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Abstract—Soft continuum robots provide high dexterity in
constrained spaces, while guaranteeing a compliant interaction
with the surrounding environment. Over the last years, they
have been used to improve many manipulation tasks, going
from maintenance, inspection and repair in industrial–related
environments to minimally invasive surgery in the medical
field. This paper investigates the use of soft continuum robots
for remote measurement tasks, and focuses on the following
application scenarios where they have already demonstrated their
benefits: space, aerospace, nuclear, marine and medical fields.
The limitations of existing applications and perspectives of future
directions are also discussed.

I. INTRODUCTION

The successful execution of remote measurement tasks in
environments which are difficult to reach by humans requires
the use of robotics technologies. A class of robotic systems
which is suitable for remote measurement applications is
represented by flying robots. Indeed, by embedding sensors on
drones, it is possible to convert the flying robot in a remote
measurement system [1]. To date, drones have successfully
demonstrated their use in a wide range of measurement
applications: aerial photogrammetry, agriculture, monitoring
of buildings, inspection of power lines [2]. However, reaching
remote sites through constrained and small–scale spaces using
drones is highly challenging as they require accurate and
reliable sensing systems for navigation; indeed, developing
methods for efficient navigation of drones in GPS–denied envi-
ronments as indoor spaces is still an open issue. Furthermore,
drones can not be used in such contexts which also require safe
interaction with the surrounding environment (i.e. surgery).

One possible technological solution for enabling remote
measurement tasks in constrained and high–risk environments
is represented by soft continuum robots [3], namely robots
with a continuously deformable mechanical structure. Their
inherently compliant structure enhance the operational capabil-
ities of traditional robots by offering the possibility to traverse
cluttered spaces and conform their shape to nonlinear paths,
while guaranteeing, at the same time, a compliant interaction
with the environment. Furthermore, they can also be used to
manipulate objects in complex environments; this is relevant as
sensing the environment is often required for remote on–line

execution of manipulation tasks. Therefore, having the same
robotic platform which can be used as both measurement and
manipulation system could be a great advantage.

The design of soft robots takes inspiration from continuum
biological structures, as climbing plants, snakes, trunks of
elephants and tentacles of octopuses. In order to replicate the
motion of their natural counterparts, soft continuum robots are
basically composed by one or more elastic elements, which
can be actuated by intrinsic sources (as fluids) or by external
motors which transmit forces to the robotic structure through
transmission mechanisms (as tendons/cables). Despite more
complex models are needed to describe and control their
shapes [4]–[7], soft robots are relatively easy to fabricate.

In the literature, existing review papers on soft continuum
robots have focused on: continuum robots in general [8];
bioinspired soft robots [3], [9]; design and fabrication of
soft robots [10]; design and kinematic modeling of constant
curvature robots [11]; medical continuum robots [12]; shape
sensing techniques for medical continuum robots [13]; force
sensing using fiber optic sensors [14].

However, none of these works is specifically focused on
measurement applications enabled by soft continuum robots
in constrained environments.

II. OVERVIEW OF MEASUREMENT APPLICATIONS
USING SOFT CONTINUUM ROBOTS

Here we review the use of soft continuum robots for re-
mote measurement tasks in the following environments: space,
aerospace, nuclear, marine, surgical (see, e.g. Fig. 1 for some
illustrative examples of robots used in these environments).

A. Space

In space environments, soft continuum robots have been
used for in–orbit monitoring and inspection. Motivated by the
need of reaching tight spaces through complex geometries in
space systems, their design was mainly inspired by plant vines,
which are natural, thin continuum structures.

The first developed robot of this kind is the NASA Tendril
robot, which is capable to extend deep into crevasses and
under thermal blankets which cover space instruments to
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Fig. 1. Soft continuum robots used in measurement applications. (a) Ten-
dril robot for in–space inspection developed by NASA’s Johnson Space
Center [15]. (b) Slender continuum for on–wing inspection of gas turbine
engines developed by Rolls-Royce University Technology Center (UTC) at
University of Nottingham [16]. (c) Snake–arm robot for nuclear applications
developed by OC Robotics [17] (http://www.ocrobotics.com/). (d) Eel–like
robot for subsea inspection developed by Eelume, a spin–off company from
Norwegian University of Science and Technology [18] (https://eelume.com/).
(e) ANUBISCOPE, a flexible endoscope prototype developed by Karl-
Storz/IRCAD [19].

inspect areas largely inaccessible by astronauts and existing
in–space tools [15]. NASA Tendril robot has a diameter–to–
length aspect ratio of 1:100 (1cm:1m) and it is equipped with
a tip mounted CCD camera for visual inspection. The robot
structure is composed of passive springs interconnected by
threaded links, and it only presents two actively controlled
bending sections. This structure produces undesired effects
while in operation, such as section buckling due to coupling
of springs and spring twisting due to external loads. Since
these aspects limit the control effectiveness, an enhanced

concept based on concentric tubes actuated by a spring–tendon
system was proposed in [20], [21]. Then, this design was
enhanced by placing spines along the structure, which allow
exploiting environmental contacts through local bracing. The
novel design improved the overall stability and accuracy of the
system; furthermore, it allowed increasing the maximum body
length of the robot [22]. The novel vine–like robot was also
used for environmental monitoring applications (remote sensor
placement, data collection and analysis, imaging difficult–to–
reach areas) in the 1 g Space Station environment at NASA’s
Johnson Space Center [23].

Most of research on continuum instrumentation for space
applications has been funded by NASA.

B. Airplane industry

The need for minimizing jet engine downtime has recently
pushed roboticists and technologists towards the development
of remote robotic solutions to speed up boreblending pro-
cedures [24]. These procedures consist of machining stress–
relief features on gas engine compressor blades which present
mechanical defects. As it is simple to imagine, the aeroengine
needs to be inspected from the inside, in order to identify
the blades to repair. In the current airplane industry, bore-
blending procedures are still performed with manual tools and
instruments inserted via borescope ports [25]. Due to their
unique features, slender continuum robots represent a possible
technological solution to automate boreblending. With this in
mind, authors from University of Nottingham have developed
a boreblending continuum robot for on–wing inspection and
repair of aeroengines blades [16], [26]. This extrinsically
actuated robot navigates into the compressor via borescope
ports, and, as it is equipped with stereo cameras, it provides
3D point clouds of the surrounding environment; therefore,
useful data as key measures, size and shapes of mechanical
defects of aerofoils are obtained. These are then used for in–
situ repairing tasks [27].

Most of research on remote boreblending technologies has
been funded by Rolls-Royce, a world leader in gas turbine jet
engines.

C. Nuclear reactors

Nuclear reactors are hazardous environments where humans
can not access due to high levels of radioactivity. Continuum
robots can be deployed inside reactor vessels through access
ports. Their principal measurement application is the remote
diagnostics of in–vessel components, as the latter need to
be remotely replaced in case of damages and/or high acti-
vation [28]. When the high level of expected radiations inside
the chamber prevent the insertion of survey systems from
the vessel ports, continuum instruments are inserted through
the piping system to provide remote inspection of the main
vessel [29]. Another application in this scenario is the in–bore
inspection of pipes, which is required for their remote cutting
and welding [30]. It is worth noticing that these robots have to
be equipped with special sensors devoted for such hazardous
and demanding environments.



Remote nuclear operations are the oldest applications of
robotics–related technologies for hazardous environments [31].
Born from the United Kingdom research on nuclear engi-
neering, extrinsically actuated snake arm nuclear robots are
currently manufactured and retailed by OC Robotics [17]. Ini-
tially tailored for nuclear applications, these robots have been
used also in other industry–oriented domains [32]; currently,
they represent the only commercially available solutions of
general–purpose continuum–like robots.

D. Marine environments

The abilities to access and traverse confined spaces make
continuum robots ideal candidates as explorators of those sub-
sea sites which are difficult to reach with standard underwater
robotic platforms [33]. A great example of continuum–like
robotic platform for underwater applications is Eelume, an eel–
like robot developed by authors from Norwegian University of
Science and Technology [18]. Eelume is specifically targeted
at inspection operations in constrained locations of subsea
installation for oil and gas industry. Other existing underwater
platforms are inspired by the natural octopus, as the one
developed by authors from the Italian Sant’Anna School of
Advanced Studies [34]; however, these platforms are mostly
prototypes devoted to research studies.

Furthermore, since soft robots offer the possibility to safely
interact with the surrounding environment, they can be used
when it is required to delicately manipulate objects and/or bio-
logical species. Authors from Harward University have indeed
developed a soft robotic gripper to sample fragile species on
deep reefs [35]. Despite this application involves manipulation
tasks (which are not object of this review), remote sampling
can be seen in a broader sense as a measurement application,
as scientific measurement studies can be carried out with the
remotely-sampled organisms.

E. Medicine

The need for less invasive surgical procedures is driving
the use of soft continuum robots in medicine. Indeed, soft
continuum robots can allow access inside the human body
through small incisions or natural orifices, and navigate along
curvilinear paths, while providing safe interaction with the
anatomic environment. They are the technological solution for
the recent trends of natural orifice transluminal surgery [36]
and single port laparoscopy [37]. Over the last decade, a
huge amount of work has been done in medical continuum
robots [12]. In the current work, we are only focused on con-
tinuum instrumentation used for aiding, from a measurement
point of view, robot–assisted surgical treatments and/or simply
medical diagnosis.

In minimally invasive robotic surgery, measurement ap-
plications of continuum instruments include: (i) enhanced
visualization of the surgical site and surrounding anatomy; (ii)
biopsy, i.e. sampling suspected cells or tissue for examination
under the microscope; (iii) tissue characterization.

Flexible endoscopes with bendable tips are instruments aid-
ing the surgical robot (which has to perform the intervention)

by providing visualization of areas which are difficult to reach
during operation [38]. They can be either equipped by the
surgical robot [39] or integrated within it [40].

Biopsy continuum robots and flexible needles can reduce
the risks of abrasion and injury to patients during biopsy,
with respect to traditional systems. Continuum–like systems
have been used in a wide spectrum of biopsy applications,
including nasopharyngeal biopsy [41], maxillary sinus area
biopsy [42], transthoracic lung biopsies [43], endoscopic tu-
mor biopsy [44]. Biopsy involves a sampling task; as before,
we consider it as a special case of measurement application,
since the sampled biological structure can be used for mea-
surement studies.

Soft tissues exhibit complex nonlinear, anisotropic, nonho-
mogeneous, time, and rate dependent behavior [45]. Material
properties of soft tissues are challenging to measure and
different approaches have been proposed in the past years [46].
Soft continuum robots might provide tools for remote char-
acterization and measures of soft tissue, not only because
they can access constrained sites and provide safe robot–tissue
interaction for in–situ measurement tasks, but also for their
intrinsic force sensing capability [47]. Indeed, authors in [47]
have developed a method to estimate an unknown wrench at
the tip by measuring the axial loads acting on the backbones of
a multisegment continuum robot. This means that continuum
robots might be used to sense contact forces with soft tissues,
without using force sensors. This is of great advantage, as
placing commercial force sensors at the tip of a surgical end–
effector might be not always feasible, mainly due to side
constraints and magnetic resonance imaging compatibility.

III. DISCUSSION AND FUTURE DIRECTIONS

Soft continuum robots have shown great potentials for mea-
surement applications where humans and traditional means
can not access due to constraints given by the environment.
In these contexts, such systems act as tools transporting
sensors for data acquisition, environment monitoring, visual
inspection, diagnostics. Continuum robots used as measure-
ment systems can indeed provide fundamental information to
perform critical tasks, as the location and characterization of
a damaged blade in a gas engine for a blending procedure
or the visualization of anatomy for a surgical operation. Since
most of current robotic systems working in hazardous domains
are not fully autonomous (they either share a certain level
of autonomy with humans, or they are full teleoperated),
continuum measurement systems can be seen as tools for
augmenting the human sensory system. As a matter of fact,
in real applications, the environmental data that they provide
are used by humans to take informed decisions and perform
the remote task with a greater awareness. However, as data
provided especially by continuum–like instrumentation lack of
information, human experience still matters a lot in performing
critical tasks. As an example in robotic surgery, flexible
endoscopes, although being introduced since many years, still
offer poor image resolution, if compared to rigid endoscopes.



Future research on continuum measurement systems in the
listed applications should go in the direction of developing
systems for enhancing human capabilities. Indeed, these sys-
tems can provide useful additional perception which goes
beyond those provided by physical senses and classic instru-
mentation. Having a deeper knowledge of the surrounding
environment allows taking more informed decisions for per-
forming a critical task. To this end, emerging technologies
for 3D visualization, 3D reconstruction and augmented reality
implemented on continuum measurement systems could have a
great impact. For instance, in the medical field, stereo cameras
placed at the tip of a flexible endoscope could endow the
physician with a 3D visualization of the surgical site, which
is something that could bring great benefits as considered
by the surgeon community. Furthermore, 3D scanning the
internal anatomy of the patient could have a tremendous
impact in delivering custom treatments to patients. Indeed, a
virtual 3D reconstruction of the internal body could be used
for off–line planning of surgical interventions, or even, for
designing surgical instruments tailored for the patient anatomy.
As the single port access surgery would become widespread,
we believe that disposable custom–fit 3D printed continuum
devices would become the common practice. Indeed, they can
be much more cost effective than the current rigid instruments,
which, despite having a useful life of about ten operations, are
today really expensive.

In the application scenarios analysed in this work, soft con-
tinuum robots have already started in demonstrating their capa-
bilities as remote measurement systems, despite the observed
limitations. However, soft continuum robots could be used
in many other applications of interest by the measurements
community, where there is not yet a relevant scientific evidence
of their use. Future applications might include: (i) power line
inspection; (ii) remote power quality analysis [48]; (iii) mon-
itoring of infrastructure sites which are difficult to access;
(iv) structural health monitoring [49]; (v) in–situ diagnosis
of electronic circuits; (vi) in–situ measuring of thin struc-
tures [50]; (vii) inspection of electrical cabinets and/or data
center racks; (viii) remote ultrasonic–based nondestructive
testing [51]; (ix) urban disaster operations, as they can bring
sensors in a priori unknown and cluttered environment.

Another limitation of the soft continuum robots analysed
in this work is that, in most of cases, they are robots with a
fixed base. Therefore, despite their unique capabilities of going
inside narrow spaces and adapt their shape to curvilinear path,
they offer a limited workspace. To limit this problem, their
design can be improved by using telescopic sections; however,
even in this case, the workspace is limited, especially for such
tasks that require inspection of large environments. There are
two possible solutions to this problem: (1) coupling the contin-
uum robot with a mobile or aerial robot; (2) giving locomotion
and climbing capabilities to the continuum robot. In the first
case, the mobile or aerial robot is used to bring the continuum
robot in the inspection site, with the latter performing the
measurement task. With the aim of enhancing the operational
capabilities of traditional flying robots, two European projects

have been recently funded for the developed of a robotic plat-
form where a flying robot is coupled with a rigid articulated
manipulator (AEROARMS, https://aeroarms-project.eu/) and a
rigid hyper–redundant long reach manipulator (HYFLIERS,
https://www.oulu.fi/hyfliers/). Despite these recent progresses,
aerial manipulation and measurement tasks are still performed
coupling a rigid manipulator to the drone [52]. Coupling a
soft manipulator to the flying robot could be a possibility
for future works in this domain. In the second solution, a
continuum robot is endowed with internal locomotion and/or
climbing. With this respect, there is an on–going research on
different paradigms for soft robot locomotion, inspired by the
locomotion of snakes and caterpillars [53]. On the other side,
soft robots able to climb on different surfaces are inspired
by geckos [54]. As an example, these robots can provide an
alternative solution to drones for in–situ inspection of power
distribution lines. In this context, it has been underlined that a
robot able to climb along the conductor and overcome various
obstacles on the power line might provide high inspection
accuracy with respect to flying robots [55]. Another important
aspect of soft robots is that they can exploit internal energy
as additional source of actuation for locomotion/climbing pur-
poses. Thus, soft robots designed considering this aspect can
be more energy efficient, overcoming the current autonomy
problem of traditional aerial robots. They could eventually
become permanent residents of many sites, for their continuous
monitoring.

In summary, in this preliminary work we have emphasized
the features of soft continuum robots which are interesting
for their use in remote measurement tasks. This first analysis
underlines that soft continuum robots have been used as remote
measurement systems mainly in the following environments:
space, aerospace, nuclear, marine, surgical. However, their
capabilities might benefit many other applications which are
worth to be investigated in the future.
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