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Abstract

Operations in extreme and hostile environments-such as offshore oil and gas, nuclear decommissioning,
nuclear facilities maintenance, deep mining, space exploration, and subsea applications require the exe-
cution of sophisticated tasks. In nuclear environments, robotic systems have advanced significantly over
the past years but still suffer from task failures caused by informational and physical uncertainty of the
highly unstructured nature of the environment and exasperated by the time constraints imposed by high
radiation levels. We present a survey of current robotic systems that can operate in such extreme envi-
ronments and offer a novel approach to solving addressing the challenges they impose, encapsulated by
the mission statement of providing structure in unstructured environments and exemplified by our new
self-assembling modular robotic system, the Connect-R.
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1 Introduction

As we push the boundaries of human endeavour, we will inevitably operate in more extreme environ-
ments than ever before, including: nuclear zones; offshore environments; space exploration; defence; sub-
sea applications and deep mining. Operations in these hostile, extreme environments require the execu-
tion of sophisticated tasks such in deploying systems for inspection, lifting, and cutting. The nature of
these environments increases the risk to human life and consequently inflates the cost of operations. The
urgency to remove people from these environments has driven industries to look for more cost-effective
and safer methods to carry out operations and inspection tasks. Advances in robotics and automation
have led people to believe that robots can provide the capability required for these tasks.
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Here, we focus on how the current advancement of the field of robotics can affect immediate change in
performing these tasks in extreme environments, specifically nuclear commissioning environments. This
particular extreme environment has a unique temporal constraint imposed on operators due to the to-
tal integrated dose imparted by high levels of radiation, which are of course too severe for human op-
erators leaving robotics as the only viable solution. Figure 1 shows the total integrated dose for 23 dif-
ferent nuclear robotic systems and the amount of time (hours) the robots are able to operate for in a
specified nuclear environment (Fukushima Daiichi Unit 2 Reactor). The total integrated dose is the to-
tal amount of radiation dose that a robot can withstand before failure. Given the nature of radiation
induced failures, a solution that maximises the useful time available to a system is the key factor in de-
termining success. The maximum radiation level measured in Fukushima Daiichi Unit 2 Reactor is 530
Grays (Gy)/hr [1]. As shown in Figure 1, most of these systems have an effective mission-time of 0.2-1.9
hours before failure. One of the most challenging aspects of this environment is the near constant infor-
mational and physical uncertainty associated with the highly unstructured work-zone. Although robotic
systems might be capable of performing essential tasks in these environments, they will likely end up us-
ing most of their time for tasks like localisation, mapping and navigation.

The current approach to operating in these harsh environments is to deploy ever more complex, innova-
tive and expensive field robotics which are often in the form of single units that can perform a myriad
of functions to provide the necessary capability. The trend of single robotic systems has had limited suc-
cess and appears to be approaching operational requirements that cannot be achieved, particularly in
environments such as the ones presented by Fukushima. From a total system perspective, the potential
for parallel redundancy is severely limited by the singular failure potential of one or a handful of field
robots.

Each robot also faces the same problem each time it enters the environment: each field robot will have
to perform SLAM and obstacle avoidance and crucially each has a similar effective working time, driven
by its TID. This is because the current protective measures that can be applied to electronics in radioac-
tive can only provide so much time. The electronics can not be upgraded further and from a mission
completion perspective, deploying successive field robots does not necessarily increase the progress of
the intended mission. There is a pressing need for the current technologies available to industry to be
utilised in such a way that they can address the operational requirements posed by environments like
Fukushima.

A promising answer to these problems are the deployment of modular and multi robot systems. The
have some key benefits that are well placed to answer such problems: they are inherently redundant and
often one of the guiding design principles of modular robotics is to maximise the parallel redundancy in
the system. Stemming from the same principle, these systems are often relatively cheap per individual
unit, benefiting from the emergent capability of a system of comparatively simple units.

Whilst modular robotic systems do have significant potential there are still significant barriers to their
wide spread adoption in industry, particularly the nuclear decommissioning industry. Practically, mod-
ular robotic systems have note yet been built at a physical scale that provides any useful work in such
environments. Nuclear decommissioning tasks tend towards heavy engineering and so require significant
force and power requirements. Next, the problem of system control is unavoidable and grows as the size
of the system grows. The need for precise and explainable control in the system autonomy architecture
is of paramount importance when operating on critical infrastructure where mistakes will have detrimen-
tal effects that last for thousands of years. Modular robotics also face the major problem of TID, exactly
as field robotics do. In this way, it the major limiting factor that renders any system design principle, in-
novative control system or specialist capability irrelevant as the hard limit imposed by radiation on the
current hardware protection capabilities available.

The question becomes given the present need to operate in such environments and the limiting factor of
radiation hardening, what is the best approach to maximise the available operational time in an envi-
ronment within current capabilities? This work will present a survey of current solutions for the nuclear
decommissioning sector and the current state of the art in modular robotics. We will then present the
Connect-R, a modular robotic system that is designed to answer the question posed before, as a poten-
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tial solution to the urgent industrial need for robotic solutions in their harshest environments.
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Figure 1: Total Integrated Dose (TID) of 23 different nuclear robotic systems and the effective time (hr) before failure

in the Fukushima Daiichi Unit 2 Reactor (530 Gy/hr). (A) Humans (for comparison) (0.02 Gy) [2]. (B) Shape Changing
Robot [3]. (C) AVEXIS [4]. (D) DRV [5]. (E) KUKA iiwa LBR robot [6]. (F) Qunice 1 [7]. (G) Quince 2 [8]. (H) Quince
3 [9]. (I) SC-ROV [5]. (J) Gengo [5]. (K) Trydiver [5]. (L) Underwater ROV [5]. (M) Mini Rover M~K I [10]. (N) The
Phantom 300 XTL [10]. (O) General Electric’s Minisubmarine [10]. (P) Scorpion [11]. (Q) TEPCO Cleaning Robot [12].
(R) B1 [5]. (S) MEISTeR [5]. (T) Survey Runner [5]. (U) Telescopic Robot [5]. (V) Lake Fischer [5]. (W) PMORPH [5].

2 Robotics for Extreme Environments

The use of robots in extreme environments removes the requirement for people to operate in such dan-
gerous environments, which reduces the risk to human lives, reduces the cost of operation in these envi-
ronments, and helps increase the productivity. The requirements for the robotic systems vary with the
different domains they are deployed in and examples of this variation can be seen in current robots de-
signed for extreme environments such as deep sea operations, mapping the sea bed, space exploration,
offshore environment monitoring, as well as nuclear maintenance and decommissioning.

The offshore environment is an extreme environment that can benefit from the use of robotic platforms.
The international offshore energy industry currently faces the challenges of: a fluctuating oil price, sig-
nificant and expensive decommissioning commitments for old infrastructure (especially in the North Sea),
and small margins on the traded commodity price per kWh of offshore renewable energy [13].

There have been several reported accidents and explosions of offshore rigs, with the most widely reported
and studied tragedy being the Deep Horizon oil spill in the Gulf of Mexico [14]. The sensitivity of the
product from offshore oil and gas platforms and the harshness of the environment leads to critical health
and safety challenges. Thus, continuous inspection and monitoring of the offshore facilities is a vital task
and requires technologies to prevent accidents and ensure safety of human and marine lives.

Operators are seeking more cost-effective and safer methods for inspection, repair and maintenance of
their topside and marine offshore infrastructure. Robots are seen as key enablers in this regard to im-
prove health, safety and environment, and increase the production and cost efficiency. Robots can be de-
ployed in the air, on the rig or in the subsea.

Nuclear environments also present significant risk to human lives due to the radioactive nature of these
environments. The Nuclear energy sector provides multiple use cases where robotics is critical for success
during the operating lifetime of the reactor. Nuclear Fission plants have a long history of using electro-
mechanical and robotic solutions for inspection, refueling and maintenance. Research into Nuclear Fu-
sion has also relied heavily on robotics during the last 30 years [15], and once ready for use generating
energy, the Fusion sector will be entirely dependent on robotic remote maintenance solutions due to the
high radiation levels completely precluding human access to many facilities [16], [17]].

The multitude of legacy nuclear installations which exist around the world also provide a formidable
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challenge in terms of their decommissioning, with the UK legacy nuclear facilities alone projected to take
over 100 years to fully decommission, costing between £100-200 billion without major technological im-
provements [18].

Nuclear decommissioning, however, is still an essential task due to the many health risks associated with
nuclear assets around the world. Nuclear environments present many challenges including: hazardous
working environments requiring protective equipment and radiation hardening of electronics; limited

time windows for operation; limited lifetime for electronics; limited access through which to deploy the
systems; unstable structures present that prevent occupation; lifting of heavy objects (~50kg) that re-
quire mechanical assistance; processing of large volumes of liquids (1000s litres). Therefore, robots are
vital for nuclear environments as it is impossible to have operations carried out by humans in these en-
vironments. There have been several robotic systems developed in the past for different nuclear zones
around the world.

Following the accident at Three Mile Island in 1979, different mobile robotic platforms for inspection,
decontamination and dismantling of the TMI-2 zone have been developed. Gelhaus et al. [19] developed
the ‘ROVER’ (Remote Reconnaissance vehicle, RRV) that was a remotely-operated multi-tool vehicle
with six wheels. The robot was capable of carrying out environmental monitoring tasks, video transmis-
sions, sampling, cleaning and decontaminating areas of the nuclear zone. LOUIE I [20] is a small lightweight
surveying robot developed to take radiation measurement of areas that other robots can’t physically reach
in the TMI-2 zone. There are other examples of nuclear robotic systems that were developed for the Cher-
nobyl zone after the accident in 1986. Potemkin et al. [21] developed ‘KLAN’, which was utilised for
dosimetric reconnaissance, decontamination and rubble clearing at the Chernobyl zone. The "Pioneer’
robot was developed to assess the structural integrity of the sacrophagus in the Chernobyl power plant
and generate a 3D map of the nuclear zone [22][23][24]. ‘JAEA-3’ robot[25] was developed for the Fukushima
Daiichi zone, where the robot can take gamma ray imaging on various floors of the reactor buildings.
‘Quince’ robot developed by Nagatani et al. [26] for the Fukushima Faiichi zone and was used for surveil-
lance missions, explore the inside and outside of the reactor buildings, perform dose measurements, and
sample contaminated water. Tsitsimpelis et al. [27] provide an extensive literature review of past and
current ground-based robotic systems developed for the characterisation of a range of different nuclear
environments and zones.

3 Robotics in Industrial Applications

In proposing a pragmatic approach to industrial scale deployment of robotic systems, this section will
look at the current state of robotic systems that are widely deployed in industrial settings. Figure 2 shows
examples of some robotic systems used for industrial applications. Many robotic systems found appli-
cations in assembly lines and industrial handling in a more general, which includes processes such as
transporting, palletizing, grasping, packaging, picking, etc. Chen et al. [28] developed a smart compan-
ion robot for the automotive assembly industry to assist human workers in lifting, transporting and ma-
nipulating heavy payloads such as batteries, car body parts, etc. Unhelkar et al. [29] designed a mo-
bile robot system capable of operating on the moving floors of automotive assembly lines. The purpose
placed dynamic floors play an integral part of the robots state estimation and path planning for task
completion. Reid et al. [30] filed a patent for an automated assembly manufacturing involving robotic
arms for all assembly applications in industrial manufacturing. Bischoff et al. [31] demonstrated lat-

est trends in KUKA Lightweight Robot, showcasing its novel features and demonstrating different ap-
plications for the robot. Haddadin et al. [32] demonstrated advanced algorithms for role allocation in
human-robot collaborative industrial assembly and safety re-planning. This system was commercialised
by KUKA robot. Sabattini et al. [33] developed an autonomous guiding vehicle, as part of the plug and
navigate robots project, for industrial logistics. The robot differs from other autonomous guiding vehi-
cles in that it is designed to operate in environments shared with human operators, utilising advanced
sensing capabilities [33].

Computer Numerically Controlled (CNC) machine tool tending is another popular industrial handling
















































