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Abstract- The integration of Industry 4.0 

technologies with circular manufacturing offers a 

transformative pathway for building sustainable and 

resilient industrial systems. This paper explores how 

automation, artificial intelligence (AI), the Internet 

of Things (IoT), and blockchain can be 

synergistically applied to enable full traceability, 

efficient resource recovery, and circular business 

models across industrial value chains. IoT provides 

real-time visibility into product conditions, 

automation ensures efficient disassembly and 

remanufacturing, AI drives predictive and 

prescriptive decision-making, and blockchain 

secures multiparty data sharing through immutable 

product passports and smart contracts. Together, 

these technologies create digital twins that extend 

across product life cycles, enabling design-for-

circularity, product-as-a-service, and secondary 

market transactions with reduced risk and cost. 

While the technical potential is substantial, 

challenges remain in data interoperability, 

governance, energy efficiency, and organizational 

readiness. The findings suggest that coordinated 

deployment of Industry 4.0 technologies can close 

material loops and operationalize the circular 

economy at scale. 
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I. INTRODUCTION 

 

The transition from linear “take–make–waste” 

production to circular manufacturing hinges on the 

ability of firms to see, decide, and act across product 

life cycles in near real time. Industry 4.0 provides that 

nervous system. When industrial automation, artificial 

intelligence (AI), the Internet of Things (IoT), and 

blockchain are integrated around a product’s digital 

thread, they enable traceability of materials and 

components, verifiable chain-of-custody, and closed-

loop flow decisions that reduce waste and emissions 

while preserving value (Stock & Seliger, 2016; 

Geissdoerfer et al., 2017). Traceability is the keystone: 

without persistent, high-fidelity records of a product’s 

composition, usage, maintenance, and transfer events, 

remanufacturing, high-grade recycling, and product-

as-a-service remain either uneconomic or too risky 

(Kirchherr et al., 2017; Bressanelli et al., 2018). 

Industry 4.0 technologies complement one another to 

solve this at scale. IoT sensors and cyber-physical 

systems capture state data from machines and 

products; automation and robotics execute 

standardized tasks for disassembly and quality 

verification; AI transforms raw telemetry into 

predictive and prescriptive insights; and blockchain 

secures multiparty records and automates rules via 

smart contracts (Lee et al., 2015; Xu et al., 2018; Ben-

Daya et al., 2019; Saberi et al., 2019). 

At the factory level, automation and robotics underpin 

circularity by making complex, repetitive tasks—such 

as sorting, selective disassembly, and component 

harvest—economically viable. Machine-vision-

guided robots can identify components, read material 

markings, and separate items without contamination, 

raising recovery yields and enabling component-level 

reuse instead of downcycling. The addition of AI 

improves robustness: supervised and reinforcement 

learning models trained on video and sensor streams 

adapt to the variability inherent in end-of-life (EoL) 

products, while predictive quality analytics reduce 

false rejects that erode the business case for 

remanufacturing (Stock & Seliger, 2016; Bag et al., 

2020). These factory capabilities are only as good as 

the information fed to them. IoT closes the loop by 

embedding low-cost identifiers, sensors, and 
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connectivity into products and their packaging so that 

condition, usage cycles, and environmental exposure 

are recorded throughout the use phase and made 

available at return or service events (Ben-Daya et al., 

2019; Kristoffersen et al., 2020). For example, battery 

packs, mechatronic modules, and high-value plastics 

tagged with RFID/QR and condition sensors provide 

downstream operators with composition and hazard 

profiles, remaining-useful-life estimates, and 

provenance, which shortens triage time and supports 

component certification for reuse. 

Across the supply network, data integrity and 

governance become central bottlenecks. Circular 

business models are multi-party by design: OEMs, 

contract manufacturers, logistics providers, repairers, 

recyclers, and marketplaces must coordinate on what 

data to share, with whom, when, and under what 

assurances. Blockchain’s value is not that it stores “all 

the data,” but that it synchronizes proofs and critical 

event hashes across organizations so they can transact 

with lower verification cost (Saberi et al., 2019; Leng 

et al., 2020). In a circular chain, an IoT-captured 

maintenance event or EoL inspection can be hashed 

and notarized on a permissioned ledger; smart 

contracts can then release deposit refunds, pay service 

credits, or transfer extended-producer-responsibility 

liabilities only when required conditions are met. 

Tokenized product passports—implemented as off-

chain data linked to on-chain identifiers—carry bill-

of-materials, hazardous substances, repair history, and 

certifications; they reduce information asymmetry that 

otherwise depresses secondary market prices and 

reuse rates (Kristoffersen et al., 2020; Leng et al., 

2020). Critically, this ledger does not eliminate the 

need for strong off-chain data management; rather, it 

provides a tamper-evident spine that complements 

enterprise systems (Francisco & Swanson, 2018). 

AI acts as the decision engine across this data fabric. 

Where IoT provides observability and blockchain 

provides trust, AI converts telemetry into actions that 

drive circular outcomes. Predictive maintenance 

extends product lifetimes by optimizing service 

intervals and parts replacement, directly reducing 

material throughput and waste (Lee et al., 2015; Bag 

et al., 2020). Remaining-useful-life and health-index 

models triage returned units into reuse, refurbish, 

remanufacture, or recycle streams to maximize 

retained value. Computer vision classifies plastics and 

textiles by resin or fiber type; natural-language models 

extract compliance attributes from certificates and 

safety data sheets to accelerate EoL routing and legal 

reporting. At the design stage, generative and multi-

objective optimization models evaluate design-for-

disassembly, modularity, and material substitution 

against functional and cost constraints—embedding 

circularity before the first unit ships (Lieder & Rashid, 

2016; Kristoffersen et al., 2020). Importantly, AI 

performance depends on high-quality labeled data and 

governance; closed-loop learning pipelines that feed 

outcomes from EoL back to design create a virtuous 

cycle unique to digitalized circular manufacturing. 

These technology families are most powerful when 

orchestrated around a product’s digital twin. A twin 

persists from design through operations and EoL, 

synchronizing state via IoT, steering physical 

processes via automation, recording key lifecycle 

events to shared ledgers, and serving as the substrate 

on which AI plans interventions. Consider an 

industrial equipment manufacturer offering product-

as-a-service. IoT modules monitor vibration, 

temperature, and duty cycles; AI models forecast 

failures and schedule just-in-time service with 

remanufactured parts; robots in a regional hub perform 

automated teardown and testing; and a blockchain-

anchored passport records maintenance and part reuse, 

simplifying warranty adjudication and enabling 

component resale to certified partners. The result is 

reduced downtime for customers, lower material 

intensity per service hour for the OEM, and 

measurable emissions reductions from fewer virgin 

parts and less scrap (Bressanelli et al., 2018; 

Pagoropoulos et al., 2017; Kristoffersen et al., 2020). 

Similar patterns are emerging in electronics, white 

goods, and batteries, where composition transparency 

and safety make traceability non-negotiable. 

Despite strong technical potential, integration 

challenges are significant. Interoperability across data 

standards and ontologies remains uneven, fragmenting 

digital threads and forcing costly translation layers 

(Xu et al., 2018; Kristoffersen et al., 2020). Privacy 

and confidentiality concerns can limit data sharing; 

permissioned blockchain networks, selective 

disclosure, and privacy-preserving analytics (e.g., 

secure enclaves, zero-knowledge proofs) mitigate but 
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add complexity (Saberi et al., 2019; Leng et al., 2020). 

Energy and latency footprints matter: edge computing 

architectures reduce bandwidth and enable local 

control loops for robots and inspection systems, while 

more energy-efficient consensus mechanisms on 

ledgers avoid undermining environmental gains (Lee 

et al., 2015; Francisco & Swanson, 2018). 

Organizationally, firms require new skills in data 

engineering, AI operations, and multiparty 

governance, as well as redesigned incentives to reward 

circular KPIs such as component recirculation rate and 

value-retention efficiency rather than unit throughput 

(Geissdoerfer et al., 2017; Kirchherr et al., 2017). 

Policy and market design can accelerate adoption—

through extended-producer-responsibility schemes, 

green public procurement, and product-passport 

requirements—but these instruments must be matched 

by practical data infrastructures and clear liability 

frameworks to avoid compliance theater. 

The flowchart illustrates how Industry 4.0 

technologies enable the transition from a linear “take–

make–waste” model to a circular manufacturing 

system. It begins with the integration of IoT, 

automation, AI, and blockchain, which collectively 

ensure material traceability, data integrity, and process 

optimization across the product lifecycle. IoT sensors 

capture real-time product and usage data, automation 

and robotics execute disassembly and quality 

verification, while AI provides predictive insights and 

decision-making for reuse, remanufacturing, and 

recycling. Blockchain secures multiparty transactions 

and product passports, ensuring trust and 

transparency. All technologies converge in the digital 

twin, which synchronizes lifecycle information and 

guides interventions. The outcome is a system that 

reduces waste and emissions, extends product 

lifetimes, and fosters traceable and transparent circular 

supply chains. 

Figure 1. Flowchart of Industry 4.0 Technologies 

Driving Circular Manufacturing. 

Source: Created by author. 

The most credible deployment paths start small and 

compound. Firms can begin by instrumenting a subset 

of high-value components with IoT identifiers, 

implementing a minimal product passport schema, and 

using AI to triage returns. Automation can be 

introduced at bottleneck steps such as sorting and 

testing; blockchain integration should focus on high-

friction cross-organizational events where auditability 

has immediate value. Over time, these islands can be 

federated into networked circular supply systems that 

share standardized data models, jointly train AI using 

federated learning, and codify multiparty rules in 

smart contracts. Evidence from manufacturing case 

studies and reviews suggests that when digitalization 

and circular strategies are co-designed—rather than 

bolted together post hoc—firms achieve material 

efficiency, cost savings, and risk reduction 

simultaneously (Stock & Seliger, 2016; Pagoropoulos 

et al., 2017; Kristoffersen et al., 2020). Ultimately, 

integrating automation, AI, IoT, and blockchain is not 

a technology race but a systems engineering effort: it 
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aligns sensing, trust, cognition, and actuation across 

product life cycles so that materials remain in use at 

their highest value. Done well, it provides the 

operational substrate on which circular manufacturing 

can scale from pilots to portfolios and, eventually, to 

sectoral transformation. 

REFERENCES 

[1] Bag S, Wood LC, Xu L, Dhamija P, Kayikci Y 

(2020) Big data analytics as an operational 

excellence approach to enhance sustainable 

supply chain performance. Annals of Operations 

Research 270: 313–340. 

[2] Ben-Daya M, Hassini E, Bahroun Z (2019) 

Internet of Things and supply chain 

management: A literature review. International 

Journal of Production Research 57(15–16): 

4719–4742. 

[3] Bressanelli G, Perona M, Saccani N (2018) The 

role of digital technologies to overcome circular 

economy challenges in PSS: An explorative case 

study. Computers in Industry 100: 227–243. 

[4] Francisco K, Swanson D (2018) The supply 

chain has no clothes: Technology adoption of 

blockchain for supply chain management. 

Logistics 2(1): 2. 

[5] Geissdoerfer M, Savaget P, Bocken NMP, 

Hultink EJ (2017) The circular economy – A new 

sustainability paradigm? Journal of Cleaner 

Production 143: 757–768. 

[6] Kirchherr J, Reike D, Hekkert M (2017) 

Conceptualizing the circular economy: An 

analysis of 114 definitions. Resources, 

Conservation and Recycling 127: 221–232. 

[7] Kristoffersen E, Blomsma F, Mikalef P, Li J 

(2020) The smart circular economy: A digital-

enabled circular strategies framework for 

manufacturing. Journal of Business Research 

120: 241–261. 

[8] Lee J, Bagheri B, Kao HA (2015) A Cyber-

Physical Systems architecture for Industry 4.0-

based manufacturing systems. Manufacturing 

Letters 3: 18–23. 

[9] Leng J, Ruan G, Jiang P, Xu K, Liu Q, Zhou X, 

Liu C (2020) Blockchain-empowered sustainable 

manufacturing and product life-cycle 

management: A state-of-the-art survey. Robotics 

and Computer-Integrated Manufacturing 63: 

101897. 

[10] Lieder M, Rashid A (2016) Towards circular 

economy implementation: A comprehensive 

review in context of manufacturing industry. 

Journal of Cleaner Production 115: 36–49. 

[11] Pagoropoulos A, Pigosso DCA, McAloone TC 

(2017) The emergent role of digital technologies 

in the circular economy: A review. Procedia 

CIRP 64: 19–24. 

[12] Saberi S, Kouhizadeh M, Sarkis J, Shen L (2019) 

Blockchain technology and its relationships to 

sustainable supply chain management. 

International Journal of Production Research 

57(7): 2117–2135. 

[13] Stock T, Seliger G (2016) Opportunities of 

sustainable manufacturing in Industry 4.0. 

Procedia CIRP 40: 536–541. 

[14] Xu LD, Xu EL, Li L (2018) Industry 4.0: State 

of the art and future trends. Journal of Industrial 

Information Integration 6: 1–10. 

[15] Pessoa, E. G. (2024). Pavimentos permeáveis 

uma solução sustentável. Revista 

Sistemática, 14(3), 594–599. 

https://doi.org/10.56238/rcsv14n3-012 

[16] Pessoa, E. G. (2024). Pavimentos permeáveis 

uma solução sustentável. Revista 

Sistemática, 14(3), 594–599. 

https://doi.org/10.56238/rcsv14n3-012 

[17] Eliomar Gotardi Pessoa, & Coautora: Glaucia 

Brandão Freitas. (2022). ANÁLISE DE CUSTO 

DE PAVIMENTOS PERMEÁVEIS EM 

BLOCO DE CONCRETO UTILIZANDO BIM 

(BUILDING INFORMATION MODELING). 

Revistaft, 26(111), 

86. https://doi.org/10.5281/zenodo.10022486 

[18] Eliomar Gotardi Pessoa, Gabriel Seixas Pinto 

Azevedo Benittez, Nathalia Pizzol de Oliveira, & 

Vitor Borges Ferreira Leite. (2022). ANÁLISE 

COMPARATIVA ENTRE RESULTADOS 

EXPERIMENTAIS E TEÓRICOS DE UMA 

ESTACA COM CARGA HORIZONTAL 

APLICADA NO TOPO. Revistaft, 27(119), 

67. https://doi.org/10.5281/zenodo.7626667 

[19] Eliomar Gotardi Pessoa, & Coautora: Glaucia 

Brandão Freitas. (2022). ANÁLISE 

COMPARATIVA ENTRE RESULTADOS 

TEÓRICOS DA DEFLEXÃO DE UMA LAJE 

PLANA COM CARGA DISTRIBUÍDA PELO 



© SEP 2025 | IRE Journals | Volume 9 Issue 3 | ISSN: 2456-8880 

IRE 1710475          ICONIC RESEARCH AND ENGINEERING JOURNALS 971 

MÉTODO DE EQUAÇÃO DE DIFERENCIAL 

DE LAGRANGE POR SÉRIE DE FOURIER 

DUPLA E MODELAGEM NUMÉRICA PELO 

SOFTWARE SAP2000. Revistaft, 26(111), 

43. https://doi.org/10.5281/zenodo.10019943 

[20] Pessoa, E. G. (2025). Optimizing helical pile 

foundations: a comprehensive study on displaced 

soil volume and group behavior. Brazilian 

Journal of Development, 11(4), e79278. 

https://doi.org/10.34117/bjdv11n4-047 


