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ABSTRACT 

The shift from Industry 5.0 to Industry 6.0 marks a significant change in 

manufacturing, with control transitioning from workflows to the materials themselves 

involved, while autonomous systems manage production at nanometer and quantum 

levels. Sustainable nanotechnology is at the heart of this evolution, combining 

environmental performance, process efficiency, and material precision as key 

governance factors. This chapter outlines a detailed framework for integrating 

sustainability into manufacturing choices, showing that environmental performance 

can shift from being an afterthought to a key factor in operational control. The 

discussion outlines mechanisms ranging from atomic-scale materials to fleet-level 

autonomy, positioning Industry 6.0 as a robust, energy-efficient, and scalable 

framework for future production systems.  
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1. Introduction 

The manufacturing industry is experiencing a significant shift as it transitions from the current paradigm of 

Industry 5.0 to the future vision of Industry 6.0. While Industry 5.0 focused on working together with machines 

and getting things done, Industry 6.0 changes the very nature of production by moving control from workflows to 

matter itself [1, 2]. In this new way of performing operations, human intelligence makes decisions, and 

autonomous robotic systems carry out tasks on global networks that are all connected. The shift to Industry 6.0 is 

marked by a focus on the nano-to-quantum range, where the basic connections between the structure, 

properties, and functions of materials can be accurately designed, monitored, and customized in real time [3]. 

Industry 6.0 aims to design and configure environmental and material variables directly, which is different from 

earlier industrial models that mostly arrived at these factors. This is a big step toward making manufacturing fit 

with both performance goals and environmental goals. Nanotechnology is a key part of this change [4]. 

Nanotechnology makes it achievable to connect design, fabrication, use, and regeneration at the molecular level 

by allowing atomically calibrated manufacturing and modular design. This approach changes sustainability from a 

limit on what can be done to a design goal for industrial systems when used with advances in quantum 

computing, AI-driven control systems, and circularity-by-design principles [5]. 

In this context, Industry 6.0 is more than just a technology change; it is a change in the way manufacturing 

works as a whole. The goal is not just to make workflows better, but also to design production systems that work 

well with the physics of materials and processes [6]. This point of view needs new tools, measurements, and rules 

to make sure that high-stakes business operations can grow, stay reliable, and bounce back. Fig. (1) situates this 

paper’s scope within quantum nanoscience [7], where nanoscale materials and fabrication methods are explicitly 

engineered to preserve quantum coherence and enable device-to-factory control in Industry 6.0.  

 

Figure 1: Conceptual map of the overlap between quantum science and nanoscience [7], showing how coherence-preserving 

materials, tools, devices, and methods form “quantum-coherent nanoscience,” the nano-to-quantum core of Industry 6.0. 

When materials and surfaces at the nanoscale are designed and fabricated with explicit coherence limitations 

in mind, this is known as quantum-coherent nanoscience. The operation-dependent control of T1, T2, dephasing 
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rates, and two-level system (TLS) defect concentrations is achieved within this framework through the selection of 

thin-film thickness, junction geometry, barrier uniformity, and surface chemistry [8]. Kinetic inductance, defect 

involvement, and coherence time can be directly influenced by altering the thickness of the aluminum sheet, 

which can range from 3 to 100 nm. In a similar vein, keeping the variance in junction areas to a range of 5-7% 

relative standard deviation (RSD) limits the dispersion of frequencies and decreases the burden of mistake 

correction [9]. As a result, coherence is more of a fabrication variable than a diagnostic after fabrication. 

This paper examines the role of nanotechnology in the transition to Industry 6.0 and how molecular-level 

control, enhanced by digital and intelligent technologies, can transform sustainability in manufacturing. By looking 

at these mechanisms, the discussion shows how Industry 6.0 can set up a reliable and useful framework for the 

future of global production. 

2. Sustainability Imperative of Industry 6.0 with Nanotechnology 

Sustainability within Industry 6.0 is not a theoretical target; it is a demand that can be measured and is based 

on evidence. Green nanotechnology exemplifies this truth, where reductions are not just aesthetic but 

transformative. Devade et al. [10] show that compared to traditional industrial methods, there is a 32% decrease 

in greenhouse gas (GHG) emissions, a 33% decrease in energy use, and a 37% decrease in eutrophication on land. 

If these kinds of technologies were used in only half of the world's most resource-intensive manufacturing sectors 

by 2035, they would save 2.2 to 2.6 GtCO2e/year of emissions, 28 to 35 EJ/year of energy, and a lot less nutrients 

that contribute to eutrophication. The savings are still significant, ranging from 0.65 to 1.8 GtCO2e and 8 to 24 

EJ/year, even at low adoption rates (15 to 35%). If we used nanotechnology to make one-fourth of the world's steel 

production more efficient, we could save 10 to 12 EJ/year and 0.6 to 0.9 GtCO2e [11]. These numbers set the 

standard: nanotechnology is the least amount of leverage needed for Industry 6.0 to make a real difference in 

lowering emissions. In addition to environmental metrics, sustainability also comes from quantum-enabled 

process efficiency. The coherence properties of qubits show this connection: longer T1 (161 μs) and T2 (245 μs) 

times cut down on energy losses by cutting down on error correction cycles, refrigeration loads, and unnecessary 

computations [12]. In real life, this means that there are fewer joules per logical operation and fewer watt-hours 

per validated routine [13]. So, coherence is not just a quantum performance benchmark; it is also an energy-

saving tool for Industry 6.0's control systems. 

The same idea of efficiency applies to making quantum devices. Processes made possible by nanotechnology, 

like precision etching, deposition, lithography, and surface modification, have shown a 33% energy drop per wafer 

in mature fabs [14]. This means big savings for fabs that make 75 dies per 300 mm wafer. It lowers the energy 

footprints at both the unit and system levels. These reductions add up over time as wafer improvements are 

made, connecting coherence-first design directly to energy-efficient manufacturing. Industry 6.0 sees atomic-scale 

patterning as a way to make things more sustainable [15]. For instance, adjusting the thickness of aluminum 

sheets to roughly 3 to 200 nm depending on film quality and microstructure, with ultraclean epitaxial Al remaining 

superconducting down to ~3 to 4 nm and polycrystalline/granular Al commonly used in the 10 to 100+ nm range 

to balance Tc, kinetic inductance, and thermal/mechanical robustness for circuits and interconnects, while using 

less energy and causing less thermal stress [16]. Nanometer-precision metrology lets you use thinner targets and 

fewer rework cycles, which lowers joules per device and stabilizes qubit performance [17]. This method links 

minimizing materials with coherence-first layouts, which lets you save energy without losing reliability. Fig. (2) 

visualizes the sector-by-adoption heatmap that places cross-sector deployments (15%, 35%, 50%) and a 

steel-sector subset (25%) against environmental outcomes.  

Sustainability also includes the entire lifecycle of quantum assets. Devices need fewer recalibrations and 

replacements because they have low defect densities (34.4 defects/GHz) and age slowly. This lowers the intensity 

of the life cycle by spreading the embodied energy of making and packaging over more operational cycles [18]. AI-

supervised maintenance routines make things even better by lengthening calibration intervals and cutting down 

on high-energy tool recertifications [19]. This is in line with Industry 6.0's antifragile design philosophy.  
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Figure 2: Adoption-by-sector heatmap showing cross-sector deployments (15%, 35%, 50%) and a steel-sector subset (25%) 

mapped to environmental outcomes. 

Eventually, sustainability and yield optimization go hand in hand. In Industry 6.0 fabs, high yield is not only a 

measure of quality, but also a limit on energy. With an efficiency of 98.25% over 400 superconducting transmon 

qubits fabricated on a 300 mm wafer using industrial Complementary Metal-Oxide-Semiconductor (CMOS)-

compatible processes, 393 were functional, and almost all lithography, vacuum, and cryogenic cycles turned into 

usable capacity instead of scrap [20]. The high yield maintains a consistent takt time throughout multi-hundred-

step flows by reducing delays caused by excursions and minimizing variability in work-in-progress as complexity 

rises. Avoiding rework eliminates unnecessary high-energy furnace batches and probe-station retests, thereby 

reducing the cumulative time-in-tool for diffusion, lithography, and testing. Large fabs consume approximately 

100 MWh per hour, with electricity costs accounting for about 5 to 30% of OPEX [21]. Consequently, reducing the 

number of reruns decreases both total and peak loads on utilities and subfab systems. As the energy 

consumption per chip increases at advanced nodes, the need to avoid repeats driven by yield considerations 

becomes a primary factor in reducing energy per good die. Therefore, increased yield directly influences energy 

feasibility by providing a more consistent takt, reducing peak demands, and minimizing unnecessary process and 

test cycles [22]. These examples show how nanotechnology supports the sustainability goal of Industry 6.0 on 

many levels, from reducing global emissions to quantum coherence, from wafer-level fabrication to material 

optimization, and from extending the life of products to maximizing yield. By bringing these parts together, 

Industry 6.0 changes the definition of sustainability from a limit to a changeable part of advanced manufacturing. 

3. Digital Twin and Nanotechnology 

In Industry 6.0, a digital twin serves as more than just a simulation tool; it acts as an independent control layer 

that manages energy-constrained manufacturing. The purpose is to consistently combine wafer-scale 

measurements and time-resolved device information to reduce energy consumption per logical operation while 

enhancing predictable throughput [23]. The basis of this control is rooted in coherence telemetry, spatial gradients 

across 300 mm wafers on a die-by-die basis, frequency variance at the junction level, aging drift kernels, TLS 

density priors, and yield distributions [24], all integrated into one cohesive decision-making framework. 

At the device scale, nanotechnology provides the detailed information required for such a twin. A single wafer 

with 12,840 Josephson-junction test structures can provide enough statistical depth to create device-physics-
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informed surrogates. These surrogates correlate junction area and barrier uniformity to frequency, allowing the 

twin to adjust etching, oxidation, and deposition setpoints in real time [25]. By preventing out-of-family dies 

instead of reworking them, the twin directly avoids extra vacuum pump-downs, furnace cycles, and probe hours, 

processes that significantly contribute to fab energy overhead. 

At the process level, spatial modeling allows for enhanced efficiency. Coherence gradients typically vary from 

113 μs close to the centers of wafers to 42 μs at the edges [20]. As illustrated in Fig. (3), wafer-scale coherence 

mapping shows a center-to-edge gradient that the digital twin uses to drive spatially adaptive control. By adjusting 

the dose, temperature, or local plasma exposure, the twin can enhance the performance of weaker areas while 

maintaining energy efficiency. Coherence telemetry with σ approximately 20 μs and caps close to T2e, 

approximately 245 μs further specifies the simulation timestep and control horizon [26]. This precision enables 

the twin to arrange gate sequences, adjust biases, and manage cryogenic load balancing in sync with the actual 

progression of decoherence. Each avoided retry or additional activation leads to a decrease in the electronics duty 

cycle and refrigeration load, resulting in evident energy savings during consistent operation. 

 

Figure 3: Wafer-scale coherence map (synthetic) showing center ≈113 μs and edge ≈42 μs, used by the digital twin for spatial 

compensation. 

At the lifecycle scale, longitudinal drift data, like a 3.7% decrease in resistance over 146 days, are integrated 

into compact aging kernels within the twin. This allows for maintenance based on actual conditions instead of 

scheduled interventions, which helps to minimize energy-intensive reconditioning processes and cryostat warm-

ups that usually lead to peak-load spikes [27]. TLS defect densities, approximately 34.4 defects per GHz, act as 

reliability priors, enabling the twin to direct workloads away from decoherence hotspots and consequently 

minimize the necessity for excessive cooling or redundant qubits [28]. At the production-planning scale, the twin 

leverages yield priors to enhance sustainability optimization. A proven yield of 393 out of 400 functional qubits 

enables forward-yield inference before engaging in energy-intensive processing. Only wafer lots that meet a 

sustainability threshold enforced by autonomy are approved, ensuring that resources are directed towards high-

probability successes [29]. Using around 75 dies for each 300 mm wafer, the hierarchical roll-up from die-level 

predictions to lot dispatch allows for consistent facility load profiles while maintaining throughput. The outcome is 

not a retrospective dashboard; rather, it is a closed-loop governor: a digital twin that connects microsecond timing 

with nanometer-scale physics to inform decisions at both the wafer and fleet levels [30]. By compressing 
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embodied energy, reducing operational watt-hours, and enhancing device longevity, the twin creates the resilient, 

energy-focused operating stance that Industry 6.0 demands to ensure that quantum manufacturing is both 

economically and environmentally sustainable at scale. 

4. Nanotechnology as a Governance Layer in Industry 6.0 

In Industry 6.0, green nanotechnology has evolved from being an elementary bonus tool for sustainability to 

serving as a governance layer that converts measurable environmental reductions into executable control 

thresholds. Metrics for emission, energy, and eutrophication are integrated directly into scheduling rules, process 

recipes, and qualification standards, ensuring that environmental performance is monitored per unit throughput 

and consistently upheld throughout design, fabrication, and field operation [31]. Fig. (4) depicts the Industry 6.0 

governance layer in which quantified environmental thresholds drive scheduling, recipes, and qualifications as 

closed-loop controls.  

 

Figure 4: Industry 6.0 with green nanotech governance driving control. 

Telemetry feeds a digital twin that tracks drift, defect-density, and per-unit energy/emissions; deviations trigger 

condition-based interventions rather than fixed schedules. A renewable-buffered power layer aligns tool starts, 

pump-downs, and cryo cycles with low-carbon availability, reducing peak draws and warm-up interruptions [32]. 

Material minimalism at atomic-scale thickness, yield-driven stability, condition-based maintenance (CBM), 

renewable buffering, and wafer-level statistical learning form the antifragile loop that lowers joules per logical 

operation [33]. The digital twin enforces thresholds as executable rules, enabling center-to-edge compensation 

and rule-based adjustments without additional energy overhead. The initial lever in this governance framework is 

a focus on minimalism in both materials and processes [34]. Controlling thickness at the atomic scale, whether in 

aluminum films for superconducting circuits or interconnect layers, guarantees that only the necessary material 

volume for optimal performance is applied [35]. Eliminating each nanometer decreases the energy required for 

upstream smelting and sputtering, while also lessening the cryogenic demands downstream. When combined 

with nearly flawless yields, such accuracy reduces the concealed energy expenses associated with scrap and 

rework, leading to stabilized takt times and more even facility load profiles [36]. 

Industry 6.0 utilizes telemetry informed by nanotechnology to establish durability as a key aspect of 

sustainability, focusing on both time and reliability. Drift and defect-density statistics are consistently analyzed, 

transitioning maintenance from predetermined schedules to condition-based triggers [37]. This eliminates 

unnecessary requalification cycles and avoids redundant cooling or ancilla provisioning, integrating energy 

efficiency into reliability itself. The connection with clean, buffered power systems completes the cycle. 

Improvements in solar efficiency and energy storage enhance the buffer capacity of fabs, enabling tools to 

manage renewable variability without causing disruptive peak draws [38]. There are fewer instances of furnace 
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starts occurring during carbon-heavy hours, pump-downs experience less frequent interruptions, and cryogenic 

systems successfully bypass warm-ups triggered by the grid. Consequently, process energy is in harmony with a 

decarbonized supply instead of competing with it [39]. At the infrastructure level, Industry 6.0 eliminates the need 

to wait for new facilities by integrating nanotechnology-enabled control within existing production nodes. 

Standard lithography and CMOS-compatible stacks offer a well-established foundation for gathering high-density 

characterization data, allowing for the collection of tens of thousands of test structures per wafer [40].  

These statistics drive autonomous digital twins that consistently map geometry, barrier formation, and 

frequency distributions, performing center-to-edge compensations that enhance coherence levels without 

requiring extra energy use. When considered as a whole, these mechanisms represent an ongoing decrease in 

joules used per logical operation rather than just isolated improvements in efficiency. Material minimalism, yield-

driven stability, condition-based maintenance, renewable-buffered power, and wafer-level statistical learning 

come together to form a cohesive, antifragile manufacturing approach. Here, "antifragile design" is a 

manufacturing system that is more stable and energy efficient even when subjected to variations. Recipes, lot 

dispatch, and maintenance intervals can be dynamically adjusted in real-time using yield distributions, TLS defect 

statistics, and spatial coherence gradients. It does away with resistance to variability in favor of more stringent 

control limits and reduced joules per validated logical operation as a result of statistical deviations [41]. There are 

a few operational instances of this behavior, such as rejected lots and adaptive CBM. Through the lens of Industry 

6.0, environmental performance has transformed from a constraint or afterthought into the primary control 

objective that directs production across all scales. 

5. Risks, Challenges, and the Realistic Horizon 

In Industry 6.0, the measurements that facilitate optimization also establish the control limits for the operation 

of autonomous systems. Spatial coherence gradients across 300 mm wafers, TLS-driven reliability tails, frequency 

variability across junction areas, cryogenic energy loads, and yield-cost dependencies together define the essential 

boundaries for achieving sustainability, scale, and reliability in harmony [42]. The differences seen in wafers and 

their changes over time require flexible management strategies. Achieving center-to-edge echo coherence in the 

range of approximately 42 to 113 µs necessitates localized adjustments to the processes of oxidation, etching, and 

annealing on the wafer [43]. In the absence of this spatially adaptive control, minor inconsistencies can escalate as 

the scale increases, leading to greater error-correction demands and higher energy consumption for each logical 

operation. Even a slight temporal drift, around 3.7% over a period of five months, influences TLS defect densities 

(approximately 34.4 defects/GHz) to initiate infrequent decoherence events [44]. Industry 6.0 tackles this issue by 

integrating distribution-aware statistical learning and condition-based recalibration directly into control loops, 

ensuring that maintenance is initiated based on real risk instead of predetermined schedules [45]. 

Precision is a vital limitation when it comes to scaling. Frequency spreads of 5 to 7% RSD in junction areas can 

be handled in pilot lots, but they become delicate at industrial volumes. Closed-loop metrology needs to operate 

in almost real time to adjust recipes and control tool drift; if not, yield losses directly result in increased energy 

used for rework [46]. In this context, precision serves as a regulator for both quality and energy. The integration of 

energy systems further influences operational risk. Despite significant advancements in renewable energy 

generation and storage, millikelvin refrigeration still presents a fundamental energy demand. Scheduling should 

optimize cryogenic duty cycles alongside renewable availability to avoid increases in carbon intensity due to off-

peak grid draws or cryo warm-ups [47]. Industry 6.0 views energy as a coordinated control factor, closely linked to 

the pace of production. The limits of feasibility are shaped by economic and standardization constraints. Reaching 

yields close to perfection, like 393 functional qubits out of a 400-device lot on specialized CMOS, represents a 

significant technical achievement, yet it does not guarantee scalability [48]. Autonomous digital twins predict 

minimal functionality before executing process steps, discarding runs that do not meet energy-constrained limits, 

while the ability to transfer recipes across established 193 nm CMOS nodes guarantees that environmental 

benefits throughout the lifecycle are maintained without the need for expensive new developments [49]. 

Ultimately, scale brings about statistical fragility that requires careful management. Demonstration-level yields 

alone do not ensure reliability across the entire fleet. It is essential to implement procurement, scheduling, and 
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maintenance strategies that take into account confidence intervals and tail protection. Each adjustment in the 

recipe, every job assignment, and all maintenance activities must concurrently decrease wafer-scale variance, 

lower energy consumption for validated routines, and lessen lifetime risk amidst uncertainty informed by TLS. An 

action enters the production system only when all three conditions are satisfied. 

5.1. Sociotechnical and Ethical Constraints 

Sociotechnical limitations brought about by the same measurement density that allows autonomous control in 

Industry 6.0 cannot be considered liabilities. The first limiting factor is the workforce transformation. Instrument 

certification, maintenance scheduling, and coherence telemetry are replacing operator judgment in process 

choices, which means that routine inspections will play a lesser role. Accounting at the system level, control 

interpretation, and statistical reasoning are required for the remaining positions [21]. This shift increases the 

danger of silent failure propagation rather than removing it because there are no organized reskilling channels; 

instead, operational authority is concentrated while human control is shrunk. 

As a second limitation, data security becomes apparent. Industry 6.0 digital twins integrate energy telemetry, 

yield distributions, priors on defect density, and maps of wafer-scale coherence across different facilities. These 

databases store signatures of processes that are essentially the same as secret family recipes [41]. Dispatch rules, 

maintenance triggers, and energy thresholds can be changed without physically modifying hardware if 

unauthorized access or model manipulation occurs. With more and more control moving to software, 

cybersecurity is becoming a risk to production rather than data [34], necessitating governance measures as 

stringent as those for tool certification and recipe control. 

A tertiary stipulation is ecological fairness. Supply chains for aluminum, high-purity silicon, rare-earth elements, 

specialty chemicals, and nanomaterials used in cryogenic infrastructure, sophisticated interconnects, and 

superconducting circuits are highly concentrated in certain geographic areas. Ignoring the effects of extraction, 

purification, and transportation can cause energy savings at the fab level to be counterbalanced upstream [50]. 

Thus, lifetime traceability is essential for Industry 6.0 sustainability claims, as in-fab efficiency measurements 

alone are insufficient. Reducing joules per logical process without holding sources explicitly accountable increases 

the likelihood of displacement over actual decarbonization. 

These limitations do not stand in the way of Industry 6.0 implementation, but rather serve to outline its 

potential. Coherence control and yield optimization must progress in tandem with workforce adaptability, digital 

twin security, and material sourcing responsibility. They resurface as scalable failure modes if ignored. When they 

are incorporated into governance thresholds, they stabilize the system and maintain social legitimacy and 

technical performance simultaneously. 

6. Outlook 

A reliable Industry 6.0 roadmap is based on measurable elements: high-yield CMOS-based quantum 

fabrication, microsecond-scale coherence appropriate for utility-scale circuits, solid integration with clean energy 

and storage, and established green nanoprocess benchmarks. Scaling up occurs only when variance, energy, and 

lifetime risk reach specific thresholds, guaranteeing that growth is justified rather than taken for granted. In the 

short term (0 to 24 months), it is essential to industrialize pilot-line capabilities within multi-lot, multi-fab 

environments. The functional yield on 300 mm wafers is expected to be around 98.25% and should be 

consistently achievable under specific criteria. This includes reducing junction-frequency variance from 5 to 7% 

RSD to 3 to 4%, ensuring wafer-edge coherence remains above 100 µs, and demonstrating a quarter-on-quarter 

decrease in energy per validated routine while maintaining a constant takt [51]. The effective implementation of 

any recipe change relies on quantifiable decreases in both per-die embodied energy and in-field watt-hours for 

each successful routine. At the same time, integrating clean power needs to guarantee that cryogenic baseloads 

steer clear of carbon-heavy peaks, with storage capacity adequate to manage at least one complete cryostat 

warm-up or restart without any disruptions to the grid [52]. In this context, solar efficiency and battery capacity 

are viewed as service levels representing hours of independent fabrication operation rather than mere abstract 

percentages. 
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The mid-term horizon (24 to 60 months) focuses on growth while maintaining stability. Production shifts from 

hundreds to tens of thousands of devices each quarter only when spatially adaptive process control reliably 

sustains center-to-edge coherence within target bands, TLS-informed scheduling minimizes ancilla duty cycles, 

and condition-based maintenance prolongs recalibration intervals by specified multiples [53]. The standardization 

of portable process kits, 193 nm optical lithography, and CMOS-compatible stacks guarantees that new capacity is 

compatible with existing facilities, maintaining consistent performance across different locations instead of 

depending on isolated lab results [54]. 

Long-term growth over the next 5 to 10 years is determined by actual performance rather than mere 

excitement. The environmental performance across the entire line needs to match the standards set by green 

nanotechnology once network effects are considered [55]. Additionally, funding must be linked to clear reductions 

in energy consumption per logical operation, from fabrication to deployment, validated through precise 

measurement that differentiates end-use efficiency from the carbon intensity of the supply side [56]. Quality 

systems progress from inspection to prediction: high-density test-structure analytics complete the loop within 

control-cycle times, rejecting lots pre-commit when marginal functionality does not meet energy-constrained 

thresholds. 

The realistic outlook for Industry 6.0 is thus determined not by a specific date but by certain conditions. 

Expansion achieves true scalability, financial sustainability, and ecological legitimacy only when yield, coherence, 

energy integration, and environmental intensity all meet strict, verifiable thresholds at the same time [57]. Up to 

that moment, the roadmap emphasizes reducing variance, solidifying energy baselines, and transforming each 

new capability into fewer joules per validated outcome, making certain that every growth step is dictated by 

physics rather than mere ambition. 

7. Conclusion 

Industry 6.0 transforms manufacturing by integrating sustainability, yield, and energy efficiency into all 

operational levels, from atomic-scale material deposition to the lifecycle management of quantum devices. High-

yield CMOS fabrication, microsecond-class coherence, and TLS-informed predictive maintenance showcase how 

nanotechnology and digital twins convert precision control into energy and material efficiency. By setting strict 

limits on variance, energy, and lifetime risk, autonomous systems guarantee that growth remains scalable and 

environmentally sustainable. Integrating clean energy with adequate storage allows fabs to function without 

relying on carbon-heavy grid cycles. Additionally, condition-based recalibration and adaptive spatial control 

minimize waste and prolong asset lifespans.  

The Industry 6.0 roadmap is shaped by measurable performance indicators rather than specific dates: 

functional yield (~98.25%), wafer-edge coherence (>100 μs), per-die energy efficiency, and fleet-level 

environmental metrics. Expansion happens only when these metrics are met together, guaranteeing financial 

sustainability, ecological legitimacy, and operational resilience. Industry 6.0 creates a new model for resilient, 

energy-efficient manufacturing by turning environmental goals into active control objectives and combining them 

with precise materials and processes, aligning industrial growth with global sustainability needs. 
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