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Executive Summary
The National Robotics Network (NRN) recently undertook a strategic mapping exercise
of robotics and artificial intelligence (RAI). It was for the UK in a wide range of sector
applications, including but not limited to, aerospace, nuclear, oil & gas and rail.
The primary aim of this exercise was to facilitate a desiloing of R&D efforts across these
diverse sectors and promote the development of a cross sector supply chain for RAI
technologies.
Nearly thirty projects, from five industry sectors, were reviewed. Individual concept
diagrams and roadmaps were produced along with combined roadmaps for each
sector. An overall integrated roadmap, covering all sectors, was also produced. This
information was analysed in an industry-wide workshop and follow up working groups
to identify the prioritised opportunities for future detailed scoping and development.
The key findings were:
1. There was significant commonality in needs across many industries. In addition,
the type of technologies being proposed to address those needs were also
similar.
2. Primarily, the main differences across sectors exist in a difference of scale (large
versus small), problem-specific needs and the regulatory environment.
3. There is clearly a substantial opportunity to focus research and development on
a limited number of areas to yield particularly high benefits.

Focussed research and development in key
themes offers a high rate of return since they
will have applications across multiple
industries.

This report explains the process used to develop key themes and their specific
prioritised work areas. It also provides a framework for collaboration to support
cross-sector development of technologies along with a suitable execution strategy for
the NRN Board.
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Introduction
NRN is currently undertaking a strategic mapping exercise of robotics and artificial
intelligence (RAI) for the UK (the project) in a wide range of sector applications, including
but not limited to, aerospace, nuclear, oil & gas.
The primary aim of this exercise is to facilitate a desiloing of R&D efforts across these
diverse sectors and promote the development of a cross sector supply chain for RAI
technologies. No document currently aligns all the RAI challenges across these major UK
sectors. This mapping exercise will be end user challenge led and based on NRN
partners business priorities.
Members of the NRN each have their own research interests, challenges to address, and
research programmes. However, each member also sees the value in the production of
a roadmap, which aligns cross sector research activities and actively promotes
collaboration between the parties and the supply chain across the UK.
All members of the NRN see the value in sharing aspects of their own robotics research
programmes via the roadmap. This would enable collaborative robotic developments
rather than organisations performing the same system development in isolation in the
UK supply chain.
The roadmap would also be used to lobby the UK and local governments to direct funds
in areas of genuine research need and for nontechnical support.
The purpose of this report is to:
1. Support the definition and prioritisation of aligned R&D needs for a cross-sector
R&D collaboration programme.
2. Identification of prioritised opportunities for future detailed scoping and
development.
3. Provide individual members with an understanding, not only of their own
programmes but also how it fits with others on the Board.
4. Illustrate cross-sector applications and commonality of needs.
5. Identify barriers and constraints for successful development and implementation
of the technology in the field.
6. Identify opportunities for further development and/or collaboration.
a. Large and small organisations.
b. Current and potential NRN members.
7. Identify skills and capability gaps
8. Support the prioritisation of R&D with the knowledge of a holistic, joined up
understanding of needs and technologies.
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Understanding of Industry Needs
Stage 1 - Preparation of Project Roadmaps
Our approach to meeting the objectives was to understand the research being carried
out in each industry. This would assist in understanding cross sector needs and whether
there was any commonality.
We first requested a list of research projects from the NRN partners. The projects were
to include those that were recently completed, those currently ongoing and projects
that were due in the future.
We received information on research projects from Aerospace, Nuclear. Rail, Water and
Oil & Gas. In total we considered 28 projects.
From the projects identified, we reviewed the content already available on those
projects in the Idea Catalog1 and developed outline Concept Diagrams and Roadmaps
for each one.
Roadmaps for individual projects were generated. The aim was to illustrate some of the
R&D projects that are in progress across a number of industries and use them as a
conduit for discussion, communication and analysis.
The roadmaps were intended to address the following:
●
●
●
●

What are the main themes of work (high level needs)?
What activities are being undertaken?
Who is doing those activities?
What is the general timeframe for the work?

The high level needs were determined from a detailed analysis of a large number of
roadmaps from multiple organisations. As expected, the range and differences were
significant and appendix 1 shows the analysis carried out.
We chose to use a small number of high level needs that we believed could adequately
cover the full range of research being carried out but were sufficiently separate to
minimise confusion. These high level needs were called “Themes” and the table below
shows the final list.

Sensing &
Perception

Mobility

Manipulation

AI &
Autonomy

Human Robot
Interaction

System
Integration

The Idea Catalog is a research tool for technology horizon scanning covering a range of
technologies from different industries across the world. See https://www.ideacatalog.net/
1
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For each project we used three ways to present the information:
1. Concept Diagrams. These are diagrams of the full system being developed to
meet a need. They comprise the individual components (grey boxes) and the
functions they perform (coloured rectangles). This diagram illustrates the
different components of the system and how they link together to meet the need
(purple hexagons).

Concept Diagrams are a useful aid to understand the functions required of a
system. By comparing functions it is possible to highlight projects elsewhere that
involve the same function but use a different technology or to highlight projects
that appear different but actually fulfill the same functions.
2. Kanban Board by Theme. These are diagrams that show the work being
undertaken within each theme and its current status - whether it is complete, in
progress or is an activity planned for the future. They also show the lead
organisation executing the work.
This diagram helps to understand the work areas in more detail - what is
happening, who is doing it and when it is happening.
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3. Timeline. These are diagrams that show the timeline of the work. They show the
general time frames to understand where the work is in time and when the
system is expected to be at a target Technology Readiness Level (TRL).

With this structure in place, we considered 28 projects from different industries; they
were reviewed and analysed producing a concept diagram and two versions of
roadmaps for each.
The final roadmaps are shown in appendix 2 but it must be emphasised that these are
illustrative only. They contain the main elements but some details (such as schedules)
may not be completely accurate.

Stage 2 - Preparation of Industry Roadmaps
The aim of this stage was to develop roadmaps
for each industry illustrating the work packages
and expected dates to meet the stated
Technology Readiness Levels (TRL). Roadmaps
were also produced illustrating the Themes
(needs) that were being addressed and which
organisation was carrying out the work.
Roadmaps combining all industries were also
produced.
These roadmaps were useful in understanding
commonality of needs across different industries
and the level of maturity of the technology being
developed.
An example, from the Aerospace Sector, is shown
to the right and below. The first diagram, on the
right, illustrates the expected dates for the stated
level of maturity. It has been cropped to fit the
available space. The second diagram, below,
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illustrates the work being done by different organisations to address the high level
needs.
Combined roadmaps for all the industries presented are in appendix 3.
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Stage 3 - NRN Partner Discussion
A workshop was held late November 2019 with participants from the NRN. Appendix 4
presents the raw output.

It was held at the University of Salford and attended by 16 people from a range of
industries:
●
●
●
●
●

Aerospace
Nuclear
Academia
Government
Industry Practitioners

Presentations were given by a number of participants on their industry projects both
current and future. The concept diagrams, roadmaps and Idea Catalog content were
also provided. This combined information was then used in small-group, structured
discussions to focus on insights and analysis with the small groups feeding back their
discussions to the wider group on a regular basis.
The insights and analysis considered:
●
●
●
●

Alignment / similarities in needs, technologies and delivery organisations
Differences / specificities for different industries
Opportunities
Barriers

The workshop generated additional insights that were discussed separately in
conference calls afterwards. This information was used to generate the proposed
research and development priorities.
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Stage 4 - Analysis of Information
The aim of this section is to analyse the information and highlight the insights
generated.

Cross-sector applications and commonality of needs.
The analysis of the projects showed there was considerable alignment across all
industries. Clearly there were some unique projects for a sector-specific need, but
almost all projects had elements that were applicable to multiple sectors.
The vast majority of these projects had commons goals to:
●
●

Reduce the number of people involved in a task. This could be for financial
reasons but was more often required for safety reasons.
Deskill the tasks so that a wider range of people can carry it out. Again, this could
be for financial and safety reasons, but in many cases it was primarily to reduce
the risk of using a small number of highly skilled staff where shortages would
cause an impact of time and quality of the work.

Many of the projects had a similar environment for their need:
●
●

Carrying out work through a small entrance into a large cavity that contained
multiple components that were difficult to access.
Carrying work down a pipe or bore.

Many of the projects required one or more of the following functions:
●
●
●
●

Characterisation & inspection; particularly for legacy plant and equipment but
also new/future plant and equipment.
Actions on a material including material separation, material handling, material
addition and material repair.
Communication with operators and distant control or management of
distributed robotics or sensors.
Data analytics, visualisation and artificial intelligence.

The differences were primarily in scale although each sector had its own specific
requirements that may be different such as the physical environment (e.g. radiation)
and the regulatory environment within each sector.
The box below summarises these findings.

Similarities
1. Common Goals
2. Similar Environments
3. Similar Functional Requirements
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Differences
1. Scale
2. Industry-Specific Environmental Conditions
3. Industry-Specific Regulatory Regimes

With this insight it is reasonable to assume that it is possible to align research and
development plans across sectors.
Since the needs are so similar across different industries there would be an expectation
that the “confidentiality” and “silo mentality” traditionally occurring in research
departments or organisations would be less prevalent leading to facilitating Open
Innovation approaches.
In reviewing the information collected from the individual and combined roadmaps, the
workshop and then from the follow up conference calls it was possible to identify an
initial list of multi end user research and development opportunities within each Theme.
The list below shows the most common interests that cut across all industries.

Theme

Opportunities for Development

Sensing & Perception

3D Vision / Object Recognition
Localisation & Mapping

Mobility

Mini Robots
Legged Robots

Manipulation

Snake Arms
Material Handling/Grasping/Machining/Cutting

AI & Autonomy

AI Knowledge Base
Swarm algorithms

Human-Robot Interaction

Virtual Reality/Augmented Reality
Teleoperation

Middleware

Operating Systems
Standardisation

Supply Chain

Funding Landscape
Awareness of pipeline

Culture

Education and Upskilling
Technology Acceptance
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To illustrate where alignment might prove beneficial, a few examples are shown below.
Further, more detailed, information on all the examples shown can be accessed in the
Idea Catalog.

Idea Catalog
https://www.ideacatalog.net/

Example 1: Miniature robots for inspection requiring coordination and communication
SWARM

Pipebot

A set of collaborative, miniature robots,
each around 10mm in diameter which
would be deposited in the centre of an
engine via a ‘snake’ robot and would then
perform a visual inspection of hard to
reach areas by crawling through the
engine. These robots would carry small
cameras that provide a live video feed
back to the operator allowing them to
complete a rapid visual inspection of the
engine without having to remove it from
the aircraft.

A completely new pervasive robotics
sensing technology platform which is
autonomous and covers the entire pipe
network. These robots will be able to
travel, cooperate and interrogate the
pipes from the inside, detect the onset of
any defects continuously, navigate to and
zoom on sub-millimetre scale defects to
examine them in detail, communicate
and guide any maintenance equipment to
repair the infrastructure at an early sign
of deterioration.

Lead: Rolls Royce
Status: Ongoing. Due 2023

Lead: University of Sheffield
Status: Not Started. Due 2024

Discussion
Appendix 2 shows the concept diagram for both projects. It can be seen that both
projects are essentially fulfilling the same functions and they are using similar
concepts to address the need - specifically a number of small robots containing
sensors that can cooperate and communicate with each other.
Since SWARM is already in progress it would be sensible for the participants of the
Pipebot project to meet with the SWARM team members to discuss where joint
interests might apply. There is every reason to believe that the Pipebot project could
build on the lessons learned from the SWARM project without overlap or conflict.
There are several other projects where the functional requirements are very similar
and where there might be overlaps and lessons to be learned, such as:
● Network of Sensors: Zero Power (Rail) and Limpet (Oil & Gas).
● Laser Cutting: SubSeaLase (Oil & Gas), Laser Snake (Nuclear) and Reiner
(Aerospace).
● Small Snake Arm Robots: FLARE (Aerospace) and Petrobot (Oil & Gas).
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Example 2: Mobility research in two separate Research Hubs
RAIN Hub

ORCA Hub

Oxford University tested out their legged
robot (Anymal) at RACE as part of the
RAIN Hub. The testing was for mobility of
the legged robot on different surfaces

Oxford University has acquired a legged
robot (Anymal) as part of the ORCA Hub
to support the team’s work on mapping,
surveying and inspection as well as
planning, control and manipulation.

Discussion
The same organisation is carrying out work using the same legged robot but for two
different hubs. Potentially this is for similar purposes but for two separate Clients
It would be sensible for the two hubs to discuss their individual needs and
programmes to ensure there is alignment of research activities regarding legged
robots.
There are several other projects where similar research is being carried out in
separate hubs and there might be overlaps and lessons to be learned, such as:
● Drone Inspection: Orca Drone (Orca Hub) and Radiation Mapping drone (RAIn
Hub).
● Swarms: Avexis (RAIN HUb) and MIRIAM (Orca Hub).
● Underwater Inspection: AUV3D (Orca Hub) and Mallard (Rain Hub).

Example 3: Similar research and development in different industries / countries
There are many other current examples where similar technologies are being used for
different projects, in different industries and in different countries where there might be
overlaps and lessons to be learned. A few examples from the Idea Catalog are listed in
the following tables:
Sensing & Perception
Object Recognition
● Webviz (Self Driving Cars)
● PartNet (Enabling software)
● BeesDrone (Infrastructure)
● Brains4Bots (Enabling software)
● Cartman (Warehousing)
● Cortex (municipal waste)
● SecondHands (Logistics).

Mapping
● Torone (Nuclear clean up, UK)
● Vaultbot (Nuclear clean up, US)
● MEISTeR (Nuclear cleanup Japan)
● Echo (mining)
● AgVault (agriculture)
● Photoscan (archaeology)
● Aquapix (oil & gas)

Mobility
Mini Robots
● HAMR-E (Land)
● DEAnsect (Air)
● Crazyflie (Air)
● Sensor Fish (Water)
● Hummingbird (Air)

Legged Robots
● Hermes (Bipedal)
● Digit (Bipedal)
● Cassie (Bipedal)
● Jueying (Quadruped)
● AlienGo (Quadruped)
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●
●
●
●
●
●
●
●

Multijoint Folding (land)
ACSE Swimmer (Water)
Microtug (Land)
MBlocks (Land)
SRI Microbot (Land)
VelociRoACH (Land)
Termes (Land)
Robobee (Air).

●
●
●
●
●
●
●
●

Ghost Vision (Quadruped)
Mini Spot (Quadruped)
T-RHex (Hexpod)
Spidey Bot (Hexapod)
T8X (Hexapod)
Snake Monster (Hexapod)
Mochibot (32 legs)
Atlas (Humanoid, bipedal).

Manipulation
Snake Arms
● FloatArm (Japan)
● Bionic Soft Arm (Germany)
● Cobra (UK)
● nake-Shaped Arm (China)
● Giacometti Arm (Japan)
● MedSnake (US)
● Snake Arm (UK)
● Flex (US)
● ANAT (Canada)
● Super Dragon (Japan).

Material Handling/Cutting
● No Touch Gripper (Handling)
● Self Healing Fingers (Handling)
● Shadow Hand (Handling)
● Magic Ball Gripper (Handling)
● Pivot (Cutting)
● VOTAn BIm (Cutting)
● IHI Laser Torch (Cutting)
● Nitrojet (Cutting).
● Remote Diamond Wire (Cutting)
● Flame Cutting System (Cutting)

AI & Autonomy
Artificial Intelligence
● RPA (Medical)
● Cobra (Emergency Response)
● Sensing Feeling (Emotions)
● Covariant (Manufacturing)
● Marcus (Aerospace)
● ExynAI (Mining
● Spring (Healthcare)
● Vegebot (Agriculture)
● Human Drive (Self driving Cars).

Swarm Robotics
● Xaver (Germany)
● Swarmbot (Australia)
● CoStar (US)
● Bill-E (US)
● BEM (UK)
● Romu (US)
● Swarmdiver (US)
● Powerbee (China)
● CoCoRo (Austria)

Human-Robot Interaction
Virtual Reality / Augmented Reality
● XM Reality (Sweden)
● ORA Eye (France)
● Fieldbit Hero (US)
● HoloLens (US)
● Placenote (Canada).

Teleoperation
● Tactile Telerobot (UK)
● Virtuose (France)
● RoMaNS (UK)
● Herb (US)
● SmartGlove (Norway).

These are illustrations of potential alignment and does not mean communication,
collaboration or lessons learned have not yet happened in the examples
mentioned. However, the concept is clear - there are a great many examples of
potential alignment across multiple industries.
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The challenge will be to understand the similarities and develop practical plans to take
advantage of work already done. It is suggested that a more detailed review of potential
opportunities is carried out to fully understand any potential future alignment of
robotics research to that of others in the supply chain.

Opportunities for future detailed scoping and development - Working Groups
A feasible approach for execution would be to develop working groups for each Theme
that have cross-sector involvement. These working groups would then analyse the
opportunities and produce action plans for implementation. The Working Groups would
also need to convene together to ensure alignment between them because each theme
is also related to other themes.

It is suggested that this framework can be used to develop integrated approaches for
development that would add value to all industries. An integrated approach would
consider each element and each industry to create an environment where innovation
speed would increase and spending allocated more effectively.
The Themes appear to be split into two separate types: Technology Driven
(sensing/perception, mobility, manipulation, AI & Autonomy and human-robot
interaction) and People Driven (middleware, supply chain and culture). Although
middleware is potentially a technology driven theme it is placed under the people
driven area because it will require agreement between many, potentially competing and
opposite groups leading to compromise and, quite possibly, no agreement.
For the purposes of the NRN, it should focus on prioritising the Technology driven
Themes and, once initiated then move on to the People Driven Themes as time,
resources and funding permit.
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Industry Opportunities
It is worth reiterating the findings, namely:
Similarities
1. Common Goals
2. Similar Environments
3. Similar Functional Requirements
Differences
1. Scale
2. Industry-Specific Environmental Conditions
3. Industry-Specific Regulatory Regimes

This indicates there is substantial potential to focus research and development on a
limited number of areas to yield particularly high benefits.
Focussed research and development in these areas offers a high rate of return
since they will have applications across multiple industries.
The table below highlights what we consider to be the highest priority areas for
research and development in the context of cross-sector collaboration. This is not to say
that other areas do not have great potential, of course. Nor that the list couldn’t be
expanded. Only that to have focus there needs to be a limited number of development
areas to start with. We chose ten.

Strategic Theme (High Level Need)

Technology Development Areas

Sensing & Perception

3D Vision / Object Recognition
Localisation & Mapping

Mobility

Mini Robots
Legged Robots

Manipulation

Snake Arms
Material Handling / Cutting

AI & Autonomy

Artificial Intelligence
Swarms

Human-Robot Interaction

Virtual Reality/Augmented Reality
Teleoperation

Appendix 5 lists those opportunities by industry and has also mapped those
opportunities against the high level needs (Themes) used previously. As expected there
is significant commonality in needs across many industries and the type of technologies
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being proposed are also similar. The image below, from Appendix 5, shows the
information in the format of a matrix comparing the technology development areas
with potential industry need.

Thematic Roadmaps for Technology Development
For each development area in each theme, roadmaps illustrating the key work packages
- along with expected technology readiness levels have been produced. It is expected
that the Working Groups discussed earlier, once formed, would take these and expand
them further.
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3D Vision / Object Recognition Roadmap
Goal: The ability for the robotic device to see and recognise its environment and see the
things within it.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: Localisation & Mapping, AI, Material Handling/Grasping, VR/AR.
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Localisation & Mapping Roadmap
Goal: The ability for the robotic device to know where it is within the surrounding
environment.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: 3D / Object Recognition, AI.
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Mini Robots Roadmap
Goal: The development of very small robotic devices that can move in small confined
spaces.
Applicable Industries: Health, Industrial, Defence, Water, Extreme Environments,
Aerospace.
Strong Links: Localisation & Mapping, AI, Swarms.
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Legged Robots Roadmap
Goal: The development of robotic devices (small and large) that can move over uneven
terrain and climb stairs.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: AI.
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Snake Arms Roadmap
Goal: The development of a manipulator (small and large) that can move through
confined, complex spaces.
Applicable Industries: Health, Space, Industrial, Extreme Environments, Aerospace.
Strong Links: Laser Cutting/Machining, Material Handling/Grasping, VR/AR.
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Material Handling / Grasping Roadmap
Goal: The development of robotic devices for handling solid material.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: AI, VR/AR.
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Laser Cutting / Machining Roadmap
Goal: The development of laser cutting/machining systems that can be operated
remotely via a robotic device.
Applicable Industries: Industrial, Extreme Environments, Aerospace.
Strong Links: Snake Arms, Material Handling/Grasping, VR/AR.
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Artificial Intelligence Roadmap
Goal: The development of robotic devices with cognitive ability.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: 3D vision/object recognition, VR/AR.
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Swarm Robotics Roadmap
Goal: The ability for many robotic devices to work as a single entity.
Applicable Industries: Health, Space, Extreme Environments, Defence, Aerospace.
Strong Links: Localisation & Mapping, AI.
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VR/AR Roadmap
Goal: The ability for users to interact in a real world environment without being present.
Applicable Industries: Health, Space, Agriculture, Industrial, Urban, Extreme
Environments, Aerospace.
Strong Links: AI.
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Barriers, Constraints and Issues
The ten priority areas for development could, if actively pursued with adequate funding
and industry focus, yield very high benefits in relation to the work being carried out.
Certainly it would be more efficient and effective than individual industries pursuing
their own R&D in a vacuum. The table below highlights some of the key barriers based
on discussions with NRN members. The mitigation actions are expected to reduce or
remove these barriers.

Barriers
Barrier
Industry regulators are reticent on
introducing new technology

Suggested Mitigation
●

●

Involve the regulators in
technology research earlier in the
process.
Train / upskill regulators in
technology horizon scanning.

Silo focus

●

Use Roadmaps to communicate
with others similarities.

Unclear on what is available now

●

Train / upskill project teams in
technology horizon scanning

Unclear what end users want

●

Train / upskill regulators in
technology horizon scanning

No means to upscale

●

Develop pipelines for technology
that are cross-industry

Supply chain competes with each other
(including Universities)

●

Highlight strengths in the supply
chain (including universities) and
use value chain analysis to
improve overall competitive
advantage.
Promote increased expenditure
(public and private sectors) to
increase capacity and
competitiveness.

●

Society acceptance of technology

●

Publicise the (many) reports
countering the argument that
“robots will take all the jobs”.
Highlight the fact that new ones
are created.
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Research-Development Transition
Currently each industry is pursuing research & development relatively independently.
This work has identified that many of the needs are common across different industries
and that many of the same technologies are being developed to address those needs.
However, research and development activities do not need to have the industry-specific
solution as its sole focus in the initial stages. The need can be quite generic to start with
and only later does the industry-specific need have to be considered in detail. So it is
perfectly feasible to start with joint projects across multiple industries and only later to
diverge into industry-specific projects.
A useful methodology or tool to examine this transition is Technology Readiness Levels
(TRL)2. It is a well known method for measuring how ready equipment is for use now in
an operational capacity.
●

●
●

Technology refers to a technological process, method, or technique such as
machinery, equipment or software needed for the plant, facility or process to
achieve its purpose.
Readiness refers to time. Specifically it means ready for operations at the
present time.
Level refers to the level of maturity of equipment. Equipment that is already
being used for the same function in the same environment has a higher level of
maturity than equipment that is still being developed.

The levels are a nine-point scale based on a qualitative assessment of maturity.
Phase

TRL

Definition

Description

Operations

TRL9

Operations

The technology is operational.

Commissioning

TRL8

Commissioning

The technology is undergoing
commissioning on the final
designed equipment.

TRL7

Prototype

The technology is being
demonstrated as a prototype (or
works testing and factory trials) in a
similar environment to the expected
operation.

Demonstration

TRL6

Large Scale

The technology is undergoing
testing at or near full-scale size. The
design will not have been finalised
and the equipment will be in the
process of modification.

Development

TRL5

Pilot Scale

The technology is undergoing
testing at small to medium scale

Guide to Technology Readiness Levels for the NDA Estate and its Supply Chain. Nuclear
Decommissioning Authority. 6th November 2014.
2
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size in order to demonstrate specific
aspects of the design

Research

TRL4

Bench Scale

The technology is starting to be
developed in a laboratory or
research facility.

TRL3

Proof of
Concept

Demonstration, in principle, that the
invention has the potential to work.

TRL2

Invention

A practical application is invented.

TRL1

Basic principles

The basic properties have been
established.

TRL applies to individual components. To obtain the TRL of a whole system, the
component with the lowest TRL is the TRL of the system. By using the Concept Diagrams
seen earlier it is possible to determine the TRL of each individual component system
and thus the TRL of the whole system.
Divergence from joint research into application specific development will occur
once the system TRL achieves TRL6.
This means that any research that is TRL6 or less has the potential to be carried out
jointly across different industries. Whether or not it is practical, sensible or realistic
would need to be considered on a case by case basis.
The individual project roadmaps shown in appendix 2 illustrate the TRLs. Many are
currently working towards either TRL 4 or TRL 6.
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Collaboration
Policy and Strategy
From the work carried out, it is clear there are substantial opportunities that will add
value to individual organisations, end users and the country as a whole. The section
above on opportunities has highlighted themes with individual topic areas that could be
undertaken within the NRN community relatively easily.
More broadly, it is clear that there is an opportunity at a Government policy level to
influence significant improvements in innovation for the country as a whole. Whilst we
have looked at a small subset of projects, from a small number of industries, it is
realistic to expect similar insights from a wider study. So, similar actions to those above
- at Government Departmental Level - are likely to yield enormous benefits to the
country as a whole.
Three areas to consider might be:
1. Funding/Grants: ensure concept diagrams are produced, horizon scanning
undertaken and potential alignment with existing work is understood as part of
the approval process. Reward collaboration and supply added value to the UK.
2. Hubs/Catapults: ensure there is a mechanism intrinsic in the separate
consortiums to facilitate cross-hub working, alignment and synergy.
3. Strategic Upscaling: provide support to the supply chain in a wide range of
disciplines (technical, management, commercial, funding) to understand and
develop cross industry pipelines for the development ideas.

Skills and Capability Gaps
In the work carried out so far, there was no mention - or indication - of any skills or
capability gaps. Barriers and constraints were primarily around demand-side factors
such as the understanding of requirements, having sufficient work, obtaining funding or
making a business out of the development activities.
So, at least for those involved in this project, skills and capability gaps were of a lower
priority than many other things. That is not to say that there are no skills or capability
gaps of course and it is suggested that additional work is carried out in this area - once
the working groups have formed a view on their integrated technical roadmaps.
Appendix 6 shows the range of UK physical assets available to facilitate collaboration
between industry and academia.
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Collaboration Framework
Collaboration requires synergy between the strategy of an individual Business and the
Strategy of its Partners. There are a great many articles on collaboration within
organisations and between them and most conclude that three factors are required;
good communication, good working environment and a reward mechanism. Within
those factors are individual elements.
The framework below is a suggested mechanism for improving collaboration between
NRN Partners:

Intent
Share the NRN Mission

Communicate expectations for
collaboration

Highlight individual organisational
strengths
Celebrate and reward successful
teamwork

Actions
The NRN Mission and Vision should be
reviewed and shared widely, and
regularly.
Expectations for collaboration should be
defined and shared.
1. R&D activities that are currently
TRL 6 or less have the potential to
be carried out at a generic level
rather than being industry specific.
Produce a briefing note highlighting the
strengths of each NRN Partner.
Promote successes via newsletters, web
or social media. Consider an annual
ceremony to showcase the successes.

It is suggested that current projects and all future projects (prior to starting) follow the
process described in the box below.

Project Initiation and Review Process
Step 1: Produce concept diagram illustrating the overall objective and the main
functions required.
Step 2: Produce outline roadmaps illustrating the key component and sub-systems
being considered to meet the need.
Step 3: Carry out technology h
 orizon scanning (existing roadmaps, NRN member
discussions and Idea Catalog content to identify potential similarities and overlaps.
Compare TRLs now and what is required.
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Step 4: Produce a collaboration analysis indicating where potential collaboration or
work package changes might occur.
Step 5: M
 odify p
 roject plans as necessary by working with industry partners.
Step 6: P
 ublicise what has changed and highlight the added value achieved.

This framework can be used to develop integrated approaches for development that
would add value to all industries. An integrated approach would consider each element
and each industry to create an environment where innovation speed would increase
and spending allocated more effectively.
It is suggested that an approach for execution would be to develop working groups for
each research & development area that have cross-sector involvement. These working
groups would then analyse the opportunities and produce action plans for
implementation. Working Groups would also need to convene together to ensure
alignment between them.

A second framework, this one is from Triz, illustrates the concept that it is better to
solve the generic problem first rather than directly trying to solve a specific problem.
This means that early development activities (TRL 6 and less) are solving a generic
problem that may be applicable to many industries which is a more efficient and
effective approach.
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Exploitation Strategy
This work has identified 10 research areas that, at a high level, reflect common needs
across multiple industries. A focussed effort on collaboration to develop these areas
would yield benefits far in excess of industry working in silos.
Exploiting this knowledge will require three important contributions:
1. Industry Recognition and Commitment.
2. Government Support and Incentives.
3. NRN Coordination and Communication.

Industry Recognition and Commitment
Currently, industry is developing technologies in silos. Research is always associated
with a “Need” and the Needs are industry led. This inevitably leads to research that is
industry specific.
This report makes it clear that many industries have the same generic Need and that
there is a great deal of duplication. A significant amount of research is still in early
stages (TRL 4 -6) and is not yet mature enough to develop into industry specific
technologies.
To exploit this information, individual industries should commit to understanding the
work going on in other industries and leverage knowledge and information. This should
occur for existing work, but crucially for all future work.

Government Support and Incentives
The structure of funding for research and development is formed around industry
specific needs. Organisations have to demonstrate a clear line of sight from the funding
they receive from Public funds to a beneficial outcome (usually financial savings or
investment growth). Hubs and Catapults have been created to reinforce this approach.
This report clearly shows that there are substantial opportunities to generate excess
beneficial outcomes with more focus on Needs that are applicable across multiple
industries. This will require an additional approach from the Government that
recognises the value and supports the research with incentives, new collaborative hubs
and additional funding.

NRN Coordination and Communication
The benefits and costs associated with this new approach will need a group to
coordinate across industry and Government. It is unlikely that Industry or Government
will be able to make the best use of the information individually. The NRN is in a good
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position to provide that support; it has members drawn from across multiple industries
and has strong links to Government. It will require funding for this task.
The table below, therefore, illustrates key actions the NRN can coordinate to exploit the
information gathered in this report.

Work Area

Notes

Industry communication

Communicate the results of this project regarding
development areas that have cross sector appeal.
Gain commitment to pursuing research that can
assist common needs.

Government liaising

Communicate the results of this project regarding
development areas that have cross sector appeal.
Gain commitment for additional funding to
support cross sector development.

Shared Technology
Development

10 areas that have common cross-sector interest
have been identified.
1. Specific industries to review current and
future development plans against these
areas to see fit and applicability.
2. Create Working Groups for each area with
representatives from relevant industry.
Refine and redraw the roadmaps from this
report so they align with requirements and
expectations for future development.
3. Generate cross area plans to ensure that
linkages between the Working Groups are
accurately represented.

(Commonality of Needs)

Barrier Mitigation

Carry out the mitigation activities described in the
section above. These are the “top” barriers as
currently identified but the register should be
reviewed on a regular basis. Each item is likely to
be a separate work area.
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NRN Roadmap for Exploitation

The roadmap above is indicative in that it lists the short term activities necessary. It is
likely to take a full year to move towards a stable and sustainable programme where
cross industry work is integrated within industry.
It is also recognised that priorities change over time and with different stakeholders.

The exploitation strategy should be reviewed and revised at least annually.
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Conclusions and Recommendations
The strategic mapping exercise of robotics and artificial intelligence (RAI) for the UK
covered a wide range of sector applications, including but not limited to, aerospace,
nuclear, oil & gas. The primary aim of this exercise was to facilitate a desiloing of R&D
efforts across these diverse sectors and promote the development of a cross sector
supply chain for RAI technologies.
The key findings of the roadmapping exercise were:
1. There is a significant number of cross-sector applications and commonality of
needs.
2. There are significant opportunities for further development and/or collaboration
to take advantage of these common needs.
3. The potential benefits from a “develop once - use many times” approach is huge.
4. Ten areas for research & development have been prioritised.
5. Barriers and constraints for successful development and implementation have
been identified along with risk mitigation plans.
6. Industry, Government and the NRN have to work together to exploit this
knowledge.

It is recommended that:
1. Individual industries should commit to understanding the work going on in other
industries and leverage knowledge and information.
2. Government support with incentives, new collaborative hubs and additional
funding for work on common needs and NRN coordination.
3. The NRN Board determines the most appropriate mechanism for coordination
and communication.
4. Progress towards improved cross sector research & development including
revising individual concept diagrams and roadmaps is carried out on an annual
basis.
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