parallel among them, while perpendicular to the backbone.
Proper crimping could be more stable compared to friction fit or gluing in this scenario.

When multiple springs are connected in series, the support disks can act as the con-
nection interface between two subsequent springs [125,146]. When connecting multiple
springs in series to produce a single backbone, the support disks can be made with longi-
tudinally extended profiles with threads. These threaded profiles can be used to join the
springs with the support disks, thereby producing a spring backbone made of multiple
spring segments [140].

Remirez and Webster III demonstrated that multiple shapes within a one-section CM
can be obtained by using a flexible spring and crossover elastic strips while utilizing a
single actuator [154]. Researchers in the work [123] showed that multiple S-bending shapes
can be created using a variable pitch spring and helical tendon routing. In their work, the
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spring was designed such that the positions where the support disks are to be fixed have
a smaller pitch, ensuring a sufficient contact area for the disks. The remaining portion of
the spring has a comparatively larger pitch. Another important point to note here is that
the chosen spring should exhibit high enough rotational stiffness to avoid twisting, while
providing sufficient bending flexibility.

4.2.2. Elastic Backbone

An elastic backbone in the context of a continuum robot could be understood as a
thin rod, tube, wire, or sheet that does not undergo plastic deformation under loading
conditions in the transverse direction. Further, it has the ability to return to its original
shape once the load is removed. Elastic backbones are used for constant-length CMs
and variable-length CMs in which the manipulator is extensible from a minimum size.
When they are incorporated for extensible backbone fabrication, the structure is referred
to as a telescopic backbone design or concentric tube backbones [151]. Basically, it is the
adoption of the CTR’s manipulator design as the backbone for TDCRs. A concise review
of concentric tube designs and fabrications can be found in [68]. Furthermore, the elastic
backbone structure can be a single backbone as the central line of the TDCR, or multi
backbones that are parallelly arranged along the length of the TDCR [150,159].

Commonly, there are four different choices for elastic backbone materials made among the
research community; metal alloys, polymers, fibre-based materials, and silicone. The backbone
material selection is mainly based on the application, task, and objective. When it comes to the
cross-section’s anatomy of the backbone, most works opted for the circular cross-section, either
in a solid form or hollow section, and some examples include [122,125,150,151,156,158,159].
This could be related to the capability to provide a uniform spatial bending in any direction
and commercial availability of the material. However, there are few works that preferred
rectangular [124] or triangular [160] cross-sectioned back bones, which are either commercially
available or custom produced through 3D printing. If a design goal prefers more resistance
against torsion, rectangular cross-sections could be a good choice, as they carry a large second
moment of area for the same area of a circular cross-section.

Metal Alloy Backbone: Fixed Length

Spring steel [122,124,161] and nitinol (an alloy made of nickel and titanium—NiTi) are
popular choices for metal alloy-based backbones. However, recent research works show
a preference for super elastic nitinol backbones over spring steel, with available options
including nitinol tubes, nitinol wires, and nitinol rods, for example [121,159,162–165]. From
a fabrication standpoint, the challenge lies in accurately securing the supports to the
backbone, unless the design is of a specialized nature that does not necessitate a singular
fixed connection point between the support disk and the backbone. Various techniques
are followed, such as crimping metal rings on both sides of a support [166], as illustrated
in Figure 10 and applying adhesives [122,161]. A critical consideration during backbone
preparation is the potential for changes in Young’s modulus due to applied modifications,
attachments, and attachment methods [122]. All of these factors can affect the accuracy of
the prototype compared to the respective mathematical model.
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Metal Alloy Backbone: Variable Length

The importance of variable length CRs arises when it needs to be navigated through
a torturous path. NiTi tubes in their austenite phase are utilized for making extensible
TDCRs [126,151,167,168] Extensible TDCRs can have varying lengths, allowing the robotic
continuum manipulator to possess variable arc lengths with varying radii of bending [169].
Researchers proposed various uses for extensible CMs, such as deployment in complicated
paths, environments that are difficult to access, and implementing the follow-the-leader
method for CM navigation. Primary design constraints for an extensible robot can be
considered, including the following listed conditions [126,151]:

• Expandability of the CM;
• Controllability of the individual sections for their lengths if it is a multi-section CM;
• Limit of the diameter of the CM;
• Means of control on bending (extrinsic tendon actuation/intrinsic actuation);
• Adjustability of section stiffness.

A continuum manipulator can be designed to be extensible in different ways, such as by
using super elastic NiTi concentric tubes as backbones [151], incorporating Type-3 disks with
magnetic repulsion that distributes the disks along the backbone [151,162] (please refer to the
section C along with Figure 11 for disk types), and spring-loaded CT backbone with Type-1
disks [125] etc. [151] and [126] kept the proximal section with fixed length that also has
Type-0 disks that are rigidly fixed to the backbone. In addition to these, a hybrid approach
is also possible where a solid elastic backbone TDCR with disks and a disk-supported tube
are assembled in a way that the former moves inside the latter. [167]. The concentric tube
backbone can be actuated for varying the length using a rack and pinion-driven linear
stage [126] or a screw carriage mechanism [126,162] etc. In such designs, each extensible
individual section requires a dedicated actuation mechanism for varying its length.
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However, there is another design approach that does not require dedicated actuators
for length variation. Researchers have shown that employing spring supports along the
length of the concentric tube backbone can provide longitudinal compliance [125,156].
In [125], the researchers proposed a robot identified as a ‘continuum robotic cable’ and a
method for spring-loaded concentric tube (CT) backbone length variation. This is achieved
by pulling the driving tendons by an equal amount, allowing each CT backbone to slide
one inside the other. A spring-loaded extensible CT backbone robot can be developed by
adding spacer disks along the backbone and connecting the springs using the spacer disks
as a means of connecting elements. This particular work [125] attempted an improvement
for the challenges in the NASA’s spring supported tendril robot [149]. The ‘tendril robot’
and multi-section CM concept proposed by Baiquan Su et al. [156] utilized a spring as the
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primary backbone. Table 3 expresses all these different options with a specimen reference
for each, highlighting their advantages and limitations.

Table 3. Extensible backbone CR designs with various mechanisms of length variation employed.
Some specimen examples.

Design Advantages Limitations Length Varying Mechanism Ref.

Magnetic repulsion
supported floating disks
with CT backbone.

• A passive means of
maintaining equidistance
between floating supports.

• Can leverage the advantage of
concentric tubes to navigate
through tedious paths.

• Challenges in applications in the
presence of iron objects.

• Challenges in applications with
sensitive electromagnetic
components.

• Need extra actuation for
concentric tubes, hence a bulky
actuation system and increase in
weight.

Variable length backbone on
which the support disks are
free floating. The concentric
tubes are driven by a
carriage mechanism.

[151]

Spring-loaded backbones
with floating disks.

• 1. High slenderness;
• 2. Hyper-elastic backbone

eliminates the buckling;
• 3. High curvature bending.

• Longitudinal oscillations could
be possible when a swift
longitudinal action takes place.
Needs extra effort in enveloping
the spring profile to avoid
entanglement with
the environment.

• Springs can add additional
weight which would not be
preferred in mobile manipulators
such as UAVs.

Pulling/releasing all the
tendons parallelly by an
equal amount, while letting
the backbones to change the
length in a synchronized
manner.

[125]

Spring backbone
(NASA’s Tendril)

• 1. Single motor pulley
arrangement;

• 2. Small form factor housing;
• 3. Achieved large length for

the CM;
• 4. High slenderness ratio.

• 1. buckling along the spring
backbone;

• 2. Challenges in modelling
and control;

• 3. Twisting of the joint springs;
• 4. Single motor pulley

arrangement for antagonistic pair
driving causes tendon slacking;

• 5. Oscillations could be present
during swift actuation.

A reel-drum mechanism that
winds the manipulator for
retraction or unwinds it for
extending.

[149]

Fully actuated
segment-based CM.

• Can achieve all four possible
DOFs for a single section.

• Can reduce actuator demand
for achieving complex shapes.

• This approach is still in at its
initial stage.

• Modelling complexity.
• Usage of magnet-embedded

disks has challenges against iron
objects.

Usage of Type-3 disks allow
the free movement of the
backbone using a carriage
mechanism. The alternating
pole magnetic disks provide
equidistance.

[162]

When the concentric tube-based extensible backbone sections undergo length adjust-
ments at various configurations, interactions within the system components or with the
environment can induce buckling in the concentric tubes. To prevent buckling and maintain
system accuracy and smooth operation, Nguyen and Jessica Burgner-Kahrs designed and
used a jig mechanism connected to the linear stage. This jig ensures that the unsupported
length of the tubes behind is supported by equidistant disks distributed by magnetic
repulsive forces [151].

Upon considering the diameter, length, and longitudinal compliance, the following
observations emerge. In concentric tube backbones, generally, the inner diameter (ID)
of an outer tube is nearly equal to the outer diameter (OD) of the inner tube with a
clearance for free movement. However, unlike concentric tube robots [64,68] there is a
non-zero minimum length that needs to be kept for extensible TDCR to accommodate
the sum of the thickness of all the supports [125,151]. T. D. Nguyen and J. Burgner-Kahrs
expressed the minimum length in terms of the number of supports and their thickness [151].
Furthermore, [125,156] showed that employing spring supports along the length of the
concentric tube backbone can provide longitudinal compliance. A spring-loaded extensible
CT backbone robot can be developed by adding spacer disks along the backbone and
connecting the springs using the spacer disks as a means of connecting elements [125].
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Inertia is a crucial factor in the dynamics and control of CRs. In the case of tubular
backboned CRs, engraving patterns on the tube can effectively reduce the area moment
of inertia and the mass moment of inertia of the CRs [167]. For a concise summary on
the methods of tube patterning, we strongly recommend referring to [68]. Amanov et al.
presented a hybrid prototype that combines a conventional TDCR design with a patterned
CTR design, resulting in an extensible TDCR [167]. In their design, the proximal segment
is a tubular structure that allows the distal section to move back and forth within it. Both
segments are operated by tendons, enabling translational motion through linear actuation.
This combination exhibits features of both CTR and TDCR designs, offering advantages
such as the ability to achieve multiple curvatures, change in length, and translational
degrees of freedom. It is noteworthy that in such designs, the internal and external parts
should be separated by a flexible, light, and smooth lamination to prevent sticking or
friction during relative motion [167].

4.2.3. Compliant Joint Backbone and Soft Material Backbone

The compliant joint backbone CMs are found in two forms, which are (1) pivoted
compliant joints [135] and (2) pivot less compliant joints [160,170–176]. There are various
materials selected for the fabrication of compliant joint backbones, which are either met-
als or polymers. Super elastic nitinol (Ni-Ti) is the popular choice among metal alloys
as the compliant joint material for producing CMs for repair/inspection/maintenance
works [171–173,177]. The manufacturing techniques used for making polymer-based com-
pliant joint CMs are commonly 3D printing [174–176]. As per the available literature,
compliant joint CMs are seems to be the most promising CM type for utilization in mainte-
nance/repair works. Backbones are made using soft materials, mainly with silicone when
the requirement is high flexibility over higher elasticity [153,178].

4.2.4. Perspectives on TDCR Backbone Preparation

The preparation of the backbone can greatly influence important factors in aerial
manipulator designs, such as weight, inertia, stiffness of the CM, actuation force required,
and flexibility and compliance of the CM. The heavier the backbone, the more power
it will demand from the primary power supply of the aerial vehicle. In addition to the
increased power requirement, a heavier backbone can also impose control challenges due to
increased fluctuations in the moment of inertia while the aerial manipulator is in operation.
Topology optimization techniques can reduce the overall weight of the CM, while ensuring
a safe stress distribution throughout the joints. Examples of such approaches can be found
in [175,176,179], with a compliance joint backbone CM where a 3D printing technique was
shown to be promising and feasible to manufacture an optimized profile of the CM.

Moreover, if the backbone exhibits greater bending stiffness, the actuators will need to
have higher torque capacity, which in turn can add more weight and power demand to the
aerial manipulation system. When the backbone’s elasticity is high while the stiffness is low,
the CM can exhibit more flexibility and compliance. This can enhance maneuverability in a
complex environment and ensure safety for both humans and the operating environment.
On the other hand, increased stiffness in the backbone will restrict the flexibility and
compliance of the overall manipulation system. Additionally, material selection for elastic
backbones should prioritize the ability to provide uniform spatial bending to ensure more
accurate model implementation for system control.

Aerial manipulation systems are expected to be working in a highly complex environ-
ment with irregular objects. If a spring backbone is chosen, careful lamination of the spring
is essential to prevent entanglement with the environment during operation. Despite these
challenges, the longitudinal deflection capability makes spring backbone-based extensible
designs suitable for field manipulation applications in complex environments. Moreover,
using varying pitch springs can influence stiffness, necessitating experimental determina-
tion of overall backbone stiffness. Another consideration is that spring backbones tend to
be heavier and occupy a larger diameter, compared to nitinol wire backbones with similar
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flexibility, and this could be related to the challenges discussed in the first paragraph of
this section (Section 4.2.4).

Elastic backbone CMs introduce their own set of challenges. Increasing the number
of supports can bring the CM prototype closer to the model, improving tendon traversal
curves. However, this may negatively impact mechanical properties, leading to reduced
model accuracy [122] which can add the additional control challenges of aerial manipulation
systems that are highly non-linear. The trade-off includes increased friction on the tendons
from the support disks, requiring more power to operate the CM and potentially affecting
control accuracy in aerial manipulation tasks.

The versatility of a CM capable of various curvatures is paramount, allowing de-
ployment in diverse path-following tasks without the need for optimization for specific
applications [126]. Single-section C-type curves or multi-curve (two or three sections) CRs
with translational actuation capabilities can handle torturous path navigation. However,
adopting designs involving magnetism may not be feasible in environments with iron
materials, which can often be the case in industrial infrastructure inspection using aerial
manipulation. Design and fabrication methods of extensible CMs which are originally
proposed for medical applications may not be feasible to directly scale when it comes to
large scale manipulation applications. Care should be taken in terms of the size and weight
of the actuation compartment, avoiding magnetic materials, stiffness, power to weight
ratio, length of the manipulator, etc.

4.3. Fabrication of TDCR Support Structure

The support structure is a crucial component for elastic backbone CMs, serving to
define the peripheral shape of the CM, guide driving tendons, create a secure path for
signal and power cords, accommodate flexible tools, and contribute to determining the
number of degrees of freedom (DOFs) in a TDCR. The support disks, often referred to
as spacers or spacer disks, can be categorized into three types: (1) disk, (2) incision, and
(3) vertebrae structures, as classified in Figure 11.

Disk structures can be further categorized based on their motion freedoms concerning
the backbone, as outlined in [162]. These disks are attached as follows: (1) Type-0, where
no motion is possible [122]; (2) Type-1, where only translation along the backbone is pos-
sible [126]; (3) Type-2, where only rotation is possible [162], and (4) Type-3, where both
translation and rotation are allowed [162]. Researchers have demonstrated the potential for
integrating Type-3 disks for a single-section CM design in [162]. A Type-3 disk can exploit all
four degrees of freedom (DOFs) for a single-section TDCR, encompassing two bending, one
translation in the form of extension/compression, and one twist about the longitudinal axis.
The support-attachment method should have minimal impact on Young’s modulus and other
mechanical properties to maintain model accuracy and prototype precision [122,126,162].
The incorporation of a high number of spacer disks helps ensure the tendons assume a
continuous, smooth bending shape [125]. However, the more the number of disks attached,
the greater their influence on the model, as it affects the mechanical properties of the CM.

The supports can take various forms, including tubes, and disks/plates of various
shapes [126]. Circular disks are commonly chosen as the typical profile in most works.
However, specialized designs adopting non-circular support structures also exist [160,161,180].
Figure 12 illustrates various possible shapes for preparing support disks where Figure 12a to
Figure 12e show a circular disk with centre hole(lumen) for accommodating signal transmission
cables, a basic circular-type solid-support disk, tri-arm disk, cross-arm disk, and a solid-square
disk, respectively. These different options could be considered for weight optimization of the
TDCR. However, in general, there is no difference when it comes to the function, as all of the
designs provide uniform radial distribution of tendons around the centreline. For fabricating
disks, a variety of material options are available in the research community, such as nylon, low-
friction thermoplastic [121], Teflon (Polytetrafluoroethylene)-rich delrin (Polyoxymethylene)
plastic [122], aluminium [126,162], polylactic acid (PLA) [151], etc. Teflon-rich delrin plastic is
excellent for reducing friction between tendons and disks at the eyelet.
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Figure 12. Some of the most common shapes of support disks. (a) Disk with lumen for signal cables,
(b) solid circular disk, (c) tri-arm disk, (d) cross-arm disk, and (e) solid-square disk.

When dealing with multiple sections in a CM, eyelets (tendon routing holes) are pri-
marily inserted depending on whether tendons for multiple sections are taken through the
same path or not. While some works employ the same path of tendon routing, others rec-
ommend having separate routing paths to avoid the entangling of tendons [125]. Figure 13a
shows the method of taking the tendons through dedicated paths while they stay along
the same radius at different offsets [181]. Figure 13b depicts a method of taking tendons
through different paths aligned at different angles at different offsets and Figure 13c shows
a way of taking all the tendons through the same path. Providing different centre offsets
for the tendons of each section can ensure that the tendons are not tangled. Using separate
paths can also reduce the loss in the tendon effort provided by the driving actuators. The
support structure is typically laminated with a flexible medium in environments where the
manipulator’s application is complex. Common lamination mediums include silicone [167]
and steel wire mesh [134], etc. However, these materials should be close enough to be
homogeneous and not significantly affect the mechanical properties of the CM [182].
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Figure 13. Method of tendon alignment when multiple section CR is fabricated. (a) Tendon routing of
a three section CR where dedicated paths with eyelets are aligned at the same angles, but at different
offsets; (b) for a variable diameter CM, large diameter disk corresponds to the proximal section
and the smaller corresponds to the distal section where dedicated paths with eyelets are aligned at
different angles and offsets. (c) Support disk of a constant diameter three-section robot where all the
tendons are routed through same eyelets.

Perspectives on TDCR Support Structure

As discussed in Sections 1.2 and 4.2.4, the weight and moment of inertia of the CM
should be minimal for optimized energy consumption and system control of the CAAMS.
However, the support structure can also influence the weight of the CM and moment
of inertia. This could be addressed by optimizing the weight of the support structure
against the required strength. Furthermore, designing the support structure with variable
diameter supports that decrease in diameter from the base of the CM to the tip can reduce
the moment of inertia of the CM. Moreover, the support structure also plays a key role
in producing friction on the driving tendons, which, if not addressed, can result in low
accuracy in system control of the CAAMS.
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The fabrication of a continuum manipulator (CM) with Type-0 supports is straightfor-
ward, and the design, manufacturing, and control aspects of CMs with Type-0 supports are
well-evolved. In contrast, Type-3 supports offer versatility in terms of degrees of freedom
(DOF) and actuator reduction possibilities, but their integration and control strategies re-
quire further analysis and development. As discussed in the backbone preparation section,
the number of supports per unit length involves a trade-off between position accuracy
and friction loss of actuation force [122]. During the design phase, the user must prioritize
these factors. Techniques such as using self-lubricating materials like Teflon-rich plastic
sheets for support preparation and applying Teflon coating on tendons and eyelets can
reduce friction. In a multi-sectioned CM, providing separate eyelets for each section is
recommended to avoid tendon entanglement and reduce friction, though this introduces
challenges in tendon slack control.

As the aerial manipulators are expected to be working in complex and irregular envi-
ronments, there is a high probability of getting stuck with the objects in the environment.
To address this issue, encapsulating the volume of the whole manipulator body surface
with a flexible medium like a silicone sheath is desirable. However, the encapsulation
medium should maintain consistent mechanical properties under varying environmental
conditions, especially when aerial manipulation is performed in open spaces under the sun
or in industrial plants, which can cause significant temperature variations. Any deviation
can impact the accuracy of the CR, causing a change in overall stiffness from the designed
values. This can further affect the manipulation accuracy of the aerial manipulator.

Another critical challenge in assembling supports with the backbone is ensuring that
the supports are aligned in a straight line and that their faces are perpendicular to the
backbone. An assembly track, as proposed in [183] is recommended for ease of support
assembly with the backbone and tendon routing. Figure 14 shows an enhanced version of
this method proposed by us. The assembly aid ridge and the assembly aid cut are aligned
together to hold the disks in same orientation to align the eyelets. This enables rightly
organized disks for the ease of assembly of the disks, tendons, and the backbone together.
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Figure 14. Assembly aid for assembling support disks together. Assembly aid ridge and the assembly
aid cut are aligned together to keep the disks in same orientation to align the eyelets.

4.4. Preparation and Methods of Tendons
4.4.1. Tendon Pairs

The fundamental role of tendons in a CM is to provide basic stiffness and orient the
CM as needed. As tendons cannot provide a pushing force, they should always be under
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tension to keep the CM stiff. Tendons need to be suspended at the last support of the
particular section, typically at the tip of the manipulator, by means of attachment, which
can be as simple as a knot. There are different options available for determining the number
of tendons and actuators needed to drive a single section of a CM: (1) four tendons per
section, (2) three tendons per section, and (3) one tendon per section.

When a CM section is actuated to achieve bending, the displacement on the external
tendon, outside the bending curve, increases, while the internal tendon should decrease
appropriately to prevent slack. Various actuation arrangements can achieve this. The
optimal option might be using individual actuators for each tendon. However, some
research has proposed using a single actuator for antagonistic tendon pairs [167,169]. In a
four-tendon CM section, achieving planar bending is ideally conducted by actuating an
antagonistic pair. In a three-tendon actuated section, there needs to be coordination among
all three tendons to actuate for any orientation. Four-tendon or three-tendon sections can
have two bending degrees of freedom. However, in the case of a single-tendon-driven
design, the achievable degree of freedom is limited to one.

4.4.2. Tendon Routing Methods

Tendon routing is accomplished in various ways, which can be categorized as straight
tendon routing (STR), helical tendon routing (HTR), or polynomial tendon routing (PTR).
Different tendon routings apply wrenches along the manipulator, significantly influencing
the tip orientation ability and enabling the achievement of various shapes within a one-
section CM [121–123]. Figure 15 shows the different tendon routing methods followed.
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In contrast to straight tendon routing (STR), helical/polynomial tendon routing (HTR)
can provide a parallel tip orientation at various positions on a plane. D. Caleb Rucker
and Robert J. Webster III have investigated the effects of STR, HTR, and PTR, employing a
coupled modeling approach using classical Cosserat rod and Cosserat string models. Essen-
tially, HTR can be achieved by making a tendon complete one turn around the backbone as
it travels from the start to the end position. Mathematically, HTR and PTR are represented
in sinusoidal form (sine or cosine) along two orthogonal directions (X-direction and Y-
direction) on the plane perpendicular to the straightened backbone (Z-direction) [121,122].
One of the critical design parameters for tendon routing is the eyelet (the hole on the
support disk for tendon routing) position with respect to the central backbone.

The optimum eyelet position for keeping a constant curvature model is found to be
0.4 of a non-dimensional length, which is the ratio between the eyelet’s normal distance
(offset) and the segment length (space between two consecutive supports). These design
parameters have been employed in the works [122,124].
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Ref. [121] demonstrated that integrating a helical tendon, in addition to three straight
tendons in a single-section CM, can increase the reachable workspace by four times, and
2.5 times for a two-section CM, improving dexterity. This improvement is compared by having
straight tendon routing for the same CM. The reason for the improvement of the workspace is
explained as the ability to provide torsional displacement to a CM by means of helical tendon
routing, while straight tendons provide bending motion. In this work, they investigated
helical tendon routing through three different methods: (1) continuous helix around the
backbone, (2) a straight path followed by a helical path, and (3) a continuous helical route that
reverses its direction at the midpoint. It should be noted that as the tendon completes more
turns around the backbone in a helical path, the actuator must exert greater torque, leading to
increased torsion on the backbone. Furthermore, the eyelet height and backbone length are
found to be parameters affecting the exerted moment and the robot’s response.

Ref. [121] identified several helical tendon routing design variables that impact the
actuation force requirement for achieving a specific amount of deflection. The method of
tendon routing is the key variable that determines the shape of the deflection of a CM.
Design variables of helical tendon routing are:

1. Continuous helix or partial helix;
2. Direction of helix (single/mixed);
3. Eyelet height;
4. Number of turns;
5. Initial routing angle and ending angle;
6. Helix angle;
7. Backbone length;
8. Method of routing.

4.4.3. Selection of Tendons

When selecting tendons for a continuum manipulator, it is crucial to consider the
maximum force that the manipulator would induce on a single tendon. Additionally,
the tendons should have low extension under applied forces to prevent undesired shape
deviations. To achieve this, it is advisable to choose tendons with high tensile strength
to withstand significant forces and a high Young’s modulus to ensure minimal exten-
sion [126]. One needs to estimate the maximum force that the designed CM would need
to handle and select the desired tendon. In practical applications, tendons for continuum
manipulators are often made from braided threads composed of ultra-high molecular
weight polyethylene (UHMWPE) fibers [126], nylon [184], fishing line [166], Teflon-coated
fiberglass thread [122], steel wire [135], and Tungsten cables [134]. For braided threads, re-
searchers have utilized various commercially available options, including Dyneema® [151],
Nanofil®, Fireline® [167], Spectra Fiber® [162], and Kevlar®. In the study [126], researchers
investigated the available options for braided threads and found that Spectra Fiber® out-
performs the other in terms of the Young modulus and constant linear behaviour of stress
against strain. Still, one can decide the suitability based on the application in hand.

4.4.4. Avoiding Friction

In the context of reducing friction between tendons and support structures, different
methods have been explored. For instance, Teflon-filled delrin plastic was used by [122]
to minimize friction at the tendon-eyelet interface. Another approach involves applying a
Teflon coating on tendons using a Teflon spray [121]. Tendons can also be routed through
a sheath or flexible tube to decrease interaction with the environment or other system
components [158]. However, it is essential to note that while these methods reduce friction,
they may also impact the useful effort from the actuator.

4.4.5. Actuator Reduction Techniques along Side of Tendon Configuration

As discussed in the initial sections, the weight of the continuum manipulator, weight
to payload ratio, and compactness and miniaturization are some of the critical aspects for
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adopting CMs for aerial manipulation. A significant amount of weight and the actuation
compartment space of TDCRs are from the actuation motors. It will be beneficial if one
can reduce the number of actuators required for achieving the same manipulability and
dexterity. However, it should be noted that while actuation reduction strategies provide
advantages in weight and compactness, they can add additional challenges in terms of
modelling and control. Several strategies have been explored in research to reduce the
number of actuators in continuum manipulators. These strategies include: (1) using single
motor-driven antagonistic tendon pairs [124,183–185], (2) cross-tendon routing [153,185],
(3) helical tendon routing [121], and (4) use of locking mechanisms [166]. Table 4 presents
specimen examples for various methods that enable reductions in actuator demand while
empowering the motion space.

Table 4. Various techniques result in reduction of actuator demand for TDCRs. Specimen examples.
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[153] 6 N/A 8 2D Soft Cross-tendon Obtaining multiple
bending while having
desired workspace
and repeatability.

Complex path
following

Six times for 2D
space with three
S-curves.

[166] 2 3 3 3D Elastic Magnetic locking S-curve within the
arm using less number
of actuators

Complex path
following

[185] 2 1 1 2D Elastic Antagonistic tendon
driving using a single
motor, cross-tendon
routing

Obtaining S-curve and
distributed multiple
curvatures using
single motor.

Complex path
following or
complex shape
handling in 2D

Four times for 2D
space with single
S-curve.

[183] 2 2 4 3D Elastic Antagonistic tendon
driving using a single
motor

Reducing bulkiness of
CM actuation system
while having desired
workspace and
repeatability.

Surgical Two times for 3D
space with single
S-curve.

[184] 2 2 4 3D Elastic supported
with cross-universal
joints

Antagonistic tendon
driving using a single
motor

S-curve within the
arm using a lesser
number of actuators

Confined space
usage as an
end-effector for a
cable-suspended
robot

Two times for 3D
space with single
S-curve.

Technique 1: Driving an Antagonistic Tendon Pair

Driving an antagonistic tendon pair using a single motor can drive the CM for bending
in one plane. Two such motors can drive the tendon in two orthogonal planes, thus
achieving a spatial motion. In this approach, the proximal end of each tendon of the pair is
wound in opposite directions around a pulley connected to a motor. When bending takes
place, this winding method facilitates winding, such that one tendon is unwound while
the other is further wound. However, in this method, there is a potential issue of tendon
entanglement within the pulley.

To mitigate the risk of tendon entanglement, a practical solution involves designing
the driving pulley with two separate grooves or tracks [185]. Each tendon of the pair
is then wound on its dedicated groove, ensuring independent motion, and preventing
entanglement. This design enhancement maintains the efficiency and functionality of
the antagonistic tendon pair system, while addressing potential complications. Note that
driving the antagonistic tendon pairs using individual actuators is described in the section
‘Methods—Tendon Routings’. Single motor-driven antagonistic tendon pairs can result
in an actuation pack with half the number of actuators, as opposed to a four-tendon per
section CM manipulator that operates in the 3D space. This can potentially reduce the
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form factor, weight, and increased power to weight ratio of the system which can positively
impact the adaptation of CMs in mobile robotic applications.

When utilizing a single motor to drive both tendons of the antagonistic pair, a core
challenge is preventing tendon slackening while ensuring synchronized operation. The
equations for designing such a driving system, incorporating the tendon slackening con-
dition from [183], are presented below along with a graphical explanation. To address
tendon slackening, one can implement a tendon slack prevention system, like the solutions
proposed by [137,183]. In these designs, each tendon travels over a pulley connected to
a tensioning spring, which applies tension to the tendons. If slack occurs, the tensioning
springs work to reduce it. Additionally, proper control systems with feedback using IMU
sensors mounted on the manipulator and torque sensors can be employed to compensate
for tendon slack [39].

Technique 2: Cross-Tendon Routing

Making use of cross-tendon routing of antagonistic pairs can generate an S-curve in a
2D plane, thereby reducing the actuator requirement by one fourth compared to parallel
tendon routing driven by individual motors. In the research [153,185], the antagonistic
tendon pair swaps their paths midway through by crossing the backbone either through
supports [185], or by avoiding the support and directly penetrating through the back-
bone [185]. This method produces bending in opposite directions when a tendon is pulled.
Furthermore, [185] demonstrated that distributing the disks at various positions can not
only produce constant curvature but also variable curvature bending. Therefore, this
method can help reduce the additional use of actuators per S-curve.

Technique 3: Using Locking Mechanism

Locking mechanisms implemented at the midpoint of CMs are employed to change
the direction of bending in a series. First, obtaining the C-curve bending and activating
the locking of half the length of the CM is conducted. As a result of this, the section up to
the locking mechanism will become stiff. Secondly, the pulling method is adjusted among
the tendons to achieve the S-shape in the desired direction either in the 3D or 2D working
space. Researchers have presented various locking mechanisms, including a magnetic
locking mechanism that reduces the actuator requirement by a factor of two [166], friction-
based locking mechanisms that utilize SMA-based stimulation for activating the friction
mechanism [186], fluid chambers for activating friction lock [187], clutch mechanism-based
locking activated by SMA [188], mechanical locking [163,189], and pneumatic locking [190].

Technique 4: Helical Tendon Routing

Making use of one helical tendon routing in conjunction with three straight tendon
routings can produce an S-curve within a single section. Here, the actuator requirement is
reduced from six actuators for two sections that produce an S-curve to four actuators that
produce an S-curve within one section [121].

4.4.6. Perspectives on Tendons

The addition of a helical tendon to a three-straight tendon-actuated CM introduces
versatility in generating curves. However, it comes at the cost of increased tip position
errors compared to similar manipulators with only straight tendons. Additionally, helical
tendon actuation may lead to higher torsion around the CM, potentially causing mechanical
vibrations during operations, which is undesirable for manipulation applications. When
selecting tendon materials, options like nylon, a widely available and low-cost choice, exist.
However, nylon is prone to longitudinal creep. Microfiber threads offer better performance
and endurance against creep, but they have higher friction due to a rough surface and
come at a higher cost compared to nylon. If weight, inertia, and friction are not significant
concerns, steel wire ropes can be considered for their ability to handle high loads.
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Various methods of actuator reduction should undergo critical examination to assess
their advantages and limitations, benefiting end-users. Factors such as actuator loading,
power consumption, friction, workspace, positional accuracy, and shape accuracy are
crucial considerations for comparative experimental analysis. In contrast to straight tendon
routing (STR), helical/polynomial tendon routing (HTR) provides a parallel tip orientation
at various positions on a plane. This capability of helical tendon routing enables precise
tasks, such as accurate pick and place, stamping, and inspection in industrial applications.

4.5. Stiffness Tuning

One of the challenges in the mass-scale adoption of continuum robots across various
applications lies in their limited bending stiffness against external loads, while still main-
taining their dexterity. The stiffness of a continuum robot is crucial for its load-carrying
capacity. Different stiffness models and methods have been developed to address the
diverse stiffness requirements imposed by various applications. Stiffness is the measure
of force required to induce a unit deflection within the elastic range of a medium. It can
be assessed in different directions relative to the robot’s anatomy or motion direction,
including axial, transverse, and rotational stiffnesses. Each type of stiffness is determined
by various factors. Table 5, in conjunction with Figure 16, outlines various methods of
adjusting stiffness and their respective procedures. The Table 6 outlines specimen examples
of different stiffness variation methods.

Table 5. Stiffness adjustment methods and the principles behind the processes.

Method of Stiffness Adjustment Procedure

Actuation of antagonistic tendon pairs. By providing controlled tension and displacement over the antagonistic tendon
pairs in the opposite direction, the stiffness of the CM is maintained.

Using phase changing materials through
thermomechanical effects.

When subjected to heat energy, heat-sensitive shape memory alloys (SMAs)
undergo a phase change from martensite to austenite and revert when the heat
energy is removed. This behaviour is harnessed in spring form, resulting in
variable stiffness.

Curvature-constraining rod method.
The rod-constraining curvature modifies the effective length of the segment,
thereby altering its stiffness. In this context, it is essential for the rod to possess
higher stiffness compared to the continuum section or be rigid.

Jamming methods.

The variation in pressure between material surfaces influences friction, which can
vary the interlocking strength of the constituent materials. This principle is
employed through various material arrangements, leading to the achievement of
stiffness variation.
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vary the interlocking strength of the constituent materials. This principle is em-

ployed through various material arrangements, leading to the achievement of stiff-

ness variation. 

Figure 16. Most common stiffness-tuning methods suggested for CRs.

In the design standpoint, stiffness variation can be implemented either during the
initial design phase or dynamically during operation at the control level, through the
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control of actuation. Design-stage stiffness variation involves pre-defining the structure
of the continuum robot (CR) to achieve a specific stiffness, with the robot’s parameters
determined accordingly. On the other hand, stiffness changes during operation can be
achieved through various mechanisms, such as actuation of antagonistic tendon pairs, the
curvature-constraining rod method [150], using phase changing materials [191,192], and
jamming methods [146,157,193,194]. When an application requires a significantly larger
length of CM with a better stiffness, a cooperative continuum manipulation approach could
be adopted to modulate the stiffness. In this proposed method, the main CM, which is
acting as the operator CM, is supported by the means of additional CMs which act as
supports [195].

Table 6. Specimen examples of TDCRs that employed various stiffness tuning methods.
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[196] Transverse Rods as driving
means

• NiTi rods for backbone
and secondary
backbones.

• Increasing the
secondary backbone
numbers, increases the
stiffness but not in a
linear way.

[150] Transverse Curvature-
constraining rod

• NiTi redundant
backbones, and highly
stiff rod.

• The stiffness increased
by a factor of 4.71.

[197] Transverse Curvature-
constraining rod

• Steel tube as
constraining tube
inside a silicone tube.

• Actuation: curvature
constraining tube is
actuated by stepper
motor.

MIS
instruments

[157] Transverse and axial
directions

Layer jamming • Stiffening flap sheath
made of transparent
plastic sheets.

• Actuation: motors.
• Concept validated.

External surface that
only packs the
backbone while
tendons are lying
outside.

Space

[193] Layer jamming and
Grannular jamming

• Stiffening flap sheath:
synthetic fiber paper
(two side-coated
Neobond and Tyvek).

• Coffee granule

• Actuation: Vacuum
pump.

• Stiffness was improved
by a range of
9.75–24 times using the
flap method.

External surface Medical

[146] Transverse and axial
directions

Layer jamming
sheath, vacuum
pressure-driven

• PVC Sheet
• Stiffening flap sheath

• Approximate models
are developed.

• Transverse stiffness
increased by a factor of
6.6 and axial stiffness
increased by a factor of
207.8.

External surface MIS

[194] Transverse Granular jamming
• Coffee powder filled in

a latex cover (latex
thickness: 0.25 mm)

• Coffee powder showed
good stiffening
capabilities (low
weight, fast stiffness
change, high stiffness
ratio).

• Latex covering
provided combination
of high extensibility
and durability.

Internal jamming.
Only packs the
backbone spring.

N/A

[198] Transverse Granular + layer
jamming (hybrid)

• Granules: sucrose
(best), lactose, collagen,
and coffee.

• Encapsulation: latex
• Flap material: synthetic

fiber paper (two
side-coated Neobond
and Tyvek).

• Relatively highweight
observed.

• Partial particle
jamming during
manipulator steering
happened.

External surface MIS
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Table 6. Cont.
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[199] Granular jamming,
layer jamming,
hybrid jamming

• Rigid granules:
matte-surfaced glass
beads.

• Deformable granules:
polystyrene packing
beads.

• Negative pressure,
provided by a vacuum
pump.

• Encapsulation: Latex
sheath.

• Actuation: vacuum
pump

• Factors of CM
evaluated:resisting
force, positional
accuracy, bending
diameter, deformation
under external forces,
cylindrical density, and
activation time

Comparative
study

[191] Transverse SMA • SMA Spring on NiTi
driving rod.

• A 300% increase in
stiffness was reported.
This was achieved by
applying varying force
on driving rods of CM
by means of a winding
applied on them.

Internal

4.5.1. Jamming-Based Stiffness Tuning

Some works conceived and demonstrated the feasibility of different jamming methods,
giving priority to layer jamming using double flap sheaths [146,157,193], granular jamming
involving various particles [193,194], and hybrid designs that combine layer jamming and
granular jamming [198]. When incorporating stiffness-tuning methods into a continuum
manipulator (CM), it is crucial to assess the performance of the stiffness-tuning mecha-
nism alongside the evaluation of the CM. Clark and Rojas [199] proposed five metrics for
evaluating the stiffness-changing mechanism, as outlined in Table 7.

Table 7. Metrics for evaluating stiffness changing mechanisms for CRs.

No Metric Explanation

1 Resisting force A measure of the stiffness as a ratio between the force experienced by the CM while
bending and the deflection.

2 Positional accuracy Ability to hold the same position when internal elements are rearranged to obtain
various stiffness.

3 Bending diameter Amount of change occuring on the diameter of the CM when it undergoes bending.

4 Deformation under external forces Diameter change when external forces are applied, such as grasping/pushing of the
CM’s body at an intermediate point.

5
Cylindrical density and Ratio between the structure weight and the volume of the structure considering it as a

cylinder for its outer dimensions.

Stiffening duration Time taken to transition from flexible to rigid mode (activation time) and rigid to
flexible mode (deactivation time)

According to Clark and Rojas, the evaluation between six combinations of various
jamming possibilities using granular jamming, layer jamming, and hybrid jamming through
granular and layer compositions resulted the following findings [199]:

1. Layer jamming provides a fast response for both activation and deactivation;
2. Hybrid approaches are the best for resistant force-oriented functions;
3. Granular jamming using deformable granules is the slowest in response to activation

and deactivation.

It is evident that the jamming materials and methods are still under investigation.
Among the materials used for layer jamming, researchers have commonly selected flexi-
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ble plastic sheets [157], polyvinyl chloride film [146], Mylar (polyethylene terephthalate)
sheets [199], and synthetic fibre papers such as Neobond® and Tyvek® [193,198]. Notably,
synthetic fibre papers have demonstrated better performance compared to general flexible
plastic sheets [193].

For granular jamming, a range of particles has been employed, including matte-
surfaced glass beads, polystyrene packing beads, coffee, sucrose, lactose, collagen, and
more [194,198,199]. Sucrose, in particular, has shown superior performance in the context
of medical applications [198]. Howard et al. investigated 35 various grains which included
a mix of commercially available substances and 3D printed granules for their suitability for
use as a granule and created a dataset [109]. They considered the variability among the
grains in terms of shape, size, and softness. The work mainly explored the gripping capabil-
ity and shock-absorbing capacity provided by the grains when used as jamming materials
and produced a comprehensive table of data. These data can be highly beneficial in design-
ing stiffness tuning. The study further suggested that soft grains are suitable for gripping
applications, whilst large-rigid grains can work well for shock absorption. This finding
can be applied to jamming-based stiffness tuning applied to CMs in CAAMSs, where the
possibility of vibration and impact are high. Table 8 summarises the important properties
that one should consider when selecting materials for layer- or granular-based jamming.

Table 8. Important selection considerations for layer- and granular-based jamming.

Flap Sheath Granule

Material (Young’s modulus) [157,193] Rigid/deformable [109,199]

Coefficient of friction [146] Coefficient of friction [193,199]

Number of layers wrapped [146] Size [193]

Inclination angle [146,193] Low density [194]

Distance between rows of holes [146,193] Fast stiffness changing [194]

Flap width [146,193] High stiffness ratio [194]

Flap length [146,193] Shape [109]

Flap thickness [146,193]

Flap count [193]

Contact area [193]

Weaving method of flaps [146]

Various studies have favoured coffee particles for granular jamming. The prevalent
method involves utilizing a vacuum pump to compress layers or particles within an airtight,
flexible chamber to achieve different stiffness levels. However, an alternative approach was
explored by [157], where mechanical force generated by motors was employed to control
double flap sheath-based layers. In this design, the flaps are connected via a thin spring
winding over the backbone, which is composed of a stiff spring.

In certain designs, the jamming structure also partially serves as the backbone, with
support disks attached at the structure’s terminal. These support disks facilitate the paths
for the tendons. When the continuum robot is designed with multiple sections, these sec-
tions are connected using support disks. Tendons are radially routed around the jamming
structure. However, there are innovative designs that conceptualize a TDCR equipped
with stiffening sheaths as an external surface. In such designs, the entire continuum
structure is enclosed within the stiffening sheath [146,193]. Researchers proposed a layer
jamming-based method, along with a stiffness model derived from the Euler–Bernoulli
beam theory [146]. This method is capable of controlling stiffness in both transverse and
axial directions.
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4.5.2. Curvature-Constraining Rod-Based Stiffness Tuning

Research on stiffness variation in multi-backbone continuum robots has proposed
methods using the Euler–Bernoulli beam theory alone [150], or a combination of Euler–
Bernoulli beam theory and screw theory [200]. The work [150] concentrated on a two-
section multi-backbone CR and [197] worked on a serpentine-type multi-link backbone
TDCR using a method called curvature-constraining rod for stiffness changing. These
research efforts proposed a method using a length-adjustable push-pull rod termed a
‘curvature-constraining rod’, and [150] showed that the stiffness is enhanced by a factor
of 4.71. By changing the effective length of the constraining rod, which is concentrically
pushed inside the flexible portion, the resultant flexible length and effective stiffness of the
flexible section and curvature of the CR are changed as well. The curvature-constraining
rod can be actuated using a motorized carriage mechanism aided by a lead screw.

The impact of structural variation on stiffness at the design stage was explored
in [196,200]. Secondary backbones are typically chosen as flexible rods, enabling the
CR to be actuated by pushing and/or pulling. Studies have demonstrated that passive
(unactuated) secondary backbones can also enhance stiffness [150,196]. It was revealed that
transverse stiffness can be scaled up by increasing the number of secondary backbones; for
instance, increasing secondary backbones by a factor of six can increase stiffness by a factor
of four [196]. Further, [200] modelled various stiffnesses of a single-section, multi-backbone
CR and experimentally evaluated and demonstrated an accuracy level of 93%. The resulting
equations are valuable for modelling multi-backbone CRs for control purposes.

4.5.3. Thermomechanical Effects-Based Stiffness Tuning

Researchers have employed the thermo-mechanical effects of shape memory alloy
(SMA) wires to control stiffness [191,192]. SMAs can alter their mechanical properties by
transitioning between martensite and austenite states when exposed to thermal energy.
The heat necessary for this transformation is generated by passing electricity through the
SMA. Essentially, a winding applied around a rod can experience different friction forces as
the wind tightens with varying forces. This varying friction can be correlated with stiffness
through the work–energy principle [192].

In [191], a NiTi rod-driven robot prototype was developed, where the driving rods
were wound with cotton ropes at the points of backbone supports. These windings were
actuated by SMA wires, allowing for the variation of tightness and, consequently, the
stiffness of the driving rods. This demonstrated that a change in stiffness was possible,
with a maximum increase of up to 300%. In another study, researchers applied multiple
sets of SMA windings directly on a rubber tube containing a central backbone and radially
arranged secondary backbones. Activation of the SMA windings altered the friction
between the secondary backbones and the rubber tube, resulting in a change in stiffness,
with a demonstrated maximum increase of 140% [192].

4.5.4. Perspectives on Stiffness Tuning

In the context of aerial manipulation, the variability of a CM’s stiffness can be ben-
eficial for increasing load-handling capability, exhibiting adaptable compliance with the
environment when maneuvering through complex paths, and reducing oscillation during
the UAV’s free flight. Moreover, stiffness-tunable multiple CMs can act as landing gears
for the UAV, allowing for safe perching on irregular terrains. Some methods of stiffness
tuning can add large weight and inertia to the CM system, which is not preferable for aerial
manipulators. For example, layer jamming and particle jamming methods, which utilize
pneumatic power, require extra components for controlling the air supply and consume
additional power. Stiffness tuning methods using controllable flexure hinges installed
radially around the backbone between consecutive supports could be a good choice in high
load-handling aerial manipulation tasks [148].

Future research in jamming-based stiffness tuning methods should provide design
standards covering material selection, fabrication standards, improved evaluation metrics
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and methodologies, and a general criterion for matching various stiffness tuning methods
with potential applications. Moreover, current methods report experiment-based results,
however researchers need to come up with stiffness design methodologies which can
provide a relationship between the stiffness value demanded by the application and the
relevant element design. Awareness of the limitations and advantages of each jamming
method is crucial when utilizing them for different applications, as highlighted in review
articles [80].

For curvature-constraining rod-based stiffness control, it is important to acknowledge
that the robot loses its bending ability at the mid-portion where the curvature-constraining
rod corresponding to the second section occupies its home space. This limitation might
impact applications requiring high flexibility for path-following motion in unstructured
environments. Nevertheless, this method can be advantageous due to its ease of control
and suitability for multi-link backbone TDCR (serpentine) robots [197]. Additionally, the
non-linear relationship between the number of secondary backbones and the stiffness
increment should be considered, attributed to the radially arranged backbones leading to
varying loading on individual backbones when a non-parallel load is applied [200].

The utilization of thermomechanical effects for stiffness variation has its limitations,
mainly related to activation and deactivation time. While the activation due to Joule heating
is faster, the extended time required for cooling down under convection after activation
may not be ideal for manipulation systems where high speed is desired (actuation cycles
faster than 0.1 Hz are typically not possible with thermomechanical systems). Moreover,
the introduction of active cooling systems can increase the system’s complexity and control.
Despite these challenges, if the aforementioned challenges are addressed, this method
could be a promising approach for intrinsic, local stiffness variation, offering significant
benefits for driving CMs through complex paths.

4.6. Common Causes of Errors and Calibration

Errors can be viewed as modelling errors, system fabrication-related errors, and
measurement errors. Fabrication-related errors and modelling errors directly affect the
accuracy of tip position and the shape of the CR, while the measurement errors will be
challenging in the calibration of the system for its tip errors and shape errors. Errors
in evaluating a prototype against the simulation model can arise from higher applied
loads or tendon forces, increased friction loss due to the higher tendon load, measurement
inaccuracies, and changes in tendon routing accuracy.

4.6.1. Errors

Modelling-based errors mainly arise from assumptions and simplifications. Assuming
the backbone starts normal to the base support can introduce errors because, there may
be clearance between the backbone and the centre hole of the base support which can
cause a non-perpendicular profile between them [122]. Further, the effective stiffness of the
backbone can vary due to the attachment methods of supports such as crimps, adhesives,
and welding, etc. [122]. In the case of an extensible CM with a concentric tube backbone
and multiple sections, the summation of elongation of tendons in all sections can lead to
significant position or shape errors. Furthermore, [126] discussed three various elongation
possibilities of threaded tendons that can affect overall accuracy: (1) elastic elongation,
(2) plastic elongation, and (3) hysteresis. Routing the tendons of multi-section robots
through the same path can also cause errors due to friction between the tendons [126].
Friction between tendons and supports can be addressed through modelling, or by applying
friction-reducing substances like Teflon coating.

Small differences in the angular orientation measurement of the backbone at the
bottom can lead to significant errors in the tip position estimation. Additionally, the effective
stiffness of the backbone can vary due to attachment methods of supports, such as crimps,
adhesives, and welding, etc. Measurement inaccuracies occur during the collection of point
clouds using optical means and the estimation of shape from the collected points [121,162],
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as well as tendon force measurement [162]. The ultimate effect of errors is reflected in
the tip position and shape of CMs. Position error is represented as the ratio between
the deviation of the actual position of the CM’s tip from the target and the total length
of the CM. To measure shape error, area-based methods have been proposed [162]. The
method involves calculating the area covered by the projection of the robot’s volume when
deployed to navigate through a path. Errors are typically presented as a percentage of the
CM’s dimensions. When adopting a specific design for any application, including research
works, users must consider the magnitude of the error that would be present in the newly
built system with scaled dimensions.

4.6.2. Calibration

To account for the errors, the CM system should be calibrated for the Young’s modu-
lus [121,122,162], accommodating friction through the estimation of coefficient of friction [162],
and the three Euler angles that express the orientation of the CM’s base frame [122,162]. D.
Caleb Rucker and Robert J. Webster III utilized an ‘unconstrained non-linear optimization
problem’ for finding the parameter values that diminish the tip position errors [122]. For this
purpose, a set of experiments on the prototype were performed and the output data used.
They utilized the Nelder–Meade simplex algorithm i through MATLAB’s fminsearch function
for solving the optimization problem. Care should be taken when choosing the measurement
system and the shape estimation algorithm, in terms of measurement accuracy and least count.
The tendon routing accuracy arose since the tendons are considered continuously curved in
the model, but they are piecewise straight lines in the prototype. This error can be minimized
by reducing space between the two consecutive supports.

5. Conclusions

This literature survey article aims to serve as a comprehensive resource summarising
the current progress of CAAMS research and the fabrication aspects of the most common
continuous backbone TDCRs and multi-link backbone TDCRs from the perspectives of a
CAAMS. The summary is derived from a thorough study of relevant research literature on
CAAMSs and TDCRs that explicitly provides fabrication details. The paper systematically
covers the publications on CAAMS, and the fabrication aspects of TDCRs. Under the
fabrication of TDCR, (1) backbone, (2) support structure, (3) tendons, (4) stiffness tuning,
(5) errors, and (6) calibration are discussed. From an engineering perspective, this work
supports engineers and researchers to explore the potential of continuum robots for real-
world applications, with the focus on the application for aerial manipulation systems. The
core objective is to offer a single-point reference on fabrication of TDCRs for those working
on control, planning, navigation, and integrating TDCRs into aerial manipulation and
other new real-world applications. This allows them to reproduce or adopt existing TDCR
designs without starting from scratch. The article aims to be beneficial for the continuum
of robot research and the development community, complementing existing surveys like
the one on concentric tube continuum robots (CTRs) [68].
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