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Abstract: Compliant continuum robots (CCRs) have slender and elastic bodies. Compared with a
traditional serial robot, they have more degrees of freedom and can deform their flexible bodies to go
through a constrained environment. In this paper, we classify CCRs according to basic transmission
units. The merits, materials and potential drawbacks of each type of CCR are described. Drive systems
depend on the basic transmission units significantly, and their advantages and disadvantages are
reviewed and summarized. Variable stiffness and intrinsic sensing are desired characteristics of
CCRs, and the methods of obtaining the two characteristics are discussed. Finally, we discuss the
friction, buckling, singularity and twisting problems of CCRs, and emphasise the ways to reduce
their effects, followed by several proposing perspectives, such as the collaborative CCRs.

Keywords: compliant continuum robots; basic transmission units; drive systems; variable stiff-
ness; sensing

1. Introduction

Compliant continuum robots (CCRs) are usually made of elastic materials, includ-
ing nitinol alloy (NiTi) [1–3], silicone [4], rubber [5] and polyamide [6], etc. They are
designed to be slender, i.e., low diameter to length ratio. CCRs have been widely em-
ployed in a constraint environment to manipulate tasks, such as minimally invasive cardiac
surgery [7], orthopaedic surgery [8–10], endoscopic surgery [11], bariatric surgery [12] and
the inspection of gas turbine engines [13], in-situ aero-engine maintenance works [14–17].
Researchers usually classify CCRs in two ways, one is the drive system classification, in-
cluding tendon-driven robots, cable-driven robots, pneumatic robots, shape-memory-alloy
robots. Another is the biotic classification, including trunk-like [14], octopus-like [15], sea
horse-like [16,17], tentacle-like [18] and tendril-like [19] robots. In this paper, we classify the
CCRs into two groups, including semi-soft continuum robots and soft continuum robots.
Semi-soft continuum robots are made of elastic metals, sometimes rigid disks or rods are
added to increase rigidity [20]. Soft continuum robots have no rigid parts, and most of
them are made of silicone or rubber [15]. The characteristics of the CCRs relate to the basic
transmission unit significantly, which motivates us to further classify the CCRs according
to basic transmission units and inspire new designs of CCRs.

Traditional serial robots consist of rigid links and rigid joints. They can exert large
loads, for example, a chain manipulator of KUKA can handle 1000 kg flat glass. However,
they have limited degrees of freedom, which can constrain their motilities and applications.
Xu et al. designed a hyper redundant rigid robot with eighteen degrees of freedom [21],
which can be applied for space inspecting [22]. Unlike the above rigid serial robots,
CCRs are promising, due to their instinctive super-elastic bodies and the smaller-length
scale. The comparison between continuum robots and rigid serial robots is shown in
Figure 1, including the curvature of a robot’s shape, size, stiffness and degrees of freedom
(DoFs). Semi-soft continuum robots have a minimal scale compared with others; recently a
magnetic soft submillimetre scale continuum robot blurs the line between the semi-soft

Actuators 2021, 10, 145. https://doi.org/10.3390/act10070145 https://www.mdpi.com/journal/actuators

https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0003-2489-8524
https://orcid.org/0000-0002-5930-5453
https://doi.org/10.3390/act10070145
https://doi.org/10.3390/act10070145
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10070145
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10070145?type=check_update&version=1


Actuators 2021, 10, 145 2 of 26

continuum robot and the soft continuum robot, as the magnetic fluid can turn into an elastic
solid under a magnetic field [23]. Soft continuum robots are more friendly in interacting
with people as they have similar mechanical rigidity with human tissue, such as skin,
organs and muscles [24]. Remaining a high stiffness and a smooth curvature are the aims
for designing a continuum robot. High stiffness leads to a large-range stiffness control for
regulating the tip position. A smooth curvature can reduce the complexity of kinematics
modelling, which is important for real-time control. Variable stiffness and intrinsic sensing
are special metrics for CCRs. CCRs can be applied in many cases that traditional rigid
robots cannot, but there are some problems due to their elastic bodies, such as twisting and
buckling, etc. These metrics and problems are necessary to be discussed, which is another
motivation of this paper.
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The main purposes of this paper are to provide an overview and prospects of CCRs.
This paper covers a wide range of CCRs and details in the basic transmission units, drive
systems, stiffness control, sensing system and four key challenges (including friction,
buckling, singularity and twisting). Questions from learners/beginners in this field can be
answered, like “How many types of CCRs are there?”, “What are the differences between different
types of CCRs?” and “What are the characteristics and problems of CCRs?”.

In recent years, some papers reviewed the current advance of continuum robots. For
example, Burgner-Kahrs et al. [25] summarised the medical continuum robots, including
the design, modelling, control, actuation and sensing of continuum manipulators. They
provided perspectives for the future by discussing current limitations and challenges.
Runciman et al. [26] described the traits of soft robotic devices, including the materials,
manufacturing methods, mechanical programming/embodied intelligence, actuation, stiff-
ness variation and locomotion methods. They presented some prospects on the application,
working principle, materials and manufacture, which can assist researchers in designing
new robots. Kolachalama et al. [27] surveyed numerous bioinspired continuum robots
that have been developed over two decades. They also provided detailed descriptions of
bio-inspired design, mechanical design, construction material and force actuation.

Compared with the existing literature review on continuum robots, the main contribu-
tions in our paper include the following:

(1) We focus on a systematic survey of compliant continuum robots, which are not
limited to specific applications, such as medical or manipulation purposes.

(2) Few literature review papers have summarised the characteristics of each type
of CCR, including the merits and drawbacks. We emphasise the common problems and
methods of avoiding them.

(3) Based on the above work, we present five prospects on CCRs, which are promising
and different from other literature review papers.

This paper is organised as below. Section 2 describes the rules of the literature search
and the trends of different CCRs, which are classified according to basic transmission
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units. In Section 3, the merits and drawbacks of CCRs formed with different basic trans-
mission units and drive systems are detailed. Section 4 illustrates the variable stiffness and
sensing systems for CCRs. The friction, buckling, singularity and twisting are discussed
in Section 5. Future perspectives are drawn in Section 6.

2. Development of CCRs

In this section, we first describe the literature search method, which selected
180 relevant papers from the database. Then the development and classifications of the
CCRs from 2000 to 2021 are discussed.

2.1. Literature Search

We surveyed the publications related to CCRs, and a large proportion of selected
papers are from leading mechanisms and robotics journals, such as IEEE, ASME and
SAGE. Table 1 shows the representative journals with those selected papers using several
keywords. The rules of papers selected are also described.

Table 1. Keywords and reviewed journals.

Publisher Reprehensive/Reviewed Journals Keywords Year

IEEE

Transactions on Robotics
Transactions on Mechatronics

Transactions on Biomedical Engineering
Transactions on Medical Robotics and Bionics

Continuum robot
Continuum mechanism
Continuum manipulator

2000–2021ASME
Journals of Mechanisms and Robotics

Journal of Mechanical Design
Journal of Medical Devices

SAGE International Journals of Robotics Research

Mary Ann Liebert publishers Soft robotics

Amer Assoc Advancement Science Science robotics

• Included papers

The CCR has a fixed end and a free end, which means worm-motion or snake-motion
serial robots are not included.

The CCR should have elastic or compliant parts.
The paper can be obtained at the time of searching.

• Excluded papers

Patent papers and surveys are excluded.
Continuum robots without any compliant parts are excluded.
Parallel elastic robots are excluded.

2.2. Trends and Classifications of CCRs

The development of CCRs is shown in Figure 2 from 2000 to 2021. The prototype of
CCR was introduced in 2000. It consists of elastic springs, rigid disks and rotational joints,
and it is driven by cables [28]. During the following years, there was little research about
CCRs from 2002 to 2013, but since 2014, there was a rapid increase in research of CCRs, as
shown in Figure 2, and the cumulative results can also be seen.

CCRs are divided into eleven types according to basic transmission units, as shown
in Figure 3. Soft-tube CCRs belong to soft CCRs, while others belong to semi-soft CCRs.
Backbone, soft-tube, concentric-tube and spring CCRs account for a large proportion,
followed by compliant-joint, bellow, origami and hybrid CCRs, and the rest of the types
are analysed by researchers recently. Their characteristics and problems are summarised in
Table 2, which are detailed in the following Sections.
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Table 2. Descriptions of CCRs.

Descriptions

Characteristics

basic transmission units Basic motion units of CCRs.

drive systems Actuation force/moment systems, such as the pull-push force, the pneumatic
pressure, the hydric pressure and the magnetic force, etc.

stiffness Stiffness is the rigidity of a CCR. Including variable stiffness and constant stiffness.

sensing systems The accuracy of motions increases with the feedbacks of the sensing systems,
including external sensors and intrinsic sensing.

Problems

frictions Frictions between component units, such as frictions between cable and disk holes.
buckling The stiffness suddenly decreases to quasi-zero, when a compressing load acts the CCR.

singularity The ill Jacobian matrices between the inputs and outputs.
twisting Both torques generated by the CCR weight and the payload influence the tip position.

3. Different Basic Transmission Units and Drive Systems

In this section, the basic transmission units and drive systems are described. The
combination of different basic transmission units to form a CCR is called a hybrid CCR,
which is also illustrated at the end of this section.
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3.1. Basic Transmission Units
3.1.1. Backbone CCRs

The backbone CCRs are shown in Figure 4. Most backbones are made of Nickel-
Titanium (NiTi) and polypropylene [7]. A centre backbone, secondary backbones (or
cables) and several rigid disks are commonly used to form a backbone CCR, shown in
Figure 4a [1,6,11,29–45]. The central backbone is connected to all the disks. The secondary
backbones (or cables) are only connected to the end disk and freely slide in the disk holes for
driving the CCR. A backbone CCR also can consist of multi-secondary backbones without
a centre backbone, shown in Figure 4b [39], which is wearable and used for shoulder
recovery. The centre backbone can be an elastic tube [44], an elastic notched tube [2], a half
elastic notched tube [46], or an elastic V-shape tube [47,48], shown in Figure 4c. The last
three tubes can be employed as backbone CCRs without rigid disks.

The metrics of the backbone are as follows. The distance between two disks can
be evenly distributed. The continuous configuration of backbones benefits kinematics
modelling. If the backbone has multi-segments, all the endpoints of different segments can
be on the same curve, which is easy to correct the curve closing to desired one [31]. The
rigidity of the backbone CCR can be adjusted by two methods, including increasing the
number of secondary backbones [39] and inserting a rod moving in the centre backbone
tube [12,46,49]. The effective bending section of the backbone CCR is controllable by
regulating the inserting length of the rod. However, the torsional rigidity of the backbone
CCRs is necessary to be enhanced to avoid a low payload and a small stiffness control
range [50].
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3.1.2. Soft-Tube CCRs

Soft-tube CCRs are the softest type among the CCRs, shown in Figure 5. The soft-
tube CCR in Figure 5a [4,54] has a silicone tube, which is actuated by pneumatic, shape
memory alloy and multi-embedded tendons. The soft-tube CCR in Figure 5b [55] has a
silicone-backbone shape, consisting of a free chamber, six actuation chambers and three
driving cables. Its stiffness can be regulated by the pneumatic pressure. The catheter has
a sub-millimetre size, shown in Figure 5c, and it is usually made of urethane rubber [56]
and polymer [57]. The stiffness of the soft-tube CCRs in Figure 5a,c is less rigid than that of
Figure 5b. On the other hand, soft-tube CCRs can be actuated by driving cable, pneumatic
champers, shape memory alloy, or electro-polymer. The first two drive systems have
higher ratios of power to weight than others. A soft-tube CCR always requires a compliant
actuator with a high ratio of power to weight than other CCRs, due to the hyper-redundant
DOF [58], so cables and pneumatic champers are commonly used in soft-tube CCR.
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Soft-tube CCRs have a large elastic deformation and hyper-redundant DoFs. However,
their higher compliance reduces the rigidity and positioning accuracy significantly [59].
The lack of rigidity of soft material can result in buckling and strong nonlinearities of
the kinematic model. In 2018, Li et al. tried to avoid buckling by optimising controlling
models [60]. Soft skin is easy to be torn and punctured, so Wang et al. combined different
types of fibres into the silicone to improve their strength and durability [61].
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3.1.3. Concentric-Tube CCRs

Concentric tubes are first introduced by Webster et al. [66]. Most tubes are made of
superelastic Nitinol, and some of them are made of polyether block amide [67]. They are
pre-curved and superelastic, as shown in Figure 6. The concentric tubes are inserted inside
each other, and they are translated and rotated axially about the concentric axis at the base
by tube interactions [68,69]. In this way, the length and curve of the concentric-tube CCR
are varied.

The main advantage of concentric-tube CCRs is the sub-millimetre body with enough
stiffness, such as a 0.8 mm-diameter tube [18], which leads to a lower infection possibility
during the surgery. However, the kinematic analysis is difficult for the special actuation.
If the stiffness of these tubes is not comparable, or elastic energy storage occurs in high
tube curvatures, the rapid snapping problem may happen [18]. The snaping problem
means the CCR snaps quickly from one configuration to another with the energy released
suddenly [70]. The concentric-tube CCR should be snap-free to avoid serious harm to
patients [71]. In addition, they have limited variations of resultant curvatures as the
tubes are pre-curved, so the minimum requirement for the concentric-tube CCRs is to
extend into the body smoothly [68,72,73]. The frictions between tubes should not be
neglected [71,74,75].
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3.1.4. Spring CCRs

Springs can be used in two ways to form a spring CCR, including inner helical springs
and outer helical springs, as shown in Figure 7. An inner helical spring can be employed as
a central backbone [78–85] to evenly distribute disks. An outer spring can be multi-disks to
confine cables [86–88]. Most spring CCRs are made of steel or NiTi, and they are actuated
by cables.
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A helical spring has a linear relationship between force and displacement, i.e., an
unchanged spring constant, which simplifies the kinematic analysis significantly [79]. The
workspace of helical spring CCRs can be expanded by applying a high spring constant.
The unwanted extension, uncontrolled compression and singularity can be avoided by
applying a low spring constant. The combinations of high and low spring constants can
improve torsional rigidity [79]. In addition, spring can also be a buffer to reduce the effects
from the environment [17].

3.1.5. Compliant-Joint CCRs

Compliant joints are designed with elastic blades, wire beams, and rigid disks. Blades
and wire beams are commonly made of NiTi [20] and polyethylene [90]. Most disks
are made of acrylonitrile butadiene styrene (ABS) material for lightweight, and they can
constrain cables [91] and increase the rigidity of CCRs [88]. The geometric difference
between blade and wire beams is the ratio of width to thickness. The ratio of a blade is
larger than 10, and that of a wire beam is equal to 1. Figure 8 shows the compliant joints,
and they can be arranged in series to form a CCR. The compliant-joint CCRs are actuated
by cables or backbones, and their curves are varied with the rotations and translations of
the elastic blades or wire beams.



Actuators 2021, 10, 145 8 of 26

Actuators 2021, 10, x FOR PEER REVIEW 8 of 27 
 

 

 

 

 

Actuators 2021, 10, x FOR PEER REVIEW 9 of 27 
 

 

 
Figure 8. Different compliant joints for the compliant-joint CCRs: (a) A planar spring [92], (b) a planar spring with mini-
mised parasitic motions [93], (c) multi-two-pivots compliant joints [20], (d) a compliant joint with two short elastic beams 
[94], (e) multi compliant joints with elastic blades [95] and (f) multi compliant joints with round-corner blades [96]. 

3.1.6. Bellow CCRs 
Figure 9 shows a segment of a bellow CCR. Most bellow CCRs are made of polyam-

ide, and they are actuated by pneumatic or hydraulic pressure with a cables-driven assis-
tant. They can expand or elongate with variable curves as expected by pulling or pushing 
cables when bellows are filled with air.  

Bellow CCRs are lightweight with a smooth curvature. Another advantage of the bel-
low is to be employed as an anti-buckling support structure if they are made of NiTi ma-
terial [43], as NiTi is more rigid than polyamide with enough elasticity. However, bellow 
CCRs are sometimes unreliable for the non-stationarities during pneumatic or hydraulic 
actuation [97]. The rigidity of polyamide bellow CCRs is relatively low, so the disks are 
usually added around the bellow to increase the rigidity [98].  

 
Figure 9. A bellow CCR with cable-driven system [99]. 

3.1.7. Origami CCRs 
Mirror folds, water bomb, folds and reverse folds are basic folds for origami contin-

uum robots. Origami CCRs are made of photopolymer resin or sticky polyamide film 
[100], which are driven by cables [101,102] as shown in Figure 10. Each crease of the ori-
gami can be regarded as a 360-degree revolute joint, so Origami CCR has two types of 
body shapes, including a 2D shape and a 3D shape. They can go through a constrained 

Figure 8. Different compliant joints for the compliant-joint CCRs: (a) A planar spring [92], (b) a planar spring with
minimised parasitic motions [93], (c) multi-two-pivots compliant joints [20], (d) a compliant joint with two short elastic
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Compared with the rotational symmetric planar spring of Qi et al. [92], shown in
Figure 8a, the planar spring of Awtar et al. [93] is a mirror-symmetric consisting of eight
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folded beams, which decreases parasitic motions significantly, shown in Figure 8b. Dong
et al. presented two types of compliant joint with elastic blades [20] and short beams [94],
shown in Figure 8c,d, respectively. The compliant-joint CCR formed with the multi-elastic
blades can anti twisting compared with the CCR formed with two short beams. Thomas
et al. [95] and Zhang et al. [96] designed compliant-joint CCRs with elastic blades, shown
in Figure 8e,f, respectively.

3.1.6. Bellow CCRs

Figure 9 shows a segment of a bellow CCR. Most bellow CCRs are made of polyamide,
and they are actuated by pneumatic or hydraulic pressure with a cables-driven assistant.
They can expand or elongate with variable curves as expected by pulling or pushing cables
when bellows are filled with air.

Bellow CCRs are lightweight with a smooth curvature. Another advantage of the
bellow is to be employed as an anti-buckling support structure if they are made of NiTi
material [43], as NiTi is more rigid than polyamide with enough elasticity. However, bellow
CCRs are sometimes unreliable for the non-stationarities during pneumatic or hydraulic
actuation [97]. The rigidity of polyamide bellow CCRs is relatively low, so the disks are
usually added around the bellow to increase the rigidity [98].
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3.1.7. Origami CCRs

Mirror folds, water bomb, folds and reverse folds are basic folds for origami continuum
robots. Origami CCRs are made of photopolymer resin or sticky polyamide film [100],
which are driven by cables [101,102] as shown in Figure 10. Each crease of the origami can
be regarded as a 360-degree revolute joint, so Origami CCR has two types of body shapes,
including a 2D shape and a 3D shape. They can go through a constrained environment in a
smaller 2D shape and morph into a 3D device. If they are applied in minimally invasive
surgery, the possibility of infection decreases.
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3.1.8. Magnet CCRs

Magnetic CCRs are another type of sub-millimetre continuum robots, including
permanent-magnet-joint CCRs [103] and magnetic-fluid CCRs [23]. Permanent mag-
nets and magnetic fluids are controlled in the magnet field without any actuation wires.
A permanent-magnet-joint CCR is shown in Figure 11. The elastic beams are actuated
by the interactions of N and S poles. As for magnetic-fluid CCRs, the magnitude of the
magnet field affects the viscosity of the magnetic fluid, and the viscosity can be close to the
solid viscosity with the increase of the magnitude. Magnet CCRs can also be mounted on
medical devices and serving as a guide.
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3.1.9. Rolling-Joint CCRs

Rolling-joint CCRs are special for a variable neutral line of the robot, as shown in
Figure 12. Most rolling joints are made of ABS material to reduce weight. They are actuated
by non-circular spur gears [104] as the asymmetric arrangement of rolling joints (∆x 6= ∆y),
and the nonlinear actuating relationship of force and tension is complex to model [105].
Compared with the friction between cables and disk holes, the friction between rolling
joints should not be neglected.
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3.1.10. Braid CCRs

Braid CCRs are inspired by human muscles, which are braided with non-extensible,
but flexible fibres in helical arrays. They can extend, contract and bend by actuating
embedded radial and longitudinal tendons [106], and they can also be actuated by the
pneumatic artificial muscles [107]. They can vary stiffness by antagonistically actuating
actuators or increasing the pneumatic pressure. The size of this robot is not miniature,
ranging from 10 cm to 27 cm.
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3.1.11. Hybrid CCRs

Hybrid CCRs are designed for complementing the shortcomings of a basic unit with
the merits of another. Figure 13 shows the eight types of combinations of the different basic
units. Most hybrid CCRs consist of a backbone due to the continuous shape.
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• Backbone-Concentric-Tube CCR

Concentric-tube CCRs can be submillimetre, but they have limited resultant curves
and snapping problems. Backbone CCRs are flexible, but the coupling between different
segments of a backbone CCR is still a challenge. Wu et al. [108] introduced a backbone-
concentric-tube CCRs, whose dexterity is improved and the size is submillimetre. They anal-
ysed three combinations of the backbone-concentric-tube robot, as shown in Figure 14. The
results show that design II can avoid snapping and coupling of different segments com-
pared with others.
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• Backbone-Bellow CCR

The nickel bellow has much higher rigidity than a polyamide bellow. The torsional
rigidity of the backbone CCRs is relatively low. Xu et al. introduced a backbone-bellow
CCR, whose nickel bellows wrap outside of the backbones [43]. The torsional rigidity of
the backbone CCR is enhanced more than four times when a nickel bellow is integrated,
and the bending capabilities are not compromised.

• Notched Backbone-Spring CCR

Sharp bending is a challenge for concentric-tube CCRs. To maintain the miniature
size and enable sharp bending, Francis et al. [86] introduced a new asymmetric notched
backbone-spring CCR, where a helical spring wraps outside of a notched backbone tube,
as shown in Figure 15. The helical spring is also used to confine the cables.
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• Soft tube-Spring CCR

Xing et al. [109] designed a soft tube-spring CCR, which is super flexible and driven
by cables. The spring is employed for confining cables. It is different from the above hybrid
CCRs as the spring is in the silicone tube, as shown in Figure 16.
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Figure 16. The soft tube-spring CCR [109].

• Soft tube-Origami manipulator

Li et al. presented an origami gripper with soft silicone skin [110]. This gripper is
actuated by pneumatic, which can catch different things without shape requirements. This
is not a CCR, but it is promising to similarly design a silicone-origami CCR in the future.

3.2. Drive Systems

Drive systems depend on the basic transmission units of CCRs significantly. Most
semi-soft CCRs can be actuated by backbones or cables. The main difference between
the backbone-driven and the cable-driven system is as follows. The minimal number of
backbones to bend a CCR in any direction is two, but that of cables is three. The reason is a
backbone can be compressed and extended, while a cable cannot be compressed. The third
actuating backbone or the fourth cable can be employed as the actuation redundancy [111].
A pully system usually actuates one pair of cables, which motivates Dong et al. to present
a spooling system (i.e., twin pully systems) to minimise the size of the actuation system
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significantly [112]. In addition, cable tension is required to be calculated for avoiding cable
slack [20], and the backbone-driven system does not have this problem.

Most soft CCRs are actuated by pneumatic and hydraulic pressure, which can mod-
ify the length of chambers by varying the air or fluid pressure in the chambers [98].
Cable-driven assistance is usually used for soft CCRs. Shape memory alloy (SMA) and
electroactive polymer (EAP) are also used in CCRs. Shape memory alloy can change into a
certain shape when the temperature reaches the critical temperature [82,113,114]. Electroac-
tive polymer is a special material that contracts and extends by soft embedded compliant
electrodes [115,116]. The advantages and disadvantages of different drive systems are
summarised in Table 3.

Table 3. Summary of different drive systems.

Drive Systems Advantages Disadvantages

Cable/tendon Exert large force; easy control; large ratio of power to
weight. Cable slack; cable coupling; friction between cables and disks.

Backbone Remote actuation; fewer actuation wires; reduce buckling. Backlash; frictions between actuation lines and conduits;
extension and compression of actuating backbones.

Pneumatic Exert large force; variable stiffness by regulating air
pressure; large ratio of power to weight.

Strong nonlinearities of a kinematic model; not safe enough if
the air leak.

Hydraulic Exert large force. The extra weight of fluid; failure of the hydraulic power supply.

Magnet No surface contact; lightweight;
Tether-free actuation; sub-millimetre scale. Complex electromagnets control.

SMA Certain shape curvature. Need efficient cooling system; sensitive to environment
temperature; slow response speed.

EPA Lightweight; small scale. Low actuation pressure; required high input voltage; limited
range motion.

4. Stiffness and Sensing Systems

Stiffness and sensing systems of CCRs determine the motion range and motion ac-
curacy. In this section, the methods of designing variable stiffness and sensing systems
are illustrated.

4.1. Stiffness

The dexterity and payloads depend on the stiffness of a CCR. Buckling should be
avoided, especially for the CCRs actuated by the compressive-force-based drive systems,
like the cable-driven system, and backbone-driven system. Many researchers are motivated
to increase the stiffness for a large stiffness-control range or a large payload. For example,
adding rigid disks or NiTi bellows along the CCRs as discussed in Section 3.

On the other hand, variable stiffness enables CCRs to obtain the characteristics of
both traditional rigid robots and compliant robots. They can deform their elastic bodies
easily to go through the constraint environment, and exert enough payloads by stiffening
the elastic bodies. Variable stiffness can be achieved in four ways, including applying di-
mension jamming [30,117], using special alloys (such as SMA [114] and low-melting-point
alloy [109]), designing the mechanism of the CCR [49,79,105], actuating the CCR antagonis-
tically [55,106,118]. Figure 17 shows different types of CCRs with variable stiffness.
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4.1.1. Applying Dimension Jamming

The dimension jamming includes layer jamming and granules jamming. The granules
(or layers) are arranged between the inner and outer soft tubes. Their working principle
is ‘pressure-friction-stiffness’ [30]. The stiffness varies with the friction between the layers
(or granules), i.e., the stiffness increases with the increase of frictions, and vice versa. The
air pressure between the inner and outer soft tubes and the materials of the layers (or
granules) are the main contributing factors to the friction. When the pressure closes to
vacuum, the granules (or layers) are closed to each other tightly, and the stiffness increases
significantly. The working principles of granule jamming and layer jamming are briefly
shown in Figure 18. Clark et al. summarised a series of hybrid jamming methods to
design the variable stiffness [117], such as rigid granules and layer jamming method, and
deformable granules and layer jamming method.
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4.1.2. Using Special Alloys

The special alloys include SMA and low-melting alloy. Yang et al. [114] designed
a backbone CCR with SMA springs, which is actuated by three backbones. The phase-
transition temperature of SMA springs is controlled by electrical currents. The SMA is
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employed to ‘unlock’ or ‘lock’ the movements of the rods between two disks by regulating
electrical currents. Xing et al. [109] designed a hybrid CCR, including silicone tubes and
tubular hollow springs. The silicone tube is filled with a low-melting-point alloy. The
tubular hollow spring is used for transferring cold or hot water, and the temperature of the
alloy can be regulated. The alloy is in a solid phase when the temperature is less than the
melting point, and the stiffness of the CCR increases. Otherwise, it is in a fluid phase. The
alloy can reversibly transfer between a fluid phase and a solid phase with a small change
of volume.

4.1.3. Designing the Mechanism of the CCR

Zhao et al. [49] introduced a backbone CCR. The curvature-constraint rods are inserted
into the backbone tubes, and the stiffness of the CCR varies with the inserted length of the
rods. The secondary backbones can regulate the length of the curvature-constraint rods.
Li et al. [79] presented a spring CCR and used different spring constants to vary stiffness
along with the CCR. Kim et al. [105] designed an asymmetric rolling-joint CCR, whose
neutral-line is variable. The stiffness of the CCR varies by regulating the cable tension.
They verified the relation between the stiffness and the cable tension is close to linear, due
to the variable neutral-line.

4.1.4. Actuating the CCR Antagonistically

This method is suitable for the CCR with a hybrid actuation, such as soft-tube CCRs
and bellow CCRs. The stiffness of the CCRs varies by antagonistically actuating two types
of actuation. Shiva et al. [55] and Stilli et al. [118] introduced soft-tube CCRs with pneumatic
chambers and tendons. The stiffness of the CCRs is controlled by the inflatable-chamber
pressure and the tendon extension. Hassan et al. [97] presented a braid CCR with tendons
and radial actuators. The radial actuators are used for expending or contracting the braid
CCR radially.

4.2. Sensing Systems

Sensing systems include extrinsic sensors and intrinsic sensing. Extrinsic sensors are
mounted on the CCRs, including shape sensors [119], deflection sensors [109], force/torque
sensors [75,83,86,114], electromagnetic sensors [120] and pressure sensors [61], etc. For
example, tracking sensors can increase the accuracy of the orientation by directly measuring
the tip position [121]. Soft sensors can be embedded on the CCRs with a silicone skin for
shape and force estimation, like polyvinylidene fluoride (PVDF) deflection sensors [122]
and helically wrapped fibre Bragg grating (FBG) sensors [75]. However, it is difficult to
have a minimised size of the CCRs because of the wires and size of these sensors. In
addition, some sensors are not accurate enough, due to environmental noises. For instance,
electric/magnetic noises can influence the accuracy of electromagnetic sensors [123].

Xu et al. firstly introduced intrinsic sensing for backbone CCRs [1,124]. Intrinsic
sensing is also called load sensing. The external wrench/forces can be solved in the virtual
work model of the CCR with prior knowledge [1]. Bajo et al. [6] further derived a new
force-sensing algorithm based on Xu et al., and the interactions with the environment are
fully characterised. Yuan et al. derived an external force-sensing method based on the tip
position and direction and the driving cable tension, which is also verified by a backbone
CCR [45]. Haraguchi et al. presented a spring-backbone CCR, and external forces can
be estimated from the dynamic model of the CCR [78]. Burgner et al. [125] applied the
intrinsic force-sensing algorithm of Xu et al. [1] on a concentric tube CCR. Figure 19 shows
the numbers of publications using extrinsic sensors and intrinsic sensing. Most researchers
used extrinsic sensors to increase motion accuracy. It is still challenging to use intrinsic
sensing, due to the mechanisms and drive systems of CCRs.
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5. Problems of Different CCRs

A traditional rigid serial robot does not have twisting and buckling, but they are
special problems of CCRs. In this section, friction, buckling, singularity and twisting are
discussed. These problems can decrease the motion accuracy or even cause the failure of
the CCRs. However, not all of them are required to be solved urgently, which depends on
their applications and errors analysis. The numbers of publications considering them are
shown in Figure 20. We found that friction and buckling account for large proportions,
followed by singularity and twisting.
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5.1. Friction

Friction influences the position and direction of CCRs. Some researchers neglect
friction by using nylon-coated [126], Teflon-coated cables [127] and lubrication [92]. Other
researchers include friction in the analytical models of CCRs, and the medical surgery
CCRs account for a large proportion. There are four types of frictions, including the
friction between the cables and disk holes [2,10,42,78,83,128] or between cables and the
catheter [65,121]; friction between backbones and actuation conduits [6,9,41,129] or be-
tween backbone and disks [11]; friction between concentric tubes [72,121,130]; and friction
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between rolling joints [104]. In addition, the concentric tube friction is a beginning, and
most modelling of the concentric CCRs neglects the friction [67,69,71,72,131].

The friction coefficient and normal forces are the main contributing factors to the
friction. The friction coefficient is used to be calculated by experiments [6,10,11] and a
few by estimation [9]. The normal force is calculated by the equilibrium equations of
actuation force, or cable tension, or experiment. Three friction models have been applied in
the modelling of CCRs, including the Coulomb model [10,129,132], Capstan model and
Dhal model.

5.1.1. Coulomb Friction Model

The Coulomb friction is also called sliding friction, as described in Equation (1) [11].
The static friction coefficient is assumed to be equal to the kinetic friction coefficient. This
model is employed for analysing the tangential forces between contact surfaces [133],
where tangential forces indicate the forces caused by sliding and rolling [134].

Fcb = µFN (1)

where Fcb denotes the resulting Coulomb friction; FN denotes the normal force on the
contact surface; µ is the friction coefficient.

5.1.2. Capstan Friction Model

The Capstan friction model is also called the belt friction model, as described in
Equation (2) [128] and Figure 21. The advantages of this model are estimating and updating
the internal friction, including the friction between the cable and sheath when the shape of
the sheath and the radius of the robot curvature change [9].

Fc = F− F0 = F0(eµα − 1) (2)

where, Fc denotes the resulting Capstan friction; F is the resulting holding force on the
other side of the capstan; F0 is the applied tension on the rope; µ is the friction coefficient,
α is the contact angle in radians [135].
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5.1.3. Dahl Friction Model

The classical Dahl friction model relates to the cable sliding speed and the displace-
ment of the friction force, as described as Equation (3) [136].

dFD
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= σ

[
1− FD
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sgn(v)

]α
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where FD denotes the resulting Dahl friction; x denotes the sliding displacement. Fs
denotes steady-state friction; σ denotes the initial rate of the force to the displacement; α is
commonly to be 1; v is the sliding velocity.

Jung et al. modified the Dahl friction model, whose Fs is not fixed and depends on the
radius of curvature and the normal force between the tendon and lumen [136,137].

The above friction models are suitable for continuous-contact friction. Except for
the Dahl friction model, the Coulomb friction model and Capstan friction model have
no dependence on sliding speed. If the CCR has a typical discrete-interacted-cable actua-
tion as described in [83], the discrete contacts influence the deflections of the CCR. Gao
et al. [83] introduced a friction model, which is suitable for the discrete contacts. This
model is derived with consideration of cable loading history and the effects of variable
friction coefficients.

5.2. Buckling

From the review, there are four methods for avoiding buckling as follows.

5.2.1. Controlling the Parameter Related to Buckling in the Model

Li et al. [60] presented a soft-tube CCR with pneumatic actuation. They derived the
air-pressure-change equation with a given path tracking, and the buckling is avoided
by controlling the air pressure limited to a certain level. Gilbert et al. [71] analysed a
concentric-tube CCR. They derived the configuration equation of the CCR, which relates to
bending angle, material properties, the geometric of the tube and loads. The CCR avoids
buckling by controlling the last three parameters of the equation.

5.2.2. Increasing Rigidity of the CCR

Xu et al. [138] presented a backbone CCR, and they avoid the backbone buckling by
adding spacer rings. Frazelle et al. [88] designed a spring CCR with multi-disks to avoid
the bucking of the spring. Haraguchi et al. [78] designed a backbone-spring CCR with
a backbone-driven system, and the secondary backbones are wrapped in a rigid tube to
avoid buckling.

5.2.3. Using Actuation Redundancy

Simaan et al. [91] designed a backbone CCR with a backbone-driven system. The
fourth driving backbone is used for the actuation redundancy to avoid buckling.
Yip et al. [7] and Amanov et al. [139] analysed backbone CCRs with a cable-driven system,
and the pre-tensions along the cables are used to avoid buckling.

5.2.4. Keeping Applied Loads under the Critical Force

Gan et al. [140] presented a soft-tube CCR, and Thomas et al. [95] designed a compliant-
joint CCR, and they avoid buckling by applying the loads below the critical load of
the buckling.

5.3. Singularity

From the review, the singularity configuration of concentric-tube CCRs is special. That
is, some pre-curved tubes reaching the same position when the inner and outer tubes rotate
together. A common singularity configuration of other CCRs is the body of CCR is vertical
with a zero-bending angle.

As for one segment of CCR’s singularity, we can use three methods to judge the
singularity, including the Jacobian matrices, calculating condition number (the ratio of
maximum singular value to minimal singular value), and using deflection sensors [122].
When the Jacobian matrix is ill-defined [1] or the condition number is infinite [123], the
CCR has the singularity problem. These can be solved by mathematics, such as L’Hopital
Rule [1,41,43], and Taylor series expansion [141]. As for a multi segments continuum robot,
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we should figure out the singularity of each segment with the above ways. If one segment
of the CCR has the singularity, the CCR has the singularity.

5.4. Twisting

The twisting problem is not the rotation of the axial neutral axis. Here, the twisting is
caused by the CCR’s self-weight and the payload, as shown in Figure 22 [20].

Actuators 2021, 10, x FOR PEER REVIEW 19 of 27 
 

 

5.2.3. Using Actuation Redundancy 
Simaan et al. [91] designed a backbone CCR with a backbone-driven system. The 

fourth driving backbone is used for the actuation redundancy to avoid buckling. Yip et al. 
[7] and Amanov et al. [139] analysed backbone CCRs with a cable-driven system, and the 
pre-tensions along the cables are used to avoid buckling. 

5.2.4. Keeping Applied Loads under the Critical Force  
Gan et al. [140] presented a soft-tube CCR, and Thomas et al. [95] designed a compli-

ant-joint CCR, and they avoid buckling by applying the loads below the critical load of 
the buckling.  

5.3. Singularity 
From the review, the singularity configuration of concentric-tube CCRs is special. 

That is, some pre-curved tubes reaching the same position when the inner and outer tubes 
rotate together. A common singularity configuration of other CCRs is the body of CCR is 
vertical with a zero-bending angle.  

As for one segment of CCR’s singularity, we can use three methods to judge the sin-
gularity, including the Jacobian matrices, calculating condition number (the ratio of max-
imum singular value to minimal singular value), and using deflection sensors [122]. When 
the Jacobian matrix is ill-defined [1] or the condition number is infinite [123], the CCR has 
the singularity problem. These can be solved by mathematics, such as L’Hopital Rule 
[1,41,43], and Taylor series expansion [141]. As for a multi segments continuum robot, we 
should figure out the singularity of each segment with the above ways. If one segment of 
the CCR has the singularity, the CCR has the singularity. 

5.4. Twisting  
The twisting problem is not the rotation of the axial neutral axis. Here, the twisting 

is caused by the CCR’s self-weight and the payload, as shown in Figure 22 [20].  

 
Figure 22. The twisting of a CCR. 

We can use the twisting angle (denoted by φ) to evaluate the twisting as expressed 
in Equation (4) [20]. 

φ = TL/GIaxial (4)

where T is the twisting torch-applied on the robot, L is the length of the CCR, Iaxial is the 
moment of inertia along axial direction; G is the shear modulus of elasticity; E is Younth’s 
modulus; v is the Poisson’s ratio, and G = E/(2 + 2v). Noted that the expression of the twist-
ing angle does not include actuation assistances [20]. 

Similar to the methods of avoiding singularity, twisting also can be prevented by 
increasing rigidity and using actuation redundancy. Dong et al. [20] introduced a compli-
ant-joint CCR with twin-compliant pivots, and Yoshida et al. [46] inserted a super-elastic 
NiTi rod in the soft-tube CCR to increase the rigidity. They also reduced the twisting angle 
by increasing the cable tension [20]. Godage et al. [142] presented a new soft-tube CCR by 

Figure 22. The twisting of a CCR.

We can use the twisting angle (denoted by ϕ) to evaluate the twisting as expressed in
Equation (4) [20].

ϕ = TL/GIaxial (4)

where T is the twisting torch-applied on the robot, L is the length of the CCR, Iaxial is the
moment of inertia along axial direction; G is the shear modulus of elasticity; E is Younth’s
modulus; v is the Poisson’s ratio, and G = E/(2 + 2v). Noted that the expression of the
twisting angle does not include actuation assistances [20].

Similar to the methods of avoiding singularity, twisting also can be prevented by
increasing rigidity and using actuation redundancy. Dong et al. [20] introduced a compliant-
joint CCR with twin-compliant pivots, and Yoshida et al. [46] inserted a super-elastic NiTi
rod in the soft-tube CCR to increase the rigidity. They also reduced the twisting angle by
increasing the cable tension [20]. Godage et al. [142] presented a new soft-tube CCR by
evenly distributing constrainers (like a disk) along with the CCR, which strengthens the
torsional stiffness significantly.

On the other hand, twisting can be neglected when the error caused by twisting is very
small. For example, Xu et al. showed that the shape error caused by twisting is 1% of the
total length (50 mm) [6], which means twisting has less effect on the shape. Twisting has
less effect on the CCR configuration when the CCR has a short length and higher rigidity.
If the length of the robot is longer, like more than 100 mm [13,46], or the CCR is soft, such
as soft-tube CCRs [142], we should reduce the twisting of the CCRs.

6. Summary and Perspectives

From the review, a wide variety of compliant continuum robots (CCRs) have been
repeated and analysed. Most CCRs are increasingly used in minimally invasive surgery.
Only catheter CCRs and concentric-tube CCRs have a sub-millimetre size, and backbone
CCRs have a millimetre size. Due to the small bodies, intrinsic sensing is applied in these
robots rather than extrinsic sensors. As for drive systems, lightweight, small-size, efficient
(less friction and backlash), high ratio of power to weight are needed. Drive systems with
enough softness are also especially required for soft-tube CCRs. Five perspectives of the
design of CCRs, collaborative CCRs, actuation redundancy and compensation, stress and
obstacle avoidances are discussed as follows.

• Design of CCRs

To inspire the design of CCRs, we divide different CCRs into eleven categories based
on basic transmission units and summarise the characteristics of each unit. It is also
promising to design compliant-joint CCRs based on compliant mechanisms. They have
great advantages over other CCRs for three reasons. First, most compliant-joint CCRs are
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driven with cables or backbones, and the body sizes can be minimised easily. Second, the
compliance (i.e., DoF and DoC) of a compliant joint can be derived with the compliance
of flexible blades or wire beams quickly. The commonly used way for calculating the
compliance of a joint is the compliant-matrix method [143]. The ratio of DoF to DoC should
be at least 100, and the parasitic motions can be neglected. Note that a parasitic motion
indicates the unwanted motion along or about a constraint direction. Third, the compliance
of the compliant joint is also applied for analysing parameters and providing design
insights. For instance, Hao et al. [144] presented a class of planar compliant mechanisms
with four-wire beams by regulating the tilt angle of each beam. In addition, we can also the
freedom, actuation, and constraint topologies (‘FACT’) to design compliant mechanisms
introduced by Hopkins et al. [145].

• Collaborative CCRs

A collaborative CCR system consists of multiple CCRs, working together in a parallel
configuration, which can be used to drive a motion stage collectively. A collaborative CCR
system incorporates the features of the parallel and continuum mechanisms. For example,
Nuelle et al. [146] and Lilge et al. [147] designed new three-leg planar parallel CCRs, and
each leg is actuated by a backbone CCR. The results show that the planar parallel CCRs
have high dexterity and few singularities compared with the traditional parallel rigid robot.
Ding et al. [148] presented a collaborative CCR system with two backbone CCRs and a
camera module for single port access surgery. The two CCRs and the camera module can
insert the abdomen through a single port. Then they deploy as a collaborative CCR system
in the human body and work as surgical assistants.

• Actuation redundancy and compensation

Actuation redundancy has great advantages in reducing the effects of buckling and
twisting as stated in Sections 5.2 and 5.4, and increasing the stiffness, as shown in Section 4.1.
Actuation can also be employed for compensating the discrepancy between the analytical
model and actual motions. Especially for CCRs with the backbone-driven system [129],
whose secondary backbones pass the channels in the actuation unit cone. The friction
between the secondary backbones and channels is much larger than the friction between
the secondary backbones and rigid disks. Xu et al. introduced an actuation compensation
vector to compensate for the friction, assembly backlash and material uncertainties. In other
words, the compensation vector includes the Coulomb friction equation and two scaling
parameters of uncertainties, which are solved by using the recursive estimation [129].

• Stress consideration

Most semi-soft CCRs are made of superelastic metals, which belong to ductile mate-
rials. The maximum von Mises stress of the material should be less than its yield stress.
Otherwise, inversible plastic deformation occurs on the CCR. We can calculate the max-
imum von Mises stress by using finite element analysis or empirical equations [149]. In
addition, the stress concentration may occur on geometric irregularities of the material,
especially for compliant-joint CCRs, and we can reduce the stress concentration by adding
round corners for each elastic flexure.

• Obstacle avoidance

CCRs are quite suitable for avoiding obstacles and operating with their dexterous
bodies in a constrained environment. As for hyper redundant rigid robots, the obstacle
problem can be divided into four types, including static, dynamic, planar and spatial obsta-
cles [150]. The obstacle avoidance of CCRs is at the beginning for researchers. Updating
the Jacobian based on sensors’ feedbacks to avoid obstacles is usually used. For example,
Yip et al. [7] updated the Jacobian by solving the tip constrained optimisation equations.
Roesthuis et al. [151] regulated the Jacobian based on the feedbacks of fibre Bragg grating
(FBG) sensors.
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