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1. Background 

The European Union takes up about 25-30% of the world’s metal raw material production 

whereas the extraction of metals within the EU accounts only for about 3% of the world’s 

ore production.1 The rate of import dependency for metallic minerals ranges from 74% for 

copper ore, 80% for zinc ore and bauxite, 86% for nickel to about 100% for high-tech 

minerals such as rare earths, PGM, antimony, germanium, gallium, niobium, indium, 

beryllium, cobalt, tantalum and tungsten2. In fact, Europe’s dependency on imports of 

strategic minerals is growing every year despite efforts in the development of recycling 

technologies and advances in material science that allow for the replacement of these by 

alternative substitutes. Europe’s import dependency combined with the increased price tags 

is turning an economic challenge into a risk threatening the European economy that may 

eventually become a major security issue3. China’s lead in the production of rare-earth 

minerals, for example, has accelerated dramatically over the past two decades. In 1990, 

China accounted for 27% of such minerals, today 97 percent of the world’s rare earth 

element production is controlled by China4. It is becoming more and more evident that in 

the foreseeable future primary materials will remain the cornerstone of the full spectrum 

of the European industry: “reducing the material intensity of our societies is a declared goal 

of sustainable development, however, it should be recognised that mining is an essential 

base of our society”
5. A study commissioned by the German Federal Ministry of Economics 

and Technology reveals that the demand for strategic minerals is expected to evolve at a 

dramatically fast speed by 20306 as a result of the resource requirements by high-tech 

sectors, such as Europe’s ICT industry. 

With regards to the potential supply of minerals, a trans-European assessment programme 

financed by the European Science Foundation on Geodynamics and Ore Deposit Evolution 

(GEODE) confirmed the existence of vast mineral deposits in Europe 7. Other studies also 

concluded that Europe is rich in minerals, in fact „some individual mineral deposits are so 

huge as to deserve world-class status”
8. Altogether nearly ten thousand mineral occurrences 

are recorded in European databases that are of industrial significance.9 An FP7 investigation 

PROMINE 10 has developed the first pan-European GIS-based database containing the known 

                                                 
1
 European Technology Platform on Sustainable Mineral Resources, Strategic Research Agenda, www.etpsmr.org   

2
 Public Consultation on Commission Raw Materials Initiative, Background paper 

3
 European Economic and Social Committee on the “Risks and problems associated with the supply of raw materials to 

European industry” http://eescopinions.eesc.europa.eu/EESCopinionDocument.aspx?identifier=ces\ccmi\ccmi028\ces964-

2006_ac.doc&language=EN .  
4
 Following a dispute in 2010 China had cut off exports of all rare earth oxides, salts and metals to Japan, the world’s biggest 

importer of Chinese rare earths. Although Japan immediately gave up to Chinese demands, it took another 2 months before 

China delivered the next shipment, resulting in financial and prestige losses for Japan. 
5
 2006, EMIREC – The extractive industry’s RTD perspective 1970-2020 

http://www.euromines.org/who_is_downloads/rtd_brochure.pdf  
6
 EC, DG Enterprise (2010): Report of the Ad-hoc Working Group on defining critical raw materials, p7. 

7 D. Blundell, N. Arndt, P. R. Cobbold, and C. Heinrich. (2005) Geodynamics and Ore Deposit Evolution in Europe. Elsevier. 

2005. 360 p. ISBN: 0-444-52233-6. 

8 W. De Vos, M. J. Batista, A. Demetriades, M. Duris, J. Lexa, J. Lis, K. Marsina, and P.J. O'Connor. (2005). Metallogenic 

Mineral Provinces and World Class Ore Deposits in Europe, EuroGeoSurveys, Geochemical Atlas of Europe at 

http://www.gsf.fi/publ/foregsatlas/index.php 

9 The BioMinE Consortium. Review of European Metal Deposits for the Development of Biohydrometallurgy in Europe. 

(2006) Conference Proceedings of the International Association on the Genesis of Ore Deposits. IAGOD Conference – 

Understanding the Genesis of Ore Deposits to meet the Demands of the 21
st

 Century. Moscow, Russia, August 21 – 25, pp. 

1-4 

10 http://promine.gtk.fi/ 
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and predicted metalliferous resources, and is calculating the volumes of potentially strategic 

metals and minerals that are currently not extracted in Europe. Several other studies have 

also established from a geological perspective that there are a great number of mineral 

commodities available within the geographical boundaries of Europe, and theoretically high 

levels of self-sustainability could be reached on most minerals, if the technological 

challenges could be overcome by research and development. 

Present day R&D in the mining/extractive sector mainly focuses on the development of tools 

that increase the autonomy of extraction and ore processing equipment (e.g., driverless haul 

trucks, automated loading systems, remote control systems for ore processing equipment, 

sensors to monitor the production front and processing equipment), that facilitate data 

evaluation in remote control rooms (e.g., by combining wide-angle video streams and 

augmented reality) and that assist understanding of ore bodies (e.g., using predictive 

modelling and 3D visualization)11,12. A common challenge for each of these developments is 

data transfer. Due to the high attenuation of radio frequency signals in underground mines 

most existing underground communication systems are still based on the landline 

communication principle (wired systems).  

In response to the emerging needs to understand future ICT requirements in underground 

mines Abrahamsson, Johansson and Johansson13 gave a comprehensive overview about the 

challenges the metal mining sector faces in the upcoming years. With regards to the 

integration of ICT the importance of the following were already emphasized: 

• Increased requirements for the “automated mine” requiring design layouts and 

operations to suit automation, and not as today (i.e. adapting conventional designs 

and operations to automation). 

• Significant efforts to develop communications systems for increased personnel 

security.  

• Integration of communication and process control. Different types of machine-

machine communication will grow in use. 

The Swedish conceptual study “Smart Mine of the Future”, which delivered its results in 

November 2010, came to similar statements as mentioned above. Among other issues, the 

study stated the need for continuous mechanical excavation, no human presence in the 

production area, pre-concentration and resource characterization. The initiative continued 

with feasibility studies under the title “Smart Mine of the Future”.14 Other research groups, 

in particular those funded by the industry such as the international mining corporation Rio 

Tinto’s “Mine of the Future” programme in Australia15 are already in the implementation 

phase. Rio Tinto has recently announced that it will invest US$518 million in the 

development of autonomous trains that will start operating in 2014 with completion of the 

program by 201516. The “Minerals Down Under Flagship Programme” by the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO, Australia) is expected to transform 

                                                 
11

 Peter Lilly. The next mining boom starts here.(2009) Earthmatters, vol. 19, p.4-5. 
12

 Matthew Brace. Innovate to succeed. (2009) Earthmatters, vol. 19, p.10-11. 
13

 Lena Abrahamsson, Bo Johansson, Jan Johansson. Future metal mining – sixteen predictions. An analysis based on three 

international mining conferences. (2009) International Journal of Mining and Mineral Engineering 
14

 MIFU: Smart Mine of the Future – Conceptual Study 2009-2010, Final Report (2010). Rock Tech Centre, Sweden, 

www.rocktechcentre.se    
15

 http://www.riotinto.com/ourapproach/17203_mine_of_the_future.asp  
16

 http://www.riotinto.com.au/ENG/media/38_media_releases_1743.asp 
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the mining industry by developing “intelligent mining and drilling systems that are 

automated and/or controlled via secure internet connection”
17. They have developed tele-

operation technologies that was tested on a machinery at Rio Tinto's West Angeles iron ore 

mine, controlled by an operator over 1,000 km away. An ongoing FP7 investigation I2Mine18 

develops technologies suitable for deep mining activities (e.g. selective exploitation by new 

sensor based systems for minerals recognition, health, safety and environmental issues).  

Contemporary research into mining-ICT is pushing the technological limits of mining 

operations, but they lack the impetus for a paradigm change that will be needed to master 

the truly extreme environments. They also lack the vision to develop solutions that could 

work in difficult formations (not necessarily at ultra depths) or on small deposits, where 

traditional mining approaches will remain uneconomical in the foreseeable future. Leaps of 

knowledge will be needed in the fields of automation, data transfer and automated 

processing in order to build the clean, robot-operated mines that are envisioned by Noort 

and McCarthy19. The development of a broad range of auxiliary concepts and tools will also 

be necessary at the sensor, artefact and system level that support “intelligent” minerals 

extraction and processing in future mines in line with the sector’s expected “Third 

Generation Paradigm Shift”:20 1.) First Generation Applications: involves modification of 

conventional devices such as Load-Haul Dump (LHD) vehicles and drilling equipment. 2.) 

Second Generation Applications: creation of dedicated tele-operated machinery such as 

MiniMole or Sandvik Tamrock ARM 1100. 3.) Third Generation Paradigm Shift. For example: 

“autonomous robots in an exclusively robotic environment, such as the continuous robotic 

excavation and processing of ore in deliberately flooded mines 10 km underground…”. 

For a paradigm-shift of this magnitude exploratory research is needed, where the risks are 

offset by potential scientific breakthroughs with high technological impact, not just for 

future mining and ICT, but across a broad-range of scientific disciplines as well. The 

identification of actual research topics is, however not an easy task. They need to support 

mining industry requirements in the future, whilst they should represent basic-science 

challenges for ICT in the present. EXTRACT-IT used a scientific foresight study in identifying 

some of these scientific domains. The identification of potentially emerging research topics 

is by no means complete, and there is a clear need for continued multi – and 

interdisciplinary networking. The topics described in this document already venture into the 

uncharted waters of basic, exploratory sciences that have the potential to support paradigm-

changes in the cross section of future mining and ICT. 

 

                                                 
17

(http://www.csiro.au/Organisation-Structure/Flagships/Minerals-Down-Under-Flagship.aspx  
18

 http://www.i2mine.eu/  
19

 Noort and McCarthy. The Critical Path to Automated Underground Mining (2008). Proceedings of the First International 

Future Mining Conference and Exhibition, Sydney, Australia. 
20

 Bill Fox.. Mining and Robotics Overview (2004), Presentation to the Northwest Mining Association on December 10, 2004 
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2. Call Topics for FET 

EXTRACT-IT aimed to identify emerging and potentially disruptive trends in how ICT could be 

used in future deep mines. These trends may not conform to current mainstream research in 

mining, but – with the right technology push at the right time - they do have the potential to 

be turned into novel applications in the mines of the future. The topics described in this 

chapter are the result of a 12-month exercise during which workshops and surveys were 

used to facilitate the appraisal of ideas and the conversion of these ideas into Call Topics.  It 

needs to be mentioned that during the appraisal of these topics and especially during the 

back-casting exercise several preconditions were also discussed briefly that are not directly 

related to the scope of the FET-ICT programme. At the time of writing this report there are 

ongoing projects in Europe addressing the need for policy responses to the environmental, 

social and economical dimensions of mineral extraction. There are also ongoing Calls for 

proposals supporting the technological challenges of mineral exploration, including the need 

for more accurate predictive models with 3d visualisation, virtual reality applications and 

research addressing the avoidance, monitoring and mitigation of environmental impacts of 

mining for a broad range of minerals (aggregates, industrial minerals, metallic minerals, etc). 

EXTRACT-IT had an exclusive focus on identifying potentially disruptive ICT applications for 

metallic minerals extraction in underground mines. The research topics described in this 

chapter are therefore not exclusive and they are not meant to be. They represent niche 

topics that would be worth pursuing – in addition to the extensive range of “mainstream” 

research/scientific activities that are being conducted in the mining domain. 

 

A key result of the short Back-casting exercise conducted during the second half of the 

project was a shared vision in which most participants agreed: that mining technologies will 

co-evolve with novel ICT, resulting a partial paradigm change not just in the use of ICT in 

future mining operations, but in mining methods as well. This means that “disruptive” 

innovations are expected in the cross-section of minerals extraction and ICT. Such paradigm 

change could be partial (and valid for "suitable geological formations" only), and it is possible 

that the old paradigm and the new one co-exists in the same mine within the investigated 

timeframe i.e. until 2050. This means that some sections of the mine could become fully 

autonomous e.g. at extreme depths. These sections would be closed off to humans, only 

accessible for machines, while at other levels mining is still carried out the "old ways" by 

both humans and machines. This has been recognized in all groups as a potentially emerging 

disruptive trend that could lead to a paradigm change in underground mining technologies. 

In this scenario mining and pre-processing could be carried out by autonomous units 

operating in heterogeneous swarms. Due to the swarm nature mining operations would 

become scalable not by increasing the size of the individual machines, but by adapting the 

number of units in the swarm to the size of mining operations. Bio-based analogues (such as 

underground and burrowing animals) could support the development of such new types of 

autonomous machinery. As a result of such paradigm change the entire mine (or a section of 

the mine e.g. at ultra-depths) would need to be re-planned so that the new design would no 

longer support human presence, but rather support machinery. Monitoring by humans is 

seen as desirable, but given the extreme conditions strong autonomy of the machinery will 

be required so that the machines could continue operate in the case of lost communications.  
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Eventually three thematic areas were defined with three separate Calls in each. A fourth 

theme was also defined as a cross-cutting action for the integration of research results and 

the continued coordination of research communities: 

 

Thematic Area I - Evolution Underground 

Call 1 Bio-inspired underground technologies 

Call 2 Microbiology-Energy-ICT Convergence for machine autonomy 

Call 3 Underground machine evolution 

Thematic Area II - Resilient Artificial Ecosystems 

Call 1. Machine-repairable machines 

Call 2. Heavy-duty swarm robotics underground 

Call 3 Beyond pervasive adaptation 

Thematic Area III - Broadband through the Rock 

Call 1 Breakthrough data transmission technologies. 

Call 2 Self-organised in-mine communication. 

Call 3 SwarmCom. 

Thematic Area IV (2 Cross-cutting Calls) 

Call 1 Smart Systems Integration. 

Call 2 Coordinating communities - Resilient Robotics for Future Mining. 

The above topics represent challenges corresponding to potentially disruptive technologies 

according to the project timeframe (2030-2050). The order of the Calls roughly corresponds 

to the increased levels of challenges. The topics are, however, not strongly dependent on 

each other time-wise, and they may be called separately, or in combination between the 

different “Thematic Areas”. Evolutionary topics would be welcome in mining, supporting the 

development of novel ICT and robotics. Bio-inspiration could be the first logical step as some 

mining tools and basic equipment already “mimic” nature in a rudimentary way. Recent 

developments in robotics (actuators, sensors, etc) and ICT could, however, create an entirely 

new level of feasibility for adapting and further developing bio-inspired systems. The 

particular features of the application domain (underground environment) represent 

substantial additional challenges to any ongoing bio-inspiration/ICT related research efforts 

in Europe. “Hardening” future mining systems is another key challenge, where the identified 

research topics correspond to longer-term challenges. Machine-repairability by other 

machines is an important starting point in this process, but the ultimate goal is increasing 

resiliency so that future machines would become capable of responding to individual failures 

and remain operational in environments where human supervision is impossible by learning 

how to keep operating without using the damaged systems. 

Although defined as an independent “thematic area” the topics identified for “Thematic 

Area III - Broadband through the Rock” could be indispensable for realising the other 

breakthrough technologies. 
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Also important to mention that all these ICT challenges must be understood in their broader 

context. In this regards socio-economics, environmental issues, energy storage and 

distribution, materials handling and processing, etc., and also an appropriate policy 

framework will be vital to provide a backdrop against which ICT developments could be 

realised. Several such pre-conditions are briefly discussed in D2.1 Results of the Delphi 

survey and D2.3 Report on the Foresight Exercise papers. These pre-conditions represent key 

issues for future mining, and they should also be considered in future European research 

programmes. The individual Call topics are described below. 

 

Thematic Area I - Evolution Underground 

Context 

There is a need to develop new foundations for future “flexible and scalable” mining 

solutions that work in difficult formations (not necessarily at ultra depths) or on small 

deposits. Any such developments should work along the emerging concepts of near-zero 

impact surface operations that require a better management of waste streams and 

advanced reclamation techniques within the mines. This will be given as a basic boundary 

condition, because we expect future mining operations to be quasi self-contained extraction 

and processing systems with minimal direct impact on the surface. The continuous 

production/processing of minerals and depositing of wastes will require the development of 

specific technologies for a new level of process intelligence. Bio-inspiration coupled with 

evolutionary robotics could hold the key to creating novel concepts for mining operations 

that are truly scalable and environmentally neutral. 

Calls 

Call 1 Bio-inspired underground technologies.  

Underground and burrowing animals demonstrate overwhelming superiority when 

compared to present-day underground mining equipment. They have evolved to feed, 

reproduce, form colonies and to manipulate the underground environment according to 

their needs. Their relative strength may exceed a hundred times the performance of the 

most powerful mining machinery, whilst they are energy efficient, self-organizing and able to 

navigate in subsoil environments. The objective of this Call is to map the underground 

animal kingdom (arthropods, worms, but also vertebrates) and develop dramatically new 

concepts for bio-inspired underground mining systems (including drilling, navigation, 

feeding, communication, actuation and collective behaviour) drawing inspiration from 

underground biology. Expectation from such novel systems would include increased 

flexibility and scalability of mining operations – not necessarily at ultra-depths, but also in 

difficult formations, that are currently considered uneconomical. 

Call 2 Microbiology-Energy-ICT Convergence for machine autonomy.  

Micro-organisms (bacteria and fungi) have demonstrated their potential in energy-

harvesting for ICT autonomy. Bacterial bio-leaching of metallic minerals is a proven method 

for a range of minerals containing copper, zinc, nickel, molybdenum, gold, cobalt and other 

metals. Hydrothermal vents on the seafloor may offer new metal-processing bacterial strains 

that thrive in high temperature (80-100 C) hydrothermal fluids. Multi- and inter-disciplinary 

research is needed to develop hybrid collective systems, with symbiotic biological and 

mechatronic elements that generate their own energy via energy-harvesting while capable 
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of producing valuable metals via bio-leaching in a symbiotic process. Research should be 

implemented in the intersection of microbial physiology (understanding bio-leaching 

coupled with bio-energy harvesting from mono- or mixed-culture microbial communities) 

and the disciplines supporting the development of energetically autonomous robotics. Such 

systems would require the development of a collaborative environment, in which ICT and 

microbiological agents co-exist and co-evolve. The symbiotic functions and long-term 

interaction of such bio-ICT systems need to be investigated with the help of natural 

analogues and simulations. 

Call 3 Underground machine evolution.  

The development of Life on Earth demonstrates the ability of natural evolution to fill 

environmental niches with suitable designs. Artificial evolution can be expected to do the 

same much faster. A radically new evolutionary paradigm for engineering mining equipment 

is needed for working in previously unreachable environments. This paradigm should use 

artificial evolution to develop the hardware (the bodies) as well as the corresponding 

software (the minds) of machine systems. This could be realized through the conceptual 

development of a semi-closed ecosystem, where machines are subject to natural and 

artificial selection. Natural selection will guarantee adaptation to the given environment (i.e. 

ill-suited robots will “die”), while artificial selection will enforce human priorities. In such 

systems underground machines will evolve in a controlled manner, facilitating on-demand 

evolution in real time and real space with a large degree of autonomy. This will lead 

to completely new kinds of systems where the design, the production, and the instruction 

(programming) of mining equipment are inherently evolutionary. 

 

Expected outcomes 

Bio-inspired mining systems could offer flexibility and scalability beyond the limits of 

conventional mine-design. Such systems could also be used for the processing of small or 

inaccessible deposits that will remain uneconomical for conventional technologies within the 

foreseeable future. The resulting new paradigms will support generic ICT research on bio-

inspired systems, lifetime machine learning and the ICT challenges related to physical 

adaptation to changeable working conditions and unexpected situations. Research towards 

bio-inspired mining systems should eventually help identifying key research challenges for 

the development of evolutionary robotics underground. This will increase the versatility of 

mining machinery so that their intrinsic qualities match the dynamic external environment 

that will remain inaccessible for humans. 

 

Thematic Area II - Resilient Artificial Ecosystems 

Context 

Many future mines in Europe will be much deeper. As operating depth increases challenges 

include extreme temperatures, plastic rock behaviour, rock fall and rock-bursts, dust, in-

bursts of high-temperature magmatic- hydrothermal fluids, etc. Future mining machinery is 

expected to perform reliably in this environment, performing heavy-duty “intelligent” work 

(such as minerals exploitation followed by in-situ minerals processing) in some cases without 

the possibility for human supervision. This represents a challenge in developing machinery 

and corresponding resilient IT architecture with radical design paradigms for pervasive 



D3.1 Recommendations for FET 

Page 10 

information systems, which are capable of autonomously adapting to such a dynamic, 

hostile environment. While standard automation and human augmentation technologies can 

be foreseen for the near future, far-future robotics system should totally replace humans in 

hazardous environments and may facilitate completely new extraction paradigms that make 

exploitation of currently non-economical resources feasible. In this scenario, failures will be 

likely. Many of such failures will be mechanical and may not be fatal, especially if they occur 

in a redundant component. Resilient underground systems should be capable of learning 

how to remain operational without using the faulty component. Mining machinery should be 

able to reach a service centre or wait on-site to be repaired by other machines. 

Calls 

Call 1 Machine-repairable machines.  

The production of machinery today is efficient. In contrast, the repair of machinery is 

expensive and labour intensive (e.g. vehicles, construction machinery, and mining 

equipment). This is highly undesirable and impractical in dangerous, hard to reach places 

where a high level of machine autonomy is otherwise highly desirable. The aim is to 

investigate and demonstrate how heavy-duty mining machinery can be designed to be 

machine-repairable from the very beginning and how to develop the corresponding systems 

to perform these repairs automatically. This requires a paradigm change in how machines 

are designed and fundamental research is required in the area of damage-recognition and 

the principles supporting subsequent autonomous machine surgeries, performed by 

specialized machinery. Tasks include the understanding of the general principles behind 

future automatic repair systems including their limitations and potentials. Further tasks are 

the development of the fundamental elements of machine-repairable machines including 

connection mechanisms, modularity and organization This Call will develop the concepts for 

fundamentally new machine design approaches that will allow unsupervised machine 

maintenance during their operational phase.  

Call 2 Heavy-duty swarm robotics underground.  

Once a mining/mineral extraction process requires more than a handful of vehicles to 

operate in the same area, their actions must be coordinated to enhance efficiency. At some 

point in the future, ecosystems of heterogeneous artefacts will implement autonomous 

mining solutions—possibly composed from reconfigurable or modular elements. Mining will 

thus require the deployment of self-organizing multi-agent systems, where each unit is a 

specialist in one or more different types of operation: exploration, cutting, transporting, 

communications, maintenance, etc.. Through task allocation the complexity of the individual 

agents could be minimized, and will be expected to manifest complex behaviour at systems 

level. Basic research is required for understanding swarm robotics in such real-life 

production ecosystems, where the unpredictable, harsh environment and the specific task 

requirements will open up new research challenges for robot team technologies, stability, 

controllability and overall resiliency.  

Call 3 Beyond pervasive adaptation.  

Latest developments in artificial collective systems point towards increasing the total 

heterogeneity, using functionally and structurally different robots, involving bio-/chemo-

hybrid elements by combining chemistry, biology and mechatronics. Such diverse artificial 

systems will create artificial ecologies, where different types of artefacts and computational 
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networks will collaborate, evolve and impact each other in achieving their goals, e.g. 

exploration, extraction and maintenance. Future robotics underground will require the 

development of new paradigms for lifetime learning and physical adaptation to changeable 

and unexpected working conditions beyond pervasive adaptation: they must be able to 

respond to individual failures and remain operational in environments where human 

supervision is impossible. These units must be capable of operating under sub-optimal 

conditions (while partially damaged) and capable of learning how to keep operating without 

using the damaged systems.  

Expected outcomes 

The specific requirements of systems resilience in future underground mining environments 

will require pushing the limits of pervasive adaptation one step further. This will open up 

new exploratory research areas in control and optimisation theories, inspired by dynamically 

changing industrial production environments, where emerging unexpected phenomena will 

be “business as usual”. New methods will be needed for on-the fly design/optimization of 

robot behaviour and/or morphology and emerging concepts for resilient robotics colonies, 

with real (physical) implementation and long lasting proofs of concepts. Understanding the 

general principles of future goal-driven industrial evolutionary systems is another expected 

outcome from this Theme.  

 

Thematic Area III - Broadband through the Rock 

Context 

Due to the high attenuation of radio frequency signals in underground mines, present-day 

communication systems are based on the landline communication principle. There have 

been experiments with the adaptation of commercially available wifi solutions to this 

environment, but results do not provide the required level of coverage, rate, reliability, 

robustness and flexibility. The complex mine structure makes traditional communication 

systems tedious and inflexible for future automated mines. Accordingly, future mining 

infrastructures will require advanced communication technologies and networks that enable 

real time monitoring and control of operations of both humans and robots. The 

development of such advanced communication technologies will require a series of basic-

research investigations that consider the specific operating environment and the expected 

functions of underground ICT. 

Calls 

Call 1 Breakthrough data transmission technologies.  

Next generation communication solutions will be used in the "sense, communicate and 

control" smart mining paradigm. The challenges are: provide full coverage, connectivity of 

sensors with different bandwidth requirements, resilience, re-configurability, self-

organization, self-healing and easy deployment in a harsh environment. Research is required 

at basic-science level for the development of radically new ways of providing data 

communication and localization capabilities directly through heterogeneous non-uniform 

materials and rock substrates via the exploitation of radio, seismic/vibrational, acoustic 

signals and high energy particles (such as neutrons). 
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Call 2 Self-organised in-mine communication.  

Basic research is required towards the development of communication networks that 

provide a reconfigurable dynamic infrastructure and that enable full connectivity between 

in-mine artefacts, humans and surface operation centres. The network concepts should 

make efficient use of the mine characteristics:  completely new modes of radio propagation, 

waveguide propagation through tunnels, the exploitation of metallic infrastructure, wiring, 

pipes, mine infrastructure and the orebody itself. The self-organised, self-healing in-mine 

communication network shall exploit means of communications in a hybrid approach: basic-

research experiments are needed for new radio bandwidths, ultra wide band and mmWave 

radio, without excluding the use of wired solutions provided that they exploit existing or an 

easy to install infrastructure. Research should address the use of multiple parallel solutions 

for achieving high aggregate transmission rates for in-mine broadband. 

Call 3 SwarmCom.  

Underground robotic swarms will require secure, uninterruptable (redundant, parallel-

processed and high-bandwidth) communication networks for swarms of robots to allow 

coordination, task delivery, monitoring and navigation. They shall meet the specific needs of 

underground mining swarms, be embedded, preferably powered by energy harvested 

directly from the environment and have self-healing/self-configuring properties. They shall 

fulfill the requirements of new generation robotic systems that may operate in (semi) 

autonomous mode. Future mines may be flooded or pressurized, in such a case new 

transmission methods should also be identified via basic research experiments. Fundamental 

new findings are expected in identifying the appropriate communication medium, the 

characterization of the communication medium, e.g. radio propagation, new transducers 

and antennas, physical layer algorithms, signal processing algorithms and new protocols. 

Expected outcomes 

The foundations of completely new forms of communication techniques and protocols will 

be laid down that –with the help of subsequent R&D – will eventually support high-speed 

communications and the reliable functioning of robotic swarms. High (aggregate) 

transmission rates, extremely low latency and resilience have to be provided. Such new data 

transmission and localization/tracking technologies will enable the implementation of the 

smart mine, i.e., the autonomous, fully interconnected mine with minimized human 

intervention.  

 

Thematic Area IV (Cross-cutting Calls) 

Context 

Future mines could be fully-autonomous or near fully-autonomous entities, taking 

advantage of future-tech robotic and communication solutions to address mining challenges 

in a novel, efficient, and sustainable manner. Semi- or fully-autonomous sustainable and 

environmentally-friendly methods are needed to meet the identified mining challenges, with 

proof-of-concept (not real-life implementation but rather simulations and experiments 

supporting exploratory science conducted in a test mine).  
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Calls  

Call 1 Smart Systems Integration.  

Basic-research is required towards the development of a “super-size” autonomous, adaptive 

production-system (communication, energy harvesting/storage, sensing, robotic solutions 

for transport, exploration, production, maintenance, etc) that actively participates in 

decision-making, eventually planning itself. Machine teams in such a system may vary from a 

small number of co-operating robots (also co-operating with humans), to large swarms 

implementing tasks in a distributed fashion. Theoretical and practical advances in robot 

team technologies are required, building on conventional and non-conventional (e.g. bio-

inspired, distributed/swarm) methods. This will require a profound understanding of the 

challenges of self-organization of artificial and hybrid systems where the system goals (as 

influenced by humans) and the optimization challenges will eventually become more 

complex than in their biological analogues. Advances are needed in adaptive self-modelling 

and optimization methods including optimization of deployment of resources and 

exploration/exploitation trade-offs. Networking should be directed towards novel solutions 

to mine deployment and management, demonstrated in rich 4D simulation but with key 

elements validated using available mining technologies and/or data resulting in new 

concepts in autonomous system control, optimisation and verification. 

Call 2 Coordinating communities - Resilient Robotics for Future Mining.  

EXTRACT-IT has demonstrated that our quest for the production of minerals in extreme 

environments has the potential to fuel basic, exploratory research in the intersection of ICT 

and minerals exploration/extraction/processing. A continuing coordination effort is needed 

that could mobilize even more new ideas and create new avenues for ICT research. Such 

action should support a paradigm shift in underground mine-design, making future systems 

more robust and energy efficient. Multi-disciplinary coordination efforts are needed for 

energy (production, harvesting, distribution), energy efficiency, the development of novel 

sensors, high-temperature electronics and several completely new inter-disciplinary 

research domains (e.g. in the intersection of geometallurgy and ICT).  

Expected outcomes 

Paradigm shift in robotic design towards more robust and energy efficient solutions, possibly 

following a need to outsource control to the physical level as it can be observed in nature 

(embodiment and MC). New ideas for locomotion in rough environments, and new types of 

actuators (e.g. bio-inspired) that are able to cut. compress, transport, etc. New scanning 

techniques for the underground environment (supporting machine vision, utilising sensor 

fusion, etc), mapping, cooperative scanning, based on the exploration of new sensing 

methodologies (x-ray, high-energy particles, bio-inspired, etc) for material recognition. 

Results should enable underground machinery to navigate autonomously by developing 

robust sensing technologies for environmental scanning and full situational awareness. If 

such systems are able to successfully operate under these harshest possible conditions on 

Earth, they can potentially operate (almost) anywhere meeting the demands of disaster 

response, space research, construction, etc. 

 



D3.1 Recommendations for FET 

Page 14 

3. Final notes  

Europe’s ICT industry is already being affected by the increasingly difficult availability of 

certain raw materials including critical minerals. In addition to ongoing applied research 

efforts supporting the production, recycling and substitution of these minerals there is a 

fourth path: exploratory research supporting breakthroughs and paradigm changes as to 

how minerals are extracted and processed. Such a path does not offer immediate solutions 

to our needs at present, but has the potential to deliver solutions in a more distant future, 

when Europe might need them the most. Therefore, in addition to the clear scientific 

interest at a basic science level, long-term exploratory mining-ICT research could be an 

investment into the future and could eventually help to secure strategic minerals for Europe 

by supporting the exploitation of mineral resources that are located in such depths and 

difficult geo-environmental conditions that their exploitation would not be economic, or 

even possible, by conventional technologies. This could be achieved by the definition of 

exploratory research avenues and also by creating a link between the ICT sector and the 

extractive industry. As has been discussed before, the European extractive industry needs to 

be transformed into a truly high-tech sector in order to meet future challenges and to 

guarantee the supply of strategic minerals. This transformation can only be realised if 

fundamental breakthroughs are achieved within a wide range of ICT-related fields.  

Mineral extraction is, however, based on a series of interdependent processes and any 

missing technological solutions can halt ambitions and plans. The innovation process is 

seriously hindered by the lack of expertise and brain drain to other industrialised countries. 

Education and research has been in the decline in the minerals sector, resulting in the 

closure of university departments and other facilities, and for the next decade the greatest 

challenge will be skills shortage. This fact that has been identified among the most significant 

threats by the Commission in their study on the analysis of the competitiveness of the non-

energy extractive industry in the EU (2007) that warns that a “significant percentage of 

professionals likely to retire over the next 5-10 years”
21. In the UK, for example, only the 

Camborne School of Mines now teaches mining engineering, whereas 25 years ago there 

were eight universities with mining degrees. Mining research needs exciting new ideas, 

capable of mobilising young researchers, whose background is not necessarily in minerals, 

but willing to orient themselves towards this direction. Bringing together experts in ICT, 

automation and robotics with the visionary ideas about the intelligent mine of the future will 

definitely raise awareness within the ICT sector about its importance for the mining industry, 

and this could lead to new research (and business) opportunities for the future. The Calls 

described previously could also facilitate a “technology push” for mining research, and in 

today’s favourable minerals-policy environment such push would have the potential to bring 

novel mining-ICT technologies to the point that the market itself could evaluate their 

feasibility compared to the existing alternatives. 

EXTRACT-IT represents the first step in the process that will boost research efforts in mining 

of exploratory character. Such efforts will reside in the “exploratory science domain” and as 

such they are not directly driven by immediate industry needs in the present (but rather 

anticipated needs in the future), and pure scientific interest is the key driving factor. Clearly 

the path that may result in, for example, the deployment of novel bio-inspired mining 

systems is a long one – if such development is ever realized at an industrial scale. But simply 

                                                 
21

 European industry in a changing world – updated sectoral overview (2009). Commission Staff Working Document, 

Brussels, 30.7.2009 
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by going down this possible future path entirely new research domains will be explored, 

fuelling basic science and eventually supporting future industrial applications. The 

underlying research challenges are so profound and revolutionary that calling on such topics 

would contribute to the development of research areas beyond mining, eventually 

strengthening European research excellence in exploratory ICT. There are several 

technological areas that could not have been developed into Call Topics within the short 

timeframe of the EXTRACT-IT project (12 months). The objective of EXTRACT-IT was to start 

up a dialogue and “be the first step on the way towards future European scientific and 

industrial leadership in areas that today simply do not exist yet.” The multi-disciplinary 

networking around mining and emerging ICT must therefore continue. It is recommended 

that one or more of the Calls be published at the soonest date, and their results evaluated 

against the usual FET programme criteria. 

Finally, it is recommended that the cooperation between Europe’s mining and ICT scientific 

community continues under the umbrella of a FET Flagship in H2020, mobilising substantial 

funds for promoting longer-term visions in the cross section of minerals (extraction, 

recycling and substitution) and FET ICT. Such symbiotic action could directly support 

Europe’s mineral independence and the most fundamental needs of Europe’s ICT sector: 

secure access to critical minerals for its own development. The framework for such Flagship 

investigation could be created by mobilising additional expertise via expert panels, involving 

relevant Technology Platforms (ETPSMR, ARTEMIS, EUROP, etc) and Innovation Partnerships. 

The topics identified in EXTRACT-IT could already serve as a basis for such a Flagship, but the 

scope will need to be broadened to match the scale of such investigation. It would be 

important therefore that a Coordination Action type call is also published within FET H2020 

(Theme IV - Cross-cutting Calls). If the inter-disciplinary coordination of these research 

communities could continue the benefits would be substantial. A 3-year Coordination Action 

would be expected to identify and elaborate on several new research issues of exploratory 

character, whilst creating a strong European foundation of longer-term mining-ICT research. 

By cross-fertilising innovative ICT concepts with the specific demands of future minerals 

extraction, entirely new research (and corresponding business) opportunities could arise for 

Europe. 
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Annex - Call Summary Table 



EXTRACT-IT  CALL TOPICS PROPOSAL SUMMARY FOR FET   WWW.EXTRACT-IT.EU 
Thematic Area I - Evolution Underground (3 Calls) 
Call 1 Bio-inspired underground technologies. Underground and burrowing 

animals demonstrate overwhelming superiority when compared to 

present-day underground mining equipment. They have evolved to feed, 

reproduce, form colonies and to manipulate the underground environment 

according to their needs. Their relative strength may exceed a hundred 

times the performance of the most powerful mining machinery, whilst they 

are energy efficient, self-organizing and able to navigate in subsoil 

environments. The objective of this Call is to map the underground animal 

Kingdom (arthropods, worms, but also vertebrates) and develop 

dramatically new concepts for bio-inspired underground mining systems 

(including drilling, navigation, feeding, communication, actuation and 

collective behavior) drawing inspiration from underground biology. 

Expectation from such novel systems would include increased flexibility 

and scalability of mining operations – not necessarily at ultra-depths, but in 

difficult formations, that are currently considered uneconomical. 

Call 2 Microbiology-Energy-ICT Convergence for machine autonomy. Micro-

organisms (bacteria and fungi) have demonstrated their potential in 

energy-harvesting for ICT autonomy. Bacterial bio-leaching of metallic 

minerals is a proven method for a range of minerals containing copper, 

zinc, nickel, molybdenum, gold, cobalt and other metals. Hydrothermal 

vents may offer new metal-processing bacterial strains that thrive in high 

temperature (80-100 C) hydrothermal fluids. Multi- and inter-disciplinary 

research is needed to develop hybrid collective systems, with symbiotic 

biological and mechatronic elements that generate their own energy via 

energy-harvesting while capable of producing valuable metals via bio-

leaching in a symbiotic process. Such systems would require the 

development of a collaborative environment, in which ICT and 

microbiological agents co-exist and co-evolve. The symbiotic functions and 

long-term interaction of such bio-ICT systems need to be investigated with 

the help of natural analogues and simulations. 

Call 3 Underground machine evolution. A radically new evolutionary 

paradigm for engineering mining equipment is needed for working in 

previously unreachable environments. This paradigm should use artificial 

evolution to develop the hardware (the bodies) as well as the 

corresponding software (the minds) of machine systems. This could be 

realized through the development of a semi-closed ecosystem, where 

machines are subject to natural and artificial selection. Natural selection 

will guarantee adaptation to the given environment, while artificial 

selection will enforce human priorities. In such systems underground 

machines will evolve in a controlled manner, facilitating on-demand 

evolution in real time and real space with a large degree of autonomy.  

Thematic Area II - Resilient Artificial Ecosystems (3 Calls) 
Call 1 Machine-repairable machines. The aim is to investigate and 

demonstrate how heavy-duty mining machinery can be designed to be 

machine repairable from the very beginning and how to develop the 

corresponding systems to perform these repairs automatically. This 

requires a paradigm change in how machines are designed and 

fundamental research is required in the area of damage-recognition and 

subsequent autonomous machine “surgeries” performed by specialized 

units. Tasks include the understanding of the general principles behind 

future automatic repair systems including their limitations and potentials. 

This Call will develop the concepts for fundamentally new machine design 

methods that will allow unsupervised machine maintenance during their 

operational phase.  

Call 2 Heavy-duty swarm robotics underground. At some point in the 

future, ecosystems of heterogeneous artifacts will implement autonomous 

mining solutions—possibly composed from reconfigurable or modular 

elements. Mining will thus require the deployment of self-organizing multi-

agent systems, where each unit is a specialist in one or more different 

types of operation: exploration, cutting, transporting, communications, 

maintenance, etc.. Through task allocation the complexity of the individual 

agents could be minimized, and will be expected to manifest complex 

behavior at systems level. Basic research is required for understanding 

swarm robotics in such real-life production ecosystems, where the 

unpredictable, harsh environment and the specific task requirements will 

open up new research challenges for robot team technologies, stability, 

controllability and overall resiliency.  

Call 3 Beyond pervasive adaptation. Latest developments in artificial 

collective systems point towards increasing the total heterogeneity, using 

functionally and structurally different robots, involving bio-/chemo-hybrid 

elements by combining chemistry, biology and mechatronics. Such diverse 

artificial systems will create artificial ecologies, where different types of 

artifacts and computational networks will collaborate, evolve and impact 

each other in achieving their goals, e.g. mining, exploration and 

maintenance. Future robotics underground will require the development of 

new paradigms for lifetime learning and physical adaptation to changeable 

and unexpected working conditions beyond pervasive adaptation: they 

must be able to respond to individual failures and remain operational in 

environments where human supervision is impossible. These units must be 

capable of operating under sub-optimal conditions (while partially 

damaged) and capable of learning how to keep operating without using the 

damaged systems.  

 

Thematic Area III - Broadband through the Rock (3 Calls) 
Call 1 Breakthrough data transmission technologies. Next generation 

communication solutions will be used in the "sense, communicate and 

control" smart mining paradigm. The challenges are: provide full coverage, 

connectivity of sensors with different bandwidth requirements, resilience, 

re-configurability, self-organization, self-healing and easy deployment in a 

harsh environment. Research is required at basic-science level for the 

development of radically new ways of providing data communication and 

localization capabilities directly through heterogeneous non-uniform 

materials and rock substrates via the exploitation of radio, 

seismic/vibrational, acoustic signals, high energy particles (such as 

neutrons) technologies. 

Call 2 Self-organised in-mine communication. Communication networks 

that provide a reconfigurable dynamic infrastructure and that enable full 

connectivity between in-mine artifacts, humans and surface operation 

centres. The network concepts should make efficient use of the mine 

characteristics:  completely new modes of radio propagation, waveguide 

propagation through tunnels, exploitation of metallic infrastructure used in 

tunnels, energy distribution wiring, pipes, mine infrastructure and the 

orebody itself. The self-organised, self-healing in-mine communication 

network shall exploit means of communications in a hybrid approach 

(basic-research experiments for new radio bandwidths, ultra wide band and 

mmWave radio, without excluding the use of wired solutions provided that 

they exploit existing or an easy to install infrastructure. Research should 

address the use of multiple parallel solutions for achieving high aggregate 

transmission rates for in-mine broadband. 

Call 3 SwarmCom. Underground robotic swarms will require secure, 

uninterruptable (redundant, parallel-processed and high-bandwidth) 

communication networks for swarms of robots to allow coordination, task 

delivery, monitoring and navigation. They shall meet the specific needs of 

underground mining swarms, be embedded, preferably powered by energy 

harvested directly from the environment and have self-healing/self-

configuring properties. They shall fulfill the requirements of new 

generation robotic systems that may operate in (semi) autonomous mode. 

Future mines may be flooded or pressurized, in such a case new 

transmission methods should also be identified via basic research 

experiments. Fundamental new findings are expected in identifying the 

appropriate communication medium, the characterization of the 

communication medium, e.g. radio propagation, new transducers and 

antennas, physical layer algorithms, signal processing algorithms and new 

protocols. 

 

Thematic Area IV (2 Cross-cutting Calls)  
Call 1 Smart Systems Integration. Basic-research towards the development of a “super-size” autonomous adaptive system (communication, energy harvesting/storage, sensing, robotic solutions for transport, exploration, production, 

maintenance, etc) that actively participates in decision-making, eventually planning itself. This will require a profound understanding of the challenges of self-organization of artificial and hybrid systems where the system goals (as 

influenced by humans) and the optimization challenges will eventually become more complex than in their biological analogues. Advances are needed in adaptive self-modeling and optimization methods including optimization of 

deployment of resources and exploration/exploitation trade-offs.  

Call 2 Coordinating communities - Resilient Robotics for Future Mining. EXTRACT-IT has demonstrated that our quest for the production of minerals at extreme environments has the potential to fuel basic, exploratory research in ICT. 

A continuing coordination effort is needed that could mobilize even more new ideas and create new research avenues. Such action should support a paradigm shift in underground robotic design, making future systems more robust 

and energy efficient. Multi-disciplinary coordination efforts are needed for energy (production, harvesting, distribution) and energy efficiency, the development of novel sensors, high-temperature electronics and several completely 

new inter-disciplinary research domains (e.g. in the intersection of geometallurgy and ICT). 
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