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ABSTRACT 

This paper reviews the literature on the emerging digital technologies of Industry 4.0 (I4.0) focussed on the 

applicability of the Internet of Things (IoT), Virtual Reality (VR) and Augmented Reality (AR) in 

remanufacturing.  Inspired by the frameworks developed to support exploration and realisation of I4.0 

technologies for disassembly, the paper discusses the same emerging technologies in the wider context of 

remanufacturing.  Trends and gaps have been identified from a value-creation perspective that encompasses 

the product to be remanufactured, the remanufacturing equipment and processes adopted and related 

organisation issues.  Findings suggest there is a need to explore the connection of cyber-physical systems to 

the IoT to support smart remanufacturing, whilst aligning with evolving information and communication 

infrastructures and circular economy business models.  The review highlights twenty-nine research topics that 

require attention to support this field.      

Key Words:  Industry 4.0; Virtual Reality; Augmented Reality; Internet of Things; Cyber-Physical Systems; 

Smart Remanufacturing 

ABBREVIATIONS FOR FOOTNOTE 

AI, Artificial Intelligence; AM, Additive Manufacturing; AR, Augmented Reality; BoL, Beginning of Life; CE, 

Circular Economy; CPS, Cyber Physical Systems; DCD, Data Carrying Devices; EI, Emerald Insight; EIS, Enterprise 

Information System; ELV, End of Life Vehicle; EoL, End of Life; ERP, Enterprise Resource Planner; GPS, Global 

Positioning System; HDOR, Heavy Duty Off-Road; HMI, Human-Machine Interface; ICT, Information 

Communication Technology; I4.0, Industry 4.0; IoT, Internet of Things; IR, Industrial Robot; IP, Intellectual 

Property; LCA, Life Cycle Analysis; MoL, Middle of Life; MRO, Maintenance Repair Overhaul; OEM, Original 

Equipment Manufacturer; PCB, Printed Circuit Board; PLC, Programmable Logic Controller; PLM, Product 

Lifecycle Management; PQ, ProQuest; PSS, Product Service Systems; PSST, Passive Self-Sensing Tags; QR, Quick 

Response; RFID, Radio Frequency Identification; SBoM, Service Bill of Material; SD, ScienceDirect; SME, Small-

Medium Enterprise; VR, Virtual Reality. 
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1 INTRODUCTION 

Remanufacturing is an important part of a circular economy.  Through the remanufacturing of products, there 

are opportunities to increase the efficiencies of resources, reduce waste and support cleaner, more 

sustainable production, as demonstrated by Liu et al. (2014).  Ijomah et al. (2007) provided a thorough review 

of the environmental and financial impact of increasing waste streams and influencing legislation, 

summarising case studies across the UK’s manufacturing sectors evaluating the state of industry with respect 

to remanufacturing attitudes.  

The definition of remanufacturing varies amongst industries.  However, BS 8887‑220:2010 is generally 

accepted with remanufacturing being the “steps required to change the product into as-new with at least 

equivalent performance and warranty of new” (British Standards Institution, 2010).  This is the definition that 

will be adopted throughout this review.  A key activity in remanufacturing is disassembly, reviewed by Chang 

et al. (2017a) who identified relevant emerging digital technologies including the Internet of Things (IoT), 

Virtual Reality (VR) and Augmented Reality (AR).    

This state-of-art review identifies that there is no literature that explores specifically I4.0’s emerging 

technologies in remanufacturing.  Liu et al. (2016) wrote a paper titled “Remanufacturing in Industry 4.0” but 

their contribution to knowledge is minimum comparing I4.0 with blood circulation systems, citing only three 

other research papers.  In contrast Alcácer and Cruz-Machado (2019) provide a thorough review of literature 

before setting out a road-map for I4.0 fulfilment in the manufacturing sector.  However, this review is specific 

to manufacturing referring to remanufacturing only once.  Additionally, the roadmap is completed to the 

conceptual level only and does not propose an extensive list of research topics as this review does.  Similar in 

depth but from a big data analytics perspective, Ren et al. (2019) offer a comprehensive review into smart 

manufacturing and a products lifecycle, before coining the term ‘sustainable smart manufacturing’ that 

includes remanufacturing but is not exclusive to it.  In contrast this review aims to fill a specific gap, that of 

the provision of research questions to allow a logical and complete approach to applying I4.0 to 

remanufacturing.  

The digital transformation enabled by the emerging digital technologies is known as Smart Manufacturing or 

Industry 4.0 (I4.0), referred to within this text as I4.0.  It is related to developments in cyber-physical systems 

(CPS) building on the three previous revolutions pertaining to mechanisation, electrification and information 

technology.  CPS are mechanisms that are controlled or monitored by software integrating computers, 

networks and physical processes (Khaitan and McCalley, 2015).  They are comprised of “smart machines, 

warehousing systems and factories that have been developed digitally and feature integrated end-to-end 

Information Communication Technology (ICT)… …This not only allows production to be configured more 
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flexibly but also taps into the opportunities offered by much more differentiated management and control 

processes” (Kagermann, 2013).  This vision of an inter-connected factory that utilises IoT in the I4.0 future, is 

best illustrated by Schweichhart (2016).   

The IoT is a “global infrastructure for the information society, enabling advanced services by interconnecting 

(physical and virtual) things based on existing and evolving interoperable information and communication 

technologies” (International Telecommunication Union, 2012).  This networking of products through the IoT 

makes it possible to connect the entire manufacturing process converting factories with differentiated values 

streams, into smart environments (Stock and Seliger, 2016).   

VR utilises computer generated images to enable users to view 3D products or environments, with AR an 

extension to this, overlaying computer-generated information onto real-world objects (Grier et al., 2012).  The 

remanufacturing sector is heavily reliant on manual processes (Butzer and Schötz, 2016).  The utilisation of 

I4.0 and the IoT supported by VR and AR systems will be explored in this review to better understand how it 

may increase automation and thus the capability of this sector. 

2 METHOD 

As the I4.0 revolution is represented by the connectivity of machines, artificial intelligence (AI), big data and 

robots on the IoT (Park, 2017) and emerging digital technologies include I4.0 (or Smart Manufacturing), IoT, 

VR and AR (Chang et al., 2017a), this collection of terms were used to search six databases to explore how 

they relate to remanufacturing (Figure 1).  This systematic approach is used to allow for the process to be 

reproduced, a key quality when completing a review of this type Seuring and Gold (2012). 
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Figure 1 - Research Method 

Full text reading revealed that the emerging technologies were intertwined to different extents within 

(re)manufacturing and there were gaps in the research.  Overlaps in the material also existed.  In order to 

provide uniform coverage without biases, the articles were categorised by ‘value creation factor’.  Those 

factors were utilised as it was the “interconnection of value creation networks in industry 4.0 [that] offers new 

opportunities for the realization of product life-cycles in closed circuit and industrial symbiosis” (Carvalho et 

al., 2018).  Trends and opportunities to digitalise from supplier to customer using a ‘value creation module’ 

were presented by Stock and Seliger (2016) in their vision of integrated Industry 4.0 technologies in smart 

factories (Figure 2).  
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Figure 2 –The factors that form the Value Creation Module along the entire value chain (Stock and Seliger, 2016) 

The value creation module was built on four factors: product, equipment, process and organisation (Stock and 

Seliger, 2016).  These factors were used to categorise the articles discussed in this review to drive value 

creation in remanufacturing as follows: product (section 3), equipment (section 4), process (section 5) and 

organisation (section 6), with section 7 summarising research trends and gaps, drawing conclusions and 

recommendations for further work. 

3 PRODUCT-RELATED WORK 

This literature review identified two main streams of research emerging at product level for remanufacturing.  

‘Additive manufacturing (AM) for repair and replacement’ and ‘data carrying devices to support EoL 

processing’.  Interestingly both streams are already found in manufacturing supporting the belief that the 

“capacity of industry 4.0 to really bring [sustainable practices including remanufacturing] to fruition… is largely 

due to the high level of virtualization, digitization and integration expressed by the technologies that exist 

today” (Carvalho et al., 2018). 
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3.1 ADDITIVE MANUFACTURING (AM) FOR PRODUCT REPAIR AND REMANUFACTURE 

Rejeski et al. (2018) explored AM with respect to the environment, recommending research into 

remanufacturing issues and opportunities of hybrid material and structures, customised products, and how 

intellectual property (IP) is managed.  They suggested that thought must be given to a product at EoL for the 

wide-scale adoption of AM processes to be successful, a subject considered by Müller et al. (2018) who 

presented a demonstration tool for designers of AM products, to capture and display different lifecycle 

implications at the design stage.  The flexibility of AM, along with its reliance on designs to be available 

digitally,  means that it could also be used once a product is Middle-of-Life (MoL) to support rapid design 

modification should an unexpected failure or behaviour occur (Müller et al., 2018), or for 

repair/remanufacturing activities providing aftersales services for companies employing product-service 

business models (Murmura and Bravi, 2018). 

AM has the potential to contribute to sustainability through being combined with IoT technology but the full 

consequences of realising this are difficult to predict (Rejeski et al., 2018).  This is supported by Despeisse et 

al. (2017) who reviewed 3D printing with respect to the circular economy (CE), suggesting 3D printing had the 

potential to support sustainable manufacturing but questioned the current trajectory of adoption and whether 

the flexibility of the AM components complicated, rather than simplified, EoL processing.  Reflecting on the 

integration of 3D printing with IoT and I4.0, they recognised the industrial landscape was already changing and 

concluded with a research agenda to evaluate issues and opportunities to achieving a CE.  Yeo et al. (2017), 

on the other hand, identified a set of product characteristics (high-value, durable, with long technology cycles 

and the potential to be leased) where AM could be effectively implemented.  They focused primarily on AM 

for component repair and the parallel introduction of the emerging digital technologies whilst offering a clear 

vision of a future factory for products with these characteristics, reviewing advanced manufacturing methods 

for remanufacturing.  

3.2 DATA CARRYING DEVICES IN PRODUCTS TO SUPPORT REMANUFACTURING 

There were several data carrying devices (DCD) integrated with emerging digital technology discussed in the 

literature, the most popular being Radio Frequency Identification Tags (RFID).  A thorough review of RFID in 

remanufacturing was presented by Ferrer et al. (2011).  Issues with RFID are explored by Nowakowski (2018) 

using a case study to test capabilities and costs highlighting the effects of transmitter-responder distances, 

line-of-sight, and component material on signal strength, and 2D-code damage on readability and errors.  Gao 

et al. (2013) employed an algorithm to optimise the arrangements of RFID systems to improve reliability to 

support remanufacturability assessments, but information on how this could be applied in industry was vague. 
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Other DCD included Quick Response codes (QR), 2D-codes (QR or Data Matrix) and Passive Self-Sensing Tags 

(PSST).  Regardless of the DCD used, the systems generally target the same requirements, namely, the need 

to provide product data for real-time: 

 monitoring and allocation of remanufacturing resources  

 real-time MoL decision-making for End-of-Life (EoL) processing (remanufacture/dispose etc.) 

3.2.1 DCD for Monitoring and Allocation of Resources 

The use of DCD in remanufacturing is varied, with examples including the tracking of operators, resources, 

equipment and products through the value chain.   Whilst the concept presented by Zhang et al. (2015) to 

utilise RFID and real-time data for dynamic optimisation of shop-floor material handling was for 

manufacturing, it is also applicable in remanufacturing.  RFID was integrated with IoT and I4.0 for the tracking 

of reverse logistics vehicles (Liu et al., 2018) and pallets (Tornese et al., 2018) for real-time data-driven 

optimisation of resource and task allocation.  RFID and the IoT were also used by Zhang et al. (2018a) to 

provide information on resource availability to support real-time production scheduling for an engine 

remanufacturer, similar to the works of Huang et al. (2017) who explored the using of RFID to build a dynamic 

holographic workshop map.  While Gu et al. (2017) fitted RFID to Waste Electronic and Electrical Equipment 

(WEEE) to manage the product through repair or EoL processing, de Sousa Jabbour et al. (2018) suggested 

they could be used in the management of services such as water and power, whereas Yi and Park (2015) 

described the installation of a process controlled, IoT linked, multi-stage disassembly line for End-of Life 

Vehicles (ELV), with data collection that was remotely accessible.  Using RFID tags on slave trolleys containing 

load cells, they linked the ELV to workstation instructions to drive process conformity and accurately monitor 

and report material weights. 

3.2.2 DCD for MoL Decision-Making for End-of-Life (EoL) Processing 

It was necessary to explore the use of the DCD to support MoL activities as the information gathered during 

this life phase may well assist EoL processing.  A stand out example included Ness et al. (2015) who used RFID 

integrated with a stress sensor fitted to structural steel to assist in the reuse/remanufacture of EoL structural 

steel for new applications using Building Information Modelling and VR models.  Presenting a theoretical case 

study, they evaluated potential environmental and business benefits, offering an insight into the range of 

applications of RFID for product level remanufacturing.  A more detailed appraisal of the economic benefits of 

the use of DCD’s and sensor-embedded in similar products is documented by Dulman and Gupta (2018) 

comparing wind turbine systems.  Additionally, Stock and Seliger (2016) successfully demonstrated the 

retrofitting of an accelerometer and PLC to a MoL milling machine to form a CPS capable of interacting with 

others via IoT, providing a vision of intelligence upgrading for high-value, long-life products, but overall little 

consideration has been given to the connection of products already containing embedded or external 
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networking capability.  These need to be considered as I4.0 relies on the interconnection of all networked 

products. 

Air purifiers using passive RFID tags for internal data transfer integrated with sensors, read by mobile data 

systems, linked together in a web-based environment to share information to better support MoL and EoL 

activities, were the subjects of an extensive paper by Li et al. (2015).  Musa et al. (2014) successfully 

demonstrated the integration of RFID, sensors and GPS into a single chip for MoL data transfer after a review 

of mobile Internet, GPRS, 4G, and RFID.  “It can be said that the main benefits of these technologies are that 

they enable enterprises to be more coordinated or integrated, smarter, leaner, more agile, efficient and 

productive” (Musa et al., 2014).  However, they suggested a level of intelligence and decision-making was 

required to provide meaningful MoL information for remanufacturing, a subject that is rarely discussed but 

relevant, and adds further complexity to data management, reliance and product whole-life support.  

Additionally, the willingness of customers to participate in the collection of data along with the role that they 

play in data generation, collection and sharing is a concern (Field et al., 2018).    

Wang et al. (2014) presented an interesting and applicable novel architecture where a WEEE product labelled 

with a QR code filled with BoL/MoL data provides information to a cloud service.  The system was aimed at 

engaging the consumer when a product is no longer required or fails.  The user scans the QR code on the 

product triggering the upload of data, employing a web-based interface where a cloud service coordinator can 

cross-reference the demand and arrange the relevant EoL service (incl. remanufacturing).   

Yawei et al. (2017) provided a detailed review of Passive Self-Sensing Tags (PSST) that could be used to give 

information about the material it is placed on through the changes associated with the emitting parameter.  

“It can be envisioned that PSST holds potential to replace some conventional wireless sensors as a new sensor 

node in the IoT era.  More importantly, the static and dynamic information collected by PSSTs during a 

products life-cycle could improve logistics management, health monitoring, maintenance, remanufacturing 

and process development.”  (Yawei et al., 2017). 

4 EQUIPMENT-RELATED WORK 

This section discusses emerging digital equipment, tooling and systems (not fitted to the product) found in the 

remanufacturing space.  Synthesis has been based on Ranky (2001) who discussed the trends in disassembly 

(a major process steps in remanufacturing) highlighting two research streams:  

1) the development of technology, methods and algorithms for web-based virtual disassembly 

platforms 

2) smart robotic disassembly cells using intelligent sensing and real-time adaptation 
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These streams were adapted to summarise the findings related to “equipment”, but as remanufacturing 

consists of more than disassembly (All-Party Parliamentary Sustainable Resource Group, 2014) “disassembly” 

was replaced by “remanufacturing” in the section titles. 

4.1 TECHNOLOGY FOR WEB-BASED VIRTUAL REMANUFACTURING PLATFORMS  

The management and activity of disassembly is not unique to remanufacturing.  It also supports MoL 

maintenance, repair and overhaul (MRO), servicing and upgrade activities along with EoL processing.  It is 

therefore beneficial to consider disassembly planning (DP) at the product design stage.  DP for 

remanufacturing is a popular area for VR application research, as  “virtual reality implies a quality revolution 

in the manufacturing system and in product performance and quality” (Coates, 2000) that is most effective at 

the product design stage (Chang et al., 2017a).  The accuracy of the decisions made at the BoL for EoL 

processing may benefit from IoT through the feedback of information from MoL activities including usage, 

servicing and recovery (Brundage et al., 2018).   

Automated disassembly sequence planning (DSP) combined with VR is the subject of several papers including 

that by Siddique and Rosen (1997) who uses a vehicle console as a case study allowing designers to critique 

disassemblability of different models.  Similarly, Zwolinski et al. (2007) describe the use of VR at the design 

stage with design-for-(dis)assembly rules to meet changing requirements.  Chung and Peng (2008) describe a 

web-based VR environment for dynamic selective DSP using real-time resource data to calculate process 

parameters, whilst Mircheski and Rizov (2018) demonstrated a non-destructive planner supported by AR and 

RFID. 

Santochi et al. (2002) provided a detailed critique of computer-aided disassembly software to assist DP.  

Modularising the software’s features, capabilities, speciality or overlap, they identified a lack of development 

in the areas of design for DP, subassembly detection, and systems capable of dealing with destructive 

disassembly.  More recently, Ghandi and Masehian (2015) called for additional research focused on the 

(dis)assembly of flexible components, tooling and fixtures, thermal expansion, contraction and deformation 

in their thorough review of (dis)assembly path planning methods including VR. 

More generally, Mourtzis et al. (2014) explored developments, applications, trends and challenges in 

simulation methods including VR and AR in product/process design, planning and verification.  Whilst their 

work focused primarily on manufacturing, it does pertain to remanufacturing, particularly when it has the 

same goals as manufacturing in terms of flexibility, quality, velocity and cost (Ferrer et al., 2011) and current 

methods can and should be used in remanufacturing (Ferrer and Clay Whybark, 2000).  The illustration by 

Mourtzis et al. (2014) adapted to include training, captures the manufacturing, and potentially the 

remanufacturing business function where simulation methods and tools such as VR, AR and digital twins could 

be utilised (Figure 3).  
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Figure 3 -Simulation in contemporary (re)manufacturing (adapted from Mourtzis et al. (2014)) 

Takata et al. (2001) used a 3D product model to provide DSP, direction and tooling information to the operator 

on a head-up display.  The model was updated in real-time considering feedback from 6-axis sensors fitted to 

the operator’s gloves.  They identified the need to expand the algorithm for operation monitoring to recognise 

more generic movements, a limitation potentially alleviated by tracking the product (not the operator), as 

proposed in Chang et al. (2017) and Osti et al. (2017).  Chang et al. (2017) used AR to communicate an auto-

generated DS to the operator, overlaying the real environment with text and images, demonstrating the 

application on the disassembly of a coffeemaker (Figure 4).  Similarly, Osti et al. (2017) demonstrated an AR 

system that used CAD, AR, a Leap Motion Controller device, glasses and a strategy evaluation algorithm, that 

permitted the visualisation of information concerning the disassembly path and tooling required to complete 

the task.  On the other hand, Mircheski and Rizov (2017) utilised a mobile phone or tablet to present the DS 

information.  From a technical perspective, all three papers presented simple but capable demonstrations of 

CPS offering a vision of future AR-supported disassembly activities. 

 

Figure 4 -AR demonstrated in disassembly (Chang et al., 2017) 

 

Training 
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Menn et al. (2017) explored the use of 3D-PDF, Utility-Film (a language independent video tutorial that 

represents the real-world) along with illustrated manuals to train remanufacturing operators.  Evaluated with 

respect to product assembly time, instruction creation time, ease of distribution, usability, assembly error 

susceptibility and changeability, interactive 3D-PDF was identified as the best solution.  Following on from this, 

Menn et al. (2018) discussed a layered curriculum for special machine-tool build and repair training 

(potentially representative of high-value, low frequency product remanufacturing).  Using AR the operator 

could engage with a mock AM product to establish base knowledge before progressing onto the real product 

using interactive 3D-PDF to assist with variety familiarity.  Finally, Menn et al. (2018a)  documented the results 

of a questionnaire aimed at capturing feedback from machinery Field Service Engineers after they had used 

interactive 3D-PDF Learnstruments (physical interactive objects that assist with knowledge transfer of 

functional tasks in the workplace (McFarland et al., 2013)).  They suggested that this method could support 

training.  However, issues with limited portability, susceptibility to errors, and high cost of the equipment were 

identified as barriers to implementation. 

Müller et al. (2016a)  documented the use of a simulated teaching game to support the up-skilling of operators 

using VR and motion tracking technology to encourage learning in manual work environments, relevant to 

remanufacturing due to the high proportion of manual processing.  Similarly, Müller et al. (2016b) presented 

an AR tool designed to transfer knowledge to trainee operators through the tracking of their hand movements 

monitoring them against a pre-defined plan using a Kinect camera.  Interestingly, the results suggested paper-

based training provided faster learning and fewer operational errors, but problems with the hand recognition 

methods and differences between the teaching/learning environments were recognised as potential error 

sources.  However, the concept does show some promise for remanufacturing, as does the idea of using VR 

integrated with a portable coordinate measurement machine to drive standard measurement control for 

inspection activities (Segovia et al., 2015).  So far, there has been no clear direction or demonstration of how 

this could be achieved.  

In a learning factory environment, Uhlemann et al. (2017a) compared a process digital twin (not realised, only 

described) with value stream mapping, evaluating the characteristics of both methods, as low, medium or high 

without clear criteria.  This implied an over-simplification of the pre-requisites for building a digital twin and 

potentially over-rated the benefits.  However, as VR has already been used in process planning, it may be 

possible to overlay real-time information to generate a process digital twin that could be used for educational 

or management purposes. 
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4.2 METHODS (SYSTEMS) FOR WEB-BASED VIRTUAL REMANUFACTURING PLATFORMS  

The methods identified in this review related to the layering of different technologies to support the sharing 

of product and process information.  Research in this field was limited and disconnected but did provide a 

range of concepts across different remanufacturing sectors.   

Automated identification and assessment of inbound core was the focus of Schlüter et al. (2018) who 

proposed a CPS inspection “Logic.Cube” containing cameras and scales, whereas Muftooh et al. (2018) 

demonstrated the feasibility of videogrammetry to generate a low-cost 3D model of an engine to determine 

influential parameters that may affect the remanufacturing process.  Also in inspection, Stark et al. (2014) 

explored a multi-layered solution to improve success rates and increase automation in printed circuit board 

(PCB) MRO, overlaying CT and 3D scanning outputs to build error-free netlists for reverse engineering 

activities, using flying probes for continuity testing, and algorithms for component identification.   

Should a robotic remanufacturing process exist, a cloud service could be used to provide ‘Robot Control-as-a-

Service’ to realise real-time adaptive control to deal with uncertainties in EoL product states and unforeseen 

events (Adamson et al., 2016).  Similarly, adding I4.0 technology to machine tools could support the 

development of web-based distributed process planning in decentralised dynamic (re)manufacturing 

environments (Wang, 2013). 

In sectors that have legislated targets e.g. ELV, where closer monitoring and reporting is required, it may be 

beneficial to install an IoT linked remanufacturing monitoring system with remote data accessing “designed 

and implemented to check whether the dismantled parts are properly recycled, and to collect recycling data… 

…[as] the real recycling rates are expected to be much lower than the depicted values since they are mostly 

based on recyclers’ reports” (Yi and Park, 2015). 

Wang et al. (2018) explored ubiquitous technologies in research including IoT, big data, RFID and cloud systems 

with a section specifically dedicated to remanufacturing.  They suggested new opportunities existed for the 

remanufacturing industry through the harnessing of a product’s lifecycle data to make decisions on its future.  

Once data has been captured and analysed successfully, the use of digital twins for product/process 

optimisation (in remanufacturing or in MoL scenarios) has been proposed but has been limited in 

demonstration or application.  Uhlemann et al. (2017) proposed the use of sensor-based tracking and vision 

systems fitted to machine tools.  The sensors and vision systems capture real-time data on product 

manufacturing, to provide inputs to a ‘process digital twin’, potentially applicable to highly automated 

remanufacturing facilities.  Abramovici et al. (2017) described the use of a ‘product digital twin’ allowing MoL 

reconfiguration options to be presented to the user via IoT and then realised, based on the results of virtual 

evaluation and personal preferences.  Wang and Wang (2018) demonstrated a digital twin-based system for 
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the recovery/remanufacturing of WEEE, whereas Lejon and Jeppsson (2015) demonstrated the extension of a 

Product Lifecycle Management (PLM) system, to support product instances and provide links to a dashboard 

using a low-powered wireless sensor network.  A combined solution for information management of both 

product use and development for functional products, can be achieved by integrating MoL information with 

the virtual representation (Lejon and Jeppsson, 2015).  

With previously untapped MoL data available upstream to suppliers and designers, information that enables 

decision-making activities in closed-loop supply chains can also be traceable (Li et al., 2015).  Tao et al. (2016) 

used mobile phones as a case study to discuss the opportunities and challenges of IoT (using RFID) for lifecycle 

energy management, how and where the data could be used in design, production and MoL suggesting it 

improved EoL decision-making.  Through correct management of BoL, MoL, and upgrade options data, the 

alignment of the real product and its digital twin allows for the management and evaluation of information 

and environment extending product life, turning potential EoL products back to in-life products through 

remanufacturing.   

In order to realise these opportunities, there is a need for standardised machine readable information to link 

software packages to support through-life data management for “fast and error-free processing of engineering 

information” (Ivezic et al., 2014).  This subject was reviewed by Pagoropoulos et al. (2017) who detailed the 

use of digital technologies in the CE suggesting greater focus was required on data architecture and 

integration.  Schmidt et al. (2017) discussed different data types and their availability within a manufacturing 

ICT system suggesting ontologies overlap which allowed for data use and knowledge share across platforms.  

However, they identified that links needed to be explicitly defined and whilst “data from the whole population 

of identical or similar components could be retrieved… …data from a population of components cannot be 

simply aggregate, without consideration of contextual information” (Schmidt et al., 2017).  This adds 

significant complexity to the real-time monitoring of MoL products or data collection for EoL processing.  Vast 

quantities and variability in the quality of the data will need to be handled but traditional methods are not 

able to deal with the demands of big data (Tsai et al., 2015).   Remanufacturing could benefit from big data 

and its use has been proposed in several areas including: 

 The optimisation of production performance of AM (Majeed et al., 2018).  

 The collecting of data relating to a device from BoL to EoL, monitoring the generation and trade of 

WEEE for the purposes of law enforcement, policy making and administration (Gu et al., 2017). 

 The coordination and analysis of materials information, with potential to provide EoL product 

knowledge (Jose and Ramakrishna, 2018). 

 The tracking of changes made to products using big data methods during MoL MRO to support 

operations management (Roy et al., 2016). 



14 
 

 To drive decisions in the supply chain (Nguyen et al., 2017, Viet et al., 2018), cleaner production to 

improve competitive advantages (Zhang et al., 2017a), or PLM (Zhang et al., 2017). 

 Dynamically mapping relationships between disassembly attributes and industrial robot’s (IR’s) real-

time data using a meta-data model of IR, the data source and classification of the disassembly process, 

and the in-cycle data which is mined and analysed using the Bees Algorithm (Zheng et al., 2017). 

The diversity of the applications for big data in remanufacturing can be seen above but gaps exist, and an end-

to-end view is yet to be presented.  Friedemann et al. (2016) identified two key publications related to 

standardisation in I4.0 including ‘Reference Architecture Model Industrie 4.0’ and the ‘Industrial Internet 

Reference Architecture’.  However, solutions need to be found in the compatibility of definitions for 

remanufacturing along the entire value chain, information security and confidentiality, safe sharing of 

sensitive data between stakeholders, and the establishment of stable interfaces for transactions and 

communications to occur (Jensen and Remmen, 2017).  Other concerns include security, accuracy of sensors, 

standardisation of devices and the energy use associated with IoT technology, efficient naming and identity 

management, scalability, and the need for more “high-powered information collection, advanced data 

processing algorithms, and information gathering platforms” (Tao et al., 2016). 

4.3 ALGORITHMS FOR WEB-BASED VIRTUAL REMANUFACTURING PLATFORMS 

Algorithms have been incorporated into some of the systems already discussed to assist in the identification 

of components (Stark et al., 2014) and motions (Takata et al., 2001), or for DSP (Osti et al., 2017).  More 

specifically to remanufacturing, Hao et al. (2018) discussed a hybrid process planning algorithm to determine 

a reasonable machining route for both CNC machining and AM for product remanufacturing using CAD.  

Additionally, Zhou et al. (2018) presented a solution to generate a service Bill of Materials (sBoM), that could 

also be applied to remanufacturing as an EoL BoM.  The sBoM would be created from a general product 

structure BoM via a conversion tool (processing data potentially from IoT sources) demonstrating significant 

improvements in sBoM accuracy, and a reduction in lead-time and labour requirements.  In a different 

application aimed at identifying the most suitable EoL products for remanufacture, Meng et al. (2016) 

described a decision-making tool that used a hybrid of calculations including cost-benefit analysis and a fuzzy 

inference model (EoL product quality based on use, performance and reliability), that estimated recovery value 

and cost.  Combined with qualitative factors including technology compatibility, market performance, 

environmental impact and consumer opinion, the results were ranked and were found to be superior to those 

obtained using other methods.   

Interestingly, however, Craig (2017) highlighted the risks posed to the increasing reliance on complex 

algorithms working with digital technologies, warning the greater the complexity, the less transparent the 

algorithm became, making systems vulnerable to (un)intentional biases with potentially catastrophic business 
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consequences.  As an alternative to using algorithms to interrogate raw data, Zhang et al. (2018) presented a 

solution that took images of waveforms and evaluated the pixels, just as humans would look for trends in 

graphs, for automatic identification and classification of machine conditions.   

4.4 SMART ROBOTIC REMANUFACTURING CELLS USING INTELLIGENT SENSING AND REAL-TIME ADAPTATION 

The only paper that successfully demonstrated a robotic remanufacturing solution referencing IoT, I4.0, AR or 

VR was that by Ruggeri et al. (2017).   Mentioning I4.0 briefly as a key research trend in human-robot 

collaboration, they presented a reconfigurable semi-collaborative cell using the ABB YuMi robot for PCB 

remanufacturing.  They raised interesting issues specific to micro component handling that affected gripper 

design, precision of robot movement and vision system resolution.  The latter two issues were also recognised 

by  Stark et al. (2014) as they discussed similar micro-scale environments.  The ‘training’ of a robot using a 

vision system to track human movements and tooling to repeat the disassembly of a TV was discussed by 

Vongbunyong et al. (2017) but was not realised, possibly due to the large positioning errors inherent in the 

proposed system.     

Whilst there appeared to be a lack of smart robotic remanufacturing demonstrations, there is still an 

expectation that they will be utilised in the remanufacturing factories of the future (Agency for Science, 2016) 

suggesting more research is needed to realise it.  Additionally, as full automation of the EoL disassembly 

process is unlikely due to variations in core quality and quantity etc., partial automation using collaborative 

robots, or robots in a collaborative way, may offer a solution (Chen et al., 2014, Wegener et al., 2014, Wegener 

et al., 2015).  Faber et al. (2015) discussed collaborative working from an ergonomics perspective suggesting 

older operators could be supported by robots, a belief shared by the Society of Motor Manufacturers and 

Traders (SMMT, 2017), and Li et al. (2018) who provided an extensive review of robots and automation in 

disassembly. 

Bogue (2017) reviewed current standards and their fit to the emerging collaborative robot offering, focusing 

on ISO/TS15066:2016 (International Organization for Standardization, 2016) before providing an interesting 

insight into their use outside of the guarded factory environment (more reflective of a collaborative 

remanufacturing factory), and the different solutions manufacturers have used to meet the standards.  Marvel 

and Norcross (2017) critically analysed ISO/TS15066:2016, specifically the scenarios where the minimum 

protective distances between robot and operator in the collaborative workspace, below which a safety-rated, 

controlled stop is triggered highlighting the instances where the assumptions may not be sufficient to protect 

the operator, or where a stop would be triggered by a scenario that is not dangerous.  Han et al. (2018) looked 

to improve response times of collision detection and real-time path re-planning for robot arms using a human 

arm (modelled as cylinders) as dynamic obstacles.  Meziane et al. (2017) described the creation and linking of 
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a grid, waypoints and smoothing polynomials for the trajectory planning of robot motion in order to avoid 

moving objects and jolting of the arm.   

5 PROCESS-RELATED WORK 

This section considers the remanufacturing business process with respect to its key interfaces (customers and 

suppliers).  The evolution of I4.0 technology has opened up several parallel process improvement 

opportunities, including real-time monitoring and allocation of resources, EoL and MoL decision-making.  

Potential applications expand beyond remanufacturing to MoL MRO strategies.  The link between 

remanufacturing and MRO should not be ignored with many articles discussing the benefits of monitoring 

products at the MoL stage.  This relationship will be further explored along with real-time monitoring and the 

potential to improve core visibility. 

5.1 REMANUFACTURING FOR MAINTENANCE  

Predictive maintenance is one of the leading use cases for IoT and I4.0 (Madslien, 2018) and with the process 

of maintenance acting as both supplier, through the provision of cores, and customer, as a user of 

remanufactured products, there is a need to reflect on the interconnected relationships between them in this 

new digital age.   

The purpose of a product from a lifecycle management perspective is to meet user requirements, minimise 

environmental impact and in some instances maximise profit, each influenced by customer demand and 

product condition, deterioration or failure (Takata et al., 2004).  It is necessary to recognise the “optimisation 

of a product‘s life cycle is a strategic objective of development for industrial manufacturing” (Westkämper, 

2003).  Gao and Wang (2017) discussed sustainable research practices in machine tool MRO, suggesting repair 

and retrofitting is more common than remanufacturing in this high value sector.  Remanufacturing is only 

likely when the product no longer meets the expectations of its user, or when there is no better alternative or 

cost-effective product available. 

Franciosi et al. (2017) discussed the development of a model to support decision-making through the 

evaluation of different maintenance options for the replacement of failed parts with either new, 

reconditioned, remanufactured or used spares to promote more sustainable practice.  The authors identified 

I4.0 technology as a tool that could improve the availability of component data.  They considered using a 

decision-making tool only after a component had failed.  However, their tool has the potential to support MoL 

opportunities associated with improved maintenance.  These aspects were thoroughly explored by Roy et al. 

(2016), considering the assessment of product health and degradation information through IoT and I4.0 to 

support continuous maintenance for product improvement and life extension.  Similar reviews of techniques 

designed to assist in extending life, analytical methods for estimating recoverability and remaining machine 
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life (Gao et al., 2018) and the implementation of prognosis and health monitoring of machines in the smart 

factory (Gil-Yong et al., 2018), appear to align with the opinions of Ondemir and Gupta (2014).  The latter 

authors have suggested that correct application of this monitoring and prognosis offers a solution to a 

significant remanufacturing planning problem, the management of uncertainties in the condition of EoL 

products, and the impacts of these on recovery operations and profit.   

Also considering high value assets like machine tools, Westkämper (2003) discussed assembly and disassembly 

from a lifecycle perspective and the networking of assets for service provisioning, calling for the consideration 

of parallel progression.  He highlighted that during the lifetime of a manufacturing centre, technologies, 

capabilities and efficiencies of new products will evolve and it is the difference between the two entities that 

affect consumption and life-expectancy.  Similarly, Xiao et al. (2018) explored the LCA of heavy-duty off-road 

(HDOR) vehicles remanufactured in different locations and compared them against that for a newly 

manufactured product to evaluate the resulting revenue and environmental impact.  Considering production 

volumes and life distribution expectations, they estimated the peak in the EoL of a specific product to support 

remanufacturing process planning.     

5.2 REMANUFACTURING AND REAL-TIME MONITORING 

Ondemir and Gupta (2014) provided a detailed insight into ‘remaining useful life’ as an indicator of product 

quality to feed into decision-making tools that optimised disassembly costs and process planning.  Describing 

an interesting integrated system using RFID and embedded sensors to provide BoL and MoL data to EoL 

processing systems, they identified the serial numbers of the products to be remanufactured, and the recovery 

options available based on the perceived product quality.   

Adding I4.0 technology to products for MoL monitoring and real-time management has been demonstrated 

with the possibility to develop holistic self-management systems Ivezic et al. (2014).  Whilst it could become 

economically viable for complex high-value products (like HDOR parts that are important, competitive and 

very dynamic in European remanufacturing (Saidani et al., 2017)) to contain smart DCD, it makes little 

economic sense to add them to low-value products as the variety, volume and velocity of data, its security, 

the efficiency of processing, along with conflicting requirements of stakeholders, add complexity and cost to 

its implementation (Gu et al., 2017).  Instead, there is a need to develop processes and systems for efficient 

and effective disassembly and recycling, or hybrid technical concepts that integrate e-services (Westkämper, 

2003) for low value and medium value products, respectively. 

5.3 REMANUFACTURING CORE SUPPLY 

For remanufacturing to be economically feasible, there must first be availability of core and a demand for 

remanufactured products, with the acquisition of EoL products being the first step in the remanufacturing 

system (Jiaping et al., 2015).   
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As IoT has the potential to digitally link the supplier and customer (Man and Strandhagen, 2017), it may assist 

in the procurement of used products (Abubaker et al., 2017) supporting remanufacturing core acquisition.  

Vikas et al. (2016) summarised the diversity in reverse supply chains, highlighting the need to better 

understand characteristics to optimise customer satisfaction and to best utilise resources.  They stated that 

the “management of returned items is now perceived as an opportunity to improve customer service 

perceptions and loyalty” (Vikas et al., 2016). 

Ruggeri et al. (2017) considered the remanufacturing potential of PCBs, and mobile phones were used as 

examples in five articles suggesting there is a vision to consider the remanufacturing of consumer electronics.  

With more than 1.5M smart phones sold in 2017 (Statista, 2018) there is growing recognition that low-value, 

high-volume core can be valuable when reclaimed en masse.  To exploit this opportunity, Apple Inc. presented 

“Daisy” in 2018, an automated cell capable of dismantling two-hundred iPhones/hour (Apple Inc., 2018).  

Currently designed to dismantle iPhones for recycling, the same facility could potentially be used to 

disassemble them for core reclamation and remanufacturing.  Disassembly is a key activity in remanufacturing 

that is more challenging to automate than assembly due to EoL product variability (Vongbunyong et al., 2017).   

Visibility of potential core is key to business planning and as already identified it can be facilitated by DCD and 

real-time monitoring.  The increase in connectivity achievable with IoT devices, combined with the 

development of core finding web-based systems could transform the remanufacturing industry.  Ryen et al. 

(2017) discussed the application of a nature inspired foraging model for WEEE core sourcing using an ‘E-waste 

forager’, translating ecological model parameters and animal behaviours into e-waste equivalents.  They 

proposed the imitation of nature to “develop the partnerships, infrastructure, tools, and policies needed to 

ensure a long lasting, adaptable, and profitable e-waste ecosystem that can endure material scarcity, price 

fluctuations, or innovation changes” (Ryen et al., 2017).     

6 ORGANISATION-RELATED WORK 

The move in manufacturing towards more sustainable methods and the parallel emergence of I4.0 necessitate 

changes in business strategies and management styles.  Sustainability in companies can be supported through 

the integration of management systems, with a combination of bottom-up and top-down approaches being 

most effective (Lukman et al., 2016).   

Should a business translate towards providing services as well as products as part of a Product-Service-System 

(PSS), the organisational structure will need to be modified to cope with the new challenges (Stark et al., 2014) 

and, as the remanufacturing industry can provide significant support functions to PSS organisations, they will 

have to adapt accordingly.  This will force remanufacturing firms to invest in more sophisticated ICT to take 
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advantage of BoL and MoL data for EoL processing, and to regulate sustainability consciousness to meet 

changing customer and corporate environmental expectations.    

6.1 BUSINESS MODELS 

According to Lazarevic and Valve (2017) in their article that discussed expectations towards the CE transition, 

digital enabling technologies were key to enhancing real-time information exchange amongst users which 

could facilitate business models for repair and reuse.  Additionally, there is general agreement that the success 

of a CE depends on new business models that extract the value that is still embedded in EoL product 

(Esmaeilian et al. 2016).  The business models that best reflect CE principles provide services or solutions that 

are of high quality, have technology cycles that are longer than their life expectancy, and offer both short-

lived and durable products with restoration methods available (Yeo et al. 2017).  Interestingly the sectors that 

currently utilise this type of model are often influenced by local or regional regulations. 

At industry sector level, there are many national and international regulations that align to the principles set 

out by the United Nations Sustainability Development Goals (United Nations, no date).  Examples include the 

European Parliament and European Council’s ELV directive 2000/53/EC, and Waste Electronic and Electrical 

Equipment (WEEE) directive 2012/19/EU, aimed at reducing waste and hazardous material to landfill 

(European Council, 2000, European Union, 2012).  Hughes (2017) summarised the work of the EU regarding 

standards and legislation focusing on the effects of the 2015 CE Package that is due to develop generic 

standards for eco-design requirements in 2019.  Covering parameters and methods to assess 

remanufacturability, component access to facilitate remanufacturing, evaluation indexes or criteria, 

identification and relevant documentation, Hughes (2017) provided an insight into impending standards 

before questioning how the EU could ensure that the “revolution expected to be brought about by both the 

‘Internet of Things’ and ‘Industry 4.0’ deliver[s] the European Commission’s goal of creating a circular 

economy” (Hughes, 2017). 

There were also examples of industries that employ remanufacturing practices but self-regulate, that could 

benefit from I4.0 technology.  Comparing the regulated automotive industry and the EoL directive, with the 

self-regulated shipping and aircraft industries, Jensen and Remmen (2017) highlighted the high recycling rates, 

low material to landfill, and the different markets for reuse, as well as recognising the need for an information 

management system to handle data transferred through the entire product lifecycle, from all three industries.  

As I4.0 digitally connects the customer with the supply chain (Man and Strandhagen, 2017) it may eventually 

serve both regulated and self-regulated businesses.  Similarly Saidani et al. (2017) discussed best practices and 

challenges comparing the HDOR vehicle industry (that is not directly legislated) with the automotive sector 

suggesting that embedded telematics (automotive systems that support roadside and remote diagnostics) 

could provide useful information for life extension and EoL decision-making. 
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There were various products, processes and strategies used for remanufacturing that were presented by Tolio 

et al. (2017) in their thorough review of smart enabling technologies in design, management and control using 

examples from well-known OEM’s.  Proposing a new manufacturer-centric CE model and touching on the 

requirements to meet it, they suggested that a higher technology readiness level needed to be achieved, 

particularly in the areas of integration and demonstration to support the transition to I4.0.  These areas are 

being pursued by a number of manufacturing research collaborations as reported by Bueno et al. (2017) who 

summarised the work across Europe, discussing existing government backed, public and private programmes, 

plans and roadmaps covering initiatives such as “Manufuture” and “Factories of the Future”. 

6.2 EXPECTED GROWTH OF ICT 

Data sharing along a product’s life from concept visualisation to EoL processing has already been discussed.  

However, to realise sustainable benefits from I4.0 including value co-creation, closer links to stakeholders, 

complex decision-making (through AI and machine learning), and the expansion of PSS, it is necessary to 

expand remanufacturing ICT capabilities.  The “ICT support sector is able to support the CE, by offering existing 

services in new ways, or developing entirely new services, to enable their customers to decouple profits from 

resource consumption” (Heyes et al., 2018). 

Developments in emerging technologies and CPS require exponential growth in the ICT infrastructure 

(Raihanian Mashhadi and Behdad, 2018), so too does the need to harness the knowledge of engineers in 

increasingly complex manufacturing scenarios to support the evaluation of different processing options by 

provisioning the relevant information to the experts at the right time (Belkadi et al., 2015).  Taken from Wang 

(2014), Figure 5 illustrates the data management for WEEE through its entire lifecycle using cloud storage with 

a more detailed discussion and IoT application found in (Wang and Wang, 2017).  This vision could also be 

applicable to non-WEEE products, cycling the information from OEM, to distributor, to user, and back to the 

OEM. 
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Figure 5 –Cloud-based WEEE data management for remanufacturing (Wang et al., 2014) 

The growth requirement of the ICT provision varies depending on existing ICT infrastructure, business model, 

company and expectations, but opportunities exist to harness the scalability of cloud-based manufacturing 

systems.  It can increase sustainability by supporting collaborative design, greater automation, improve 

resilience and enhance EoL processes (Fisher et al., 2018).   

Romero and Vernadat (2016) delved into the specifics of enterprise information systems (EIS), reviewing their 

history and future.  They claimed that continued growth in cloud-based EIS could change the way businesses 

purchase, use and structure their ICT, allowing for highly integrated networking of industries at different levels.  

Jensen and Remmen (2017) suggested that integrating information in an EIS could reduce business risk 

through increasing product understanding.  However, they also raised concerns over data management and 

compatibility of definitions between the stakeholders and the challenge that this posed when implementing 

an EIS, particularly in product stewardship business models.  

Focused specifically on the standards associated with information systems for closed-loop lifecycle 

management using IoT, Kiritsis (2011) discussed the specifications related to data type and format, reporting 

on systems that offered some level of capability in this field.  Aiming for seamless and transparent 

interoperability, they used a read-write capable RFID transmitter and receiver, linked with sensor feedback to 

an internet-based system, on an EoL vehicle with OEM information to make decisions on the recovery of 

components.   
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Figure 6 –ICT infrastructure to organise data-driven products for lifecycle management (adapted from Zhang et al. (2017)) 

The most complete example of the ICT infrastructure required to organise data-driven products for lifecycle 

management (Figure 6) was adapted from (Zhang et al., 2017) by adding 2D codes and cloud databases as 

these have been identified in this study as providing value to remanufacturing.  Starting at “Component 1” 

DCD, along with embedded and external devices, are used at BoL, MoL and EoL to support design, scheduling, 

optimisation, diagnostics and remanufacturing (Component 4).  Components 2 and 3 represent data cleansing, 

reduction and post-processing before it is made available for mining to support decision-making. 

6.3 SUSTAINABILITY CONSCIOUSNESS 

The cost of waste to the environment, the depletion of natural resources increasing commodity costs, 

improvements in technology and changes in consumer demands are building momentum in the support of a 

CE  of which remanufacturing is a key strategy to increase efficient use of resources (Preston, 2012).   

In September 2015, world leaders set out a declaration of commitment to ‘Sustainable Development Goals’ 

with the aim of balancing the economic, social and environmental needs of the planet by 2030 (UN General 

Assembly, 2015).  The activity of remanufacturing links to two of the targets (9.4 and 12.5) supporting the 

international community’s vision of increasing sustainability through cleaner technologies, processes and 

manufacturing strategies and reducing waste.  It is no surprise then that sustainable development is a popular 

topic for researchers with enthusiasm and belief that I4.0 and remanufacturing can support it.   
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However, the remanufacturing business itself should also promote sustainable business practices.  To lead the 

transition towards more sustainable businesses, Carvalho et al. (2018) identified two emerging types of 

entrepreneurs, the “ecopreneur” and the “sustainable entrepreneur”.  These have different objectives and 

approaches to building sustainable industry, but both represent new roles and environmentally conscious 

leadership styles in the I4.0 manufacturing future. 

7 DISCUSSION, CONCLUSIONS AND FURTHER WORK 

This article has reviewed published work on Industry 4.0 (or smart manufacturing) technologies, in particular, 

the Internet of Things, Virtual Reality and Augmented Reality and their use in remanufacturing.  It can be used 

by researchers in the field or remanufacturing to quickly locate relevant material and open research topics.  

Trends and gaps have been discussed, summarised according to four value-creation factors, Product, 

Equipment, Process and Organisation, and presented in Figure 7.   

Primarily used to repair EoL products, AM systems integrated with the IoT have possibilities, but realisation 

has not been demonstrated and concerns exist over the current trajectory of developments in this field to 

support sustainable practices. 

The focus of most of the papers on DCD to support remanufacturing was on the addition of 2D codes or RFID 

devices to carry data.  Additionally, instead of relying on capturing data throughout a product’s life, it may be 

possible to develop sensors that only send information on a change of state, i.e. when a particular measurable 

failure occurs.  With the DCD fitted to a component in a permanent, semi-permanent or temporary application 

to meet the needs to track, trace or transfer limited amounts of data over short distances, it can also be 

retrofitted to products already in-use.  For complex products finding a location for the 2D/QR code that can 

be line-of-sight readable can be difficult, with component properties affecting signal strength and transmitter-

responder capabilities.   
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Figure 7 - Research trends and gaps in I4.0 technologies for remanufacturing 
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Both low and high value products need to be considered by remanufacturers to support the move towards a 

CE, but each requires a different, perhaps a matrix style, approach to the processes used.  Most of the findings 

relating to “process” considered high-value assets that form part of a larger system requiring maintenance 

and servicing, utilising MoL data to support decision-making.  In this scenario, it is key that the 

remanufacturers work closely with the maintenance functions to exchange cores for remanufactured parts, 

with the potential to provide availability forecasting that can support procurement strategies.   

Should MoL data be available, it may assist with failure diagnostics and decisions on repair or replacement 

(with new, remanufactured or spare) products.  In this sector, it is necessary to consider the impact of the 

remaining life of the host product, the increase and unpredictable failure modes expected with age, the impact 

of extending product life and the decrease in spare part availability, production data and potential loss of the 

OEM (Stark et al., 2014) due to their long MoL phases.  Providing relevant and timely MoL data to the people 

or intelligent systems that require it to support core management is key, but it is necessary first to understand 

the potentially conflicting data requirements of the stakeholders. 

Almost 20 years ago, Coates (2000) recognised the potential for digital technologies to revolutionise 

manufacturing.  The networking of equipment in industry is not new there are opportunities to utilise I4.0 

concepts to enhance existing equipment transforming it into smart manufacturing systems (Jin et al., 2017) 

but this has hardly been demonstrated in remanufacturing.   

VR is already used in industry and is being developed to enhance product and process design, optimisation 

and verification.  AR, however, remains mainly in the academic domain, with questionable value in industry.  

It has been proposed for training but there were few real-world examples and little evidence to support it as 

a significant business need.  There have been discussions over its use in customer visualisation and 

customisation (including in textiles remanufacturing (Larsson, 2018)) which may offer some benefits from a 

socio-economic perspective (Fox, 2016) but its remanufacturing specific application remains unclear.  There is 

a need to further explore the benefits that could be realised using digital twins.  ‘Product twins’ may provide 

MoL data that could influence EoL activities and ‘process twins’ could assist in facility design and management 

should the remanufacturing industry increase its automation capability.   

There is sufficient research being conducted on robots in remanufacturing to justify a stand-alone review.  

Robotics and flexible remanufacturing systems (including real-time adaption) are key to dealing with the 

variability in demand, product generation, core quantity and quality but their integration into an I4.0 

remanufacturing environment is still relatively unexplored.   

There are opportunities to apply intelligent algorithms to solve complex remanufacturing problems.  Some 

have already been demonstrated in product selection optimisation and DSP.  However, their integration into 
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automated remanufacturing solutions is yet to be fully demonstrated which is key to evaluating capabilities 

and sharing concepts with technology development partners.  Remanufacturing equipment and its monitoring 

as well as the allocation of processes to assets using the IoT and web-based decision-making algorithms, are 

likely to operate in a similar way to manufacturing so it would be prudent to remain engaged with those 

leading this field to understand the infrastructure necessary to achieve such integration. 

For remanufacturing businesses to prosper in this new era of connectivity, they will need to invest in ICT and 

associated support staff that will change the organisation.  With the ability to identify, locate, track and 

interact with products remotely, it is possible to extract more value from remanufactured products, enabling 

different collaborative business opportunities and solutions (Marconi et al., 2018) that are particularly suited 

to flexible, highly reactive SMEs (Romero and Noran, 2017).  For OEMs who remanufacture their own products, 

the new structures will need to challenge the long approval cycles to realise the possible technology revolution 

for remanufacturing (Yeo et al. 2017).  As for independent remanufacturing businesses, they will need to 

develop closer connections with their supply chain utilising ICT to close the gap between their suppliers and 

customers.  Scalable, on-demand cloud systems have the potential to support remanufacturing businesses 

that experience peak-and-trough demand cycles associated with the lifecycle of the host products.  The quality 

of service from ICT including bandwidth, performance and security remains a concern, but this is not unique 

to I4.0 and applies to all IoT applications.  

Future remanufacturing businesses ought to consider sustainable practices with CE in mind during I4.0 

planning and implementing.  The expected continued increase in raw material costs will encourage both 

regulated and non-regulated industries to consider CE principles including remanufacturing and there may 

well be a shift towards PSS models that remanufacturing will have to support.     

Returning to the value creation factors, further research topics are presented in Figure 8.  The factor requiring 

the greatest focus is ‘Equipment’ due to its vastness, with a significant need to develop and demonstrate the 

concepts discussed. 
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Figure 8 -Further research topics categorised by Value Creation Factor 

In conclusion, greater automation is required in the currently highly manual remanufacturing processes to 

enable the utilisation of I4.0 concepts.  This will require significant investment in equipment and infrastructure, 

and the up-skilling of personnel to become competent at interacting with CPS on the IoT.  Complete lifecycle 

data will need to be better understood and remanufacturing processes will need to be modified to utilise it.  

Value Creation 
Factor 

To exploit emerging digital technology in remanufacturing there is a requirement to: 

 

 define the information needed at EoL that can be stored on the product at BoL 

 consider the opportunities of embedded or external DCD 

 explore the existence of other data storage and transfer devices that could be used 

 clarify what information DCD should carry in addition to their unique ID 

 explore the consequences of AM products 

 define the benefits of combining AM with IoT  

 align the AM trajectory to support sustainability  

  demonstrate AM linked to IoT 

 develop VR solutions to assist DP, subassembly detection, and destructive disassembly 

 develop VR solutions to explore disassembly of flexible components, tooling, fixturing, 
component thermal expansion, contraction and deformation 

 demonstrate AR using real problems to clarify business need and benefits 

 explore opportunities to use digital twins for product or process optimisation    

 demonstrate I4.0 concepts to enhance existing shop-floor equipment transforming them 
into smart systems 

 explore reconfigurable systems integrated with IoT 

 develop specific information collection, advanced data processing algorithms, and 
information gathering platforms 

 evaluate the establishment of an EoL database containing reverse logistics information 
using IoT  

 expand the research into the use of robots 

 explore the attributes of collaborative robots for specific activities 

 demonstrate the application of AI to solve complex problems like robotic DP 

 

 consider the different requirements of low-value, high volume/high-value, low volume 
products and how this affects the utilisation of IoT 

 explore how to structure a real-time data-driven optimisation method for production 
scheduling  

 define the information required at EoL that can be stored on the product in MoL 

 explore the automatic identification and capturing of MoL data from the product 

 evaluate the demand from industry to have BoL and MoL for EoL processing 

 develop tools and evaluate the use of IoT to estimate and manage remaining life 

 

 explore how I4.0 can support the industry in employing sustainable practices 

 develop measurements to enable tracking of businesses towards sustainability using I4.0 

 explore changes in organisation from linearly connected to networked stakeholders and 
the new information streams that may be generated  

 explore the applicability of machine learning and AI in decision-making at management 
and operations level 
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The IoT will continue to expand with increasing connectivity between AR, VR and shop-floor CPS linked to 

process and resource control systems, and I4.0 will be realised, taking the remanufacturing industry into the 

digital age. 
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