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Introduction
Infrastructure around the world is under growing strain as cities expand, populations 

increase, and environmental pressures intensify [1]. Much of the existing built environment 
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Abstract
Rapid urban growth, climate-related stress and aging infrastructure are revealing the limitations 
of traditional construction materials, which rely on periodic inspection and reactive maintenance, 
prompting the development of cyborg concrete as a bio-cyber-physical construction material system that 
integrates biologically mediated self-healing, embedded sensing and AI-supported robotic intervention 
within a closed feedback loop. Unlike conventional smart concrete, which primarily relies on passive 
sensing, cyborg concrete establishes multi-scale interactions between biological repair, digital analytics 
and physical maintenance, enabling structures to autonomously detect, assess and respond to damage 
in real time. Biological components, including microbial biosensors and self-healing bacteria, provide 
internal awareness by detecting environmental changes and sealing microcracks through mineral 
precipitation, while robotic platforms such as drones, soft robotic repair systems and robotic bioprinting 
enable precise inspection and intervention on complex structures. AI algorithms analyze continuous data 
streams to predict deterioration, guide maintenance decisions and coordinate robotic actions, forming an 
integrated framework for adaptive infrastructure management. Experimental studies report crack sealing 
of 0.2-0.8 mm, partial compressive strength recovery of 15-40%, AI-based crack detection accuracies 
of 92-98% and drone-assisted inspections reducing assessment time by approximately 60% relative to 
manual methods. Despite these advances, challenges remain, including bacterial stability under high pH, 
long-term sensor durability, AI generalizability, robotic localization precision, biosafety, cybersecurity, 
and the need for regulatory frameworks. While individual technologies are approaching high technology 
readiness levels, full triadic integration remains at an early experimental stage. Cyborg concrete provides 
a conceptual framework for next-generation adaptive infrastructure, requiring material-level validation, 
system integration research and interdisciplinary collaboration to realize resilient, adaptive, and self-
sustaining infrastructure in complex urban environments.

Keywords: Cyborg concrete; Bio-hybrid materials; Robotic construction; Artificial intelligence; Self-
healing infrastructure

Highlights

a)	 Combines biological systems, robotics, and AI to enable infrastructure that can monitor and 
repair itself.

b)	 Integrates microbial self-healing with robotic inspection and data-driven maintenance 
strategies.

c)	 Highlights emerging technologies and future research pathways for adaptive and resilient 
smart infrastructure.
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was not designed to withstand the combined effects of climate 
change, heavy usage and long service lifespans [2]. Traditional 
construction materials remain largely passive, requiring manual 
inspection and reactive repair only after visible damage has 
occurred [3]. This approach is increasingly unsustainable, as delayed 
maintenance can lead to higher costs, reduced structural safety and 
shortened infrastructure life cycles [4]. As a result, researchers and 
engineers are now exploring ways to transform infrastructure into 
systems that can actively sense their own condition and respond to 
emerging risks in real time.

One promising response to these challenges is the concept 
of cyborg concrete, which combines biological materials, 
robotic technologies and artificial intelligence within a single 
integrated framework [5]. Rather than functioning as inert 
structural components, cyborg concrete systems incorporate 
living microorganisms capable of initiating self-healing processes 
and embedded biosensors that monitor internal environmental 
changes [6]. Robotic inspection tools provide detailed, continuous 
assessments of structural surfaces and hard-to-access regions, 
while artificial intelligence analyzes large volumes of data to 
identify patterns of deterioration [7]. Together, these technologies 
enable infrastructure to shift from a reactive maintenance model 
toward a more adaptive and predictive system.

A key feature of cyborg concrete lies in the interaction between 
biological sensing mechanisms and robotic monitoring platforms. 
Engineered microbial biosensors can detect early signs of damage 
such as chemical imbalance, moisture intrusion, or corrosion 
before visible cracks appear [8]. Autonomous drones and ground 
robots collect structural data efficiently and safely, particularly 
in hazardous or complex environments [9]. Artificial intelligence 
integrates biological signals with robotic sensor outputs to generate 
predictive maintenance insights, enabling timely intervention and 
reducing the likelihood of catastrophic failure [10]. Furthermore, 
microbial self-healing processes combined with robotic repair 
systems create hybrid solutions capable of addressing both micro-
level and macro-level structural damage.

Despite its potential, cyborg concrete also introduces 
important technical, ethical and practical considerations that 
must be addressed to ensure safe implementation [11]. Questions 
remain regarding the long-term stability of embedded biological 
components, the reliability of AI-driven decision-making and the 
cybersecurity of interconnected infrastructure systems [12]. At the 
same time, rapid advances in synthetic biology, soft robotics, digital 
twin technology, and automated construction methods continue 
to expand the possibilities of intelligent infrastructure [13]. This 
mini-review examines the emerging foundations, technological 

advancements, challenges, and future research directions of cyborg 
concrete, highlighting its promise as a pathway toward more 
resilient, adaptive, and sustainable smart infrastructure.

Conventional reinforced concrete structures are passive 
systems that rely on periodic inspection and reactive maintenance 
[14]. Micro-cracking, chloride ingress, reinforcement corrosion, 
and fatigue damage accumulate before detection, leading to 
costly rehabilitation and reduced service life [15]. Structural 
Health Monitoring (SHM), self-healing materials, and robotic 
inspection technologies have emerged independently to address 
these limitations [16]. However, these domains remain largely 
fragmented. This review formalizes the concept of cyborg concrete 
as an integrated bio-cyber-physical construction material system 
in which biological repair, sensing technologies, computational 
intelligence, and robotic maintenance operate within a unified 
adaptive framework.

Cyborg Concrete

Across the world, infrastructure is aging faster than it is being 
repaired, while climate change, urban expansion, and increasing 
population demands are placing unprecedented pressure on 
buildings, bridges and transportation systems [17]. Traditional 
construction materials were never designed to sense damage or 
respond to (Figure 1) environmental stress, which means that 
maintenance often happens only after visible deterioration or 
structural failure [18]. Engineers still rely heavily on manual 
inspections and periodic maintenance routines that are costly, slow 
and sometimes ineffective [19]. As cities move toward smarter 
and more sustainable models, there is a growing realization that 
infrastructure must evolve from passive structures into responsive 
systems capable of monitoring their own health and initiating 
repairs when needed.

This shift has led to the emerging idea of “cyborg concrete,” a 
concept that blends biology, robotics, and artificial intelligence 
into a unified construction ecosystem (Figure 1) [20]. Instead 
of relying solely on inert materials, cyborg concrete integrates 
living components such as biomineralizing microbes, robotic 
inspection platforms and AI-driven analytics capable of predicting 
structural deterioration [20]. Embedded biological elements can 
detect environmental changes or internal damage, while robotic 
systems physically inspect and repair affected areas [21]. Artificial 
intelligence then acts as the brain of the system, analyzing data 
streams and guiding maintenance decisions [22]. Together, these 
technologies offer a vision of infrastructure that behaves less like 
static material and more like a living, intelligent organism capable 
of adapting to its environment.
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Figure 1: Integrated triadic feedback architecture of cyborg concrete [20].
Original schematic depicting the dynamic interaction among the physical concrete matrix, embedded cyber-intelligence 
systems, and biologically active self-healing agents. Mechanical damage initiates sensor-based diagnostics, followed by 
AI-enabled interpretation and targeted activation of microbial repair mechanisms. The resulting structural restoration 
is re-evaluated through continuous monitoring, establishing a self-regulating, adaptive loop for autonomous durability 

management.

Definition, Scope, and Novelty of Cyborg Concrete

Cyborg concrete is formally defined as a bio-cyber-physical 
construction material system that integrates biologically active 
self-healing mechanisms, embedded sensing technologies, 
computational intelligence and robotic or automated intervention 
strategies within a unified closed-loop structural health 
management architecture [23-26]. Conventional reinforced 
concrete structures behave as passive load-bearing systems that 
require external inspection and reactive maintenance strategies 
after visible deterioration occurs [23]. 

Microcracking, chloride ingress, reinforcement corrosion, 
freeze-thaw damage, and fatigue accumulation typically progress 
undetected until structural performance is compromised [24]. 
Microbial-Induced Calcite Precipitation (MICP) has demonstrated 
the ability to autonomously seal cracks in the range of 0.2-0.8mm 
and restore partial mechanical strength under controlled laboratory 
conditions [23,24]. Simultaneously, embedded sensing technologies 
such as Fiber Bragg grating (FBG) sensors and piezoresistive 
composites enable real-time strain and crack monitoring within 
cementitious matrices [25,26]. Artificial intelligence models, 
particularly Convolutional Neural Networks (CNNs), have achieved 
crack detection accuracies exceeding 90% in image-based 
diagnostics [27]. Robotic inspection and repair systems further 
enhance operational efficiency by reducing inspection time and 
improving precision of sealant application [28,29]. However, 
these technologies are predominantly developed as independent 

domains. Cyborg concrete advances beyond fragmented innovation 
by embedding these components within an integrated feedback 
architecture that enables detection, classification, autonomous 
repair, and escalated intervention within a single adaptive material 
system [30,31].

The scope and boundaries of cyborg concrete must be clearly 
differentiated from related smart infrastructure technologies to 
avoid conceptual ambiguity [26,27]. It is not equivalent to microbial 
self-healing concrete alone, which primarily addresses microcrack 
mitigation without sensing or decision-making capabilities [23,24]. 
Nor does it refer solely to AI-based crack detection systems, which 
provide diagnostics without intrinsic repair functionality [27]. 
Robotic inspection technologies similarly remain external to the 
material system unless physically and computationally integrated 
within a responsive framework [28]. Conventional smart concrete 
incorporating passive sensors enables monitoring but does not 
inherently initiate biological or robotic repair mechanisms [26]. 
Cyborg concrete requires functional interaction between at least 
two domains-biological and cyber, cyber and robotic, or ideally all 
three-with full realization achieved through triadic integration [30]. 
The novelty of this framework lies in feedback-controlled structural 
adaptation, in which sensor data dynamically inform biological 
activation thresholds and robotic escalation protocols [31]. 
Existing literature treats microbial healing, AI-driven structural 
health monitoring, and robotic infrastructure maintenance as 
separate technological advancements [23,30,32]. This manuscript 
introduces a material-system integration paradigm in which these 
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components are interconnected through predictive algorithms 
and hierarchical response mechanisms. Such an architecture 
distinguishes cyborg concrete from existing smart material systems 
and establishes a pathway toward adaptive, resilient infrastructure 
design [27,31].

Taxonomy of Bio-Cyber-Physical Concrete Systems

Living-only systems (Biogenic self-healing concrete): Living-
only systems are characterized by the incorporation of biological 
agents within the cementitious matrix to achieve autonomous crack 
remediation without external sensing or mechanical intervention 
[23,24]. The most widely investigated mechanism is Microbial-
Induced Calcite Precipitation (MICP), in which ureolytic or nitrate-
reducing bacteria precipitate calcium carbonate through metabolic 
activity [23]. Laboratory investigations have reported crack sealing 
capacities between 0.2 and 0.8mm, with compressive strength 
recovery ranging from 15-40% depending on curing conditions and 
bacterial viability [24,32]. Under optimized environments, CaCO₃ 
precipitation efficiency may achieve up to 80% crack closure within 
early-age specimens [32]. These systems reduce permeability and 
chloride ingress, thereby mitigating reinforcement corrosion risk 
[23]. Encapsulation techniques using lightweight aggregates or 
polymeric carriers have been developed to improve bacterial 
survival during cement hydration [32]. Despite promising results, 
performance variability remains significant due to environmental 
conditions and nutrient diffusion constraints [24]. Long-term 
field validation beyond controlled laboratory exposure is still 
limited [23]. Technology readiness levels for biological self-healing 
concrete are typically classified between TRL 4-5, reflecting pilot-
scale validation but limited infrastructure-scale implementation 
[32]. Consequently, living-only systems represent an important yet 
incomplete dimension of cyborg concrete, as they lack integrated 
monitoring and decision-making capabilities [26].

Biological constraints significantly influence the scalability of 
living-only systems [32]. The alkaline pore solution of concrete (pH 
12-13) challenges microbial survival and metabolic continuity over 
extended service periods [23]. Nutrient encapsulation increases 
production cost and may affect mechanical properties of the host 
matrix [32]. Oxygen diffusion limitations within dense concrete 
restrict aerobic bacterial activity, potentially reducing precipitation 
efficiency [24]. Repeated healing cycles remain constrained due to 
nutrient depletion and metabolic exhaustion [23]. Environmental 
exposure conditions such as freeze-thaw cycling, sulfate attack, 
and drying-wetting fluctuations may further reduce biological 
effectiveness [32]. Additionally, long-term viability exceeding 
10 years has not been conclusively demonstrated in full-scale 
infrastructure applications [24]. While biological systems 
effectively address micro-scale cracking, they do not provide 
real-time damage classification or macro-repair capabilities [26]. 
Thus, although living-only systems enhance durability, they do not 
independently fulfill the criteria for cyborg concrete unless coupled 
with cyber or robotic components [30].

Cyber-physical systems (Embedded sensors and AI 
diagnostics): Cyber-physical systems integrate embedded sensing 
networks with computational analytics to enable continuous 

Structural Health Monitoring (SHM) within concrete infrastructure 
[25,26]. Fiber Bragg Grating (FBG) sensors provide microstrain 
sensitivity and resistance to electromagnetic interference, making 
them suitable for embedded applications in harsh environments 
[27]. Carbon nanotube-based piezoresistive composites allow 
distributed self-sensing functionality by correlating electrical 
resistivity changes with strain and cracking [28]. Acoustic emission 
monitoring techniques detect crack initiation events through stress-
wave analysis, enabling early-stage damage detection [25]. AI-
driven image classification models, particularly CNN architectures, 
have achieved crack detection accuracies between 92-98% under 
controlled dataset validation [27]. Digital twin frameworks further 
enhance predictive capacity by simulating structural deterioration 
scenarios and achieving predictive reliability between 80-90% 
in calibrated environments [31]. These systems enable real-
time diagnostics and data-driven maintenance scheduling [25]. 
However, they primarily function as detection and forecasting 
tools rather than intrinsic repair systems [27]. Field deployment 
studies indicate that environmental noise, lighting variation, 
and surface contamination may reduce model accuracy outside 
laboratory conditions [27]. Cyber-physical systems typically reach 
TRL 6-7, reflecting moderate maturity in infrastructure monitoring 
applications [31].

Sensor durability and algorithmic reliability remain critical 
challenges within cyber-physical systems [25,31]. Embedded 
electronics may experience corrosion due to moisture ingress and 
chloride penetration in aggressive environments [26]. Thermal 
expansion mismatch between sensor materials and cementitious 
matrices can induce micro-debonding over long service periods [25]. 
Calibration drift may reduce measurement accuracy, necessitating 
periodic recalibration or redundancy design [26]. AI models are 
vulnerable to dataset bias and overfitting when trained on limited 
or non-representative crack images [27]. Continuous model 
retraining may be required to maintain predictive reliability under 
evolving field conditions [31]. Despite these limitations, cyber-
physical systems provide essential diagnostic intelligence that 
forms a foundational layer within the cyborg concrete framework 
[30]. When integrated with biological and robotic systems, they 
enable threshold-based adaptive intervention strategies rather 
than reactive maintenance [31].

Evidence‑anchored comparison: The comparative 
performance of cyborg concrete systems illustrates the relative 
maturity and effectiveness of biological, AI, robotic, and integrated 
interventions. Microbially Induced Calcium Carbonate Precipitation 
(MICP) demonstrates reliable self-healing of microcracks, typically 
in the range of 0.2 to 0.8mm and contributes to strength recovery 
between 15 and 40 percent under laboratory conditions [32,33]. 
These systems have reached Technology Readiness Levels (TRLs) 
4 to 5, indicating pilot testing in controlled environments, but field 
adoption is still limited due to environmental and operational 
constraints.

Advanced monitoring systems such as AI based crack detection 
achieve classification accuracies of 92 to 98 percent, enabling rapid 
and automated assessment of structural integrity [33]. Drone 
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inspection systems reduce inspection time by approximately 60 
percent, improving efficiency in large infrastructure surveys [34]. 
Robotic crack injection maintains flow precision within ±5 percent, 
while digital twin based SHM platforms provide predictive accuracy 
of 80 to 90 percent in simulations and small-scale trials [35,36]. 
When combined into a full triad system of biological healing, AI 
monitoring, and robotic intervention, field validation remains 
limited, with TRLs ranging from 3 to 5 [37]. The integration of these 
technologies represents a promising but still maturing approach 
for predictive, responsive, and self-healing infrastructure.

Foundations of cyborg concrete: Convergence of biology, 
robotics and AI: At the heart of cyborg concrete lies the idea of 
biologically enhanced construction materials. Techniques such as 
microbial-induced calcium carbonate precipitation allow specific 
bacteria to seal cracks naturally by producing mineral deposits 
within damaged areas [38]. Other microbial systems have shown 
promise in reducing corrosion, sensing chemical changes, or 
strengthening the durability of concrete over time [39]. These living 
materials introduce an entirely new layer of functionality, allowing 
structures to react to their surroundings rather than simply endure 
environmental stress [40]. Beyond repair, biological components 
can serve as internal sensors, providing information about moisture 
levels, pH changes, or the early stages of deterioration that would 
otherwise remain hidden inside the material [41].

Robotics and artificial intelligence complete this technological 
triad by providing mobility, automation, and analytical intelligence. 
Inspection drones and climbing robots can scan surfaces and 
gather detailed structural data far more efficiently than manual 
inspections [42]. Machine learning algorithms analyze patterns in 
sensor readings, identifying cracks or predicting potential failures 

before they become serious problems. Digital twin technology 
enables engineers to simulate real-world infrastructure conditions 
and test maintenance strategies virtually [43]. When combined with 
biologically active materials, robotics and AI transform concrete 
into a dynamic system capable of learning from its environment 
and adjusting its behavior to preserve structural integrity [44].

Robotic-biological interfaces for real-time structural 
monitoring: Biological sensing is one of the most exciting 
aspects of cyborg concrete because it allows materials to detect 
internal damage long before it becomes visible on the surface 
[45]. Engineered microbial biosensors can respond to changes 
in environmental conditions by producing measurable signals, 
enabling early detection of cracks, corrosion, or water infiltration 
[46]. Enzyme-based sensing and bio electrochemical technologies 
offer additional ways to monitor chemical changes within concrete 
structures [47]. These biological monitoring systems function 
continuously and autonomously, providing real-time insights into 
structural health without the need for invasive testing or external 
probes. Robotic platforms enhance this biological intelligence by 
enabling mobile inspection and continuous data collection [48]. 
Drones equipped with advanced sensors can rapidly assess large 
structures such as bridges or high-rise buildings, while ground 
robots perform close-range inspections in confined or hazardous 
environments [49]. Artificial intelligence integrates biological 
signals and robotic sensor data to create predictive models capable 
of identifying hidden risks. Instead of waiting for damage to escalate, 
infrastructure managers can receive early warnings and initiate 
preventive maintenance strategies [50]. The synergy between 
biological sensing, robotics, and AI creates a monitoring ecosystem 
that is proactive rather than reactive, ultimately improving safety 
and reducing long-term repair costs (Table 1).

Table 1: Emerging robotic–biological technologies enabling cyborg concrete systems [60-72].

Technology / 
Approach

Biological 
Component

Robotic / AI 
Component

Function in Cyborg 
Concrete

Current Research 
Stage Key Challenges

Microbial Self-
Healing Concrete

Biomineralizing 
bacteria (MICP, nitrate-

reducing microbes)
AI monitoring systems Crack sealing and 

corrosion reduction
Pilot and laboratory 

studies
Long-term microbial 

stability

Bio-Sensing Concrete
Engineered microbial 
biosensors, enzyme-

based sensing
AI predictive analytics Real-time detection of 

internal damage Experimental research Signal reliability and 
calibration

Robotic Crack Repair 
Systems

Nutrient delivery to 
microbes

Autonomous ground 
robots / drones

Targeted repair and 
material application Early prototypes Precision navigation 

and cost

Robotic Bioprinting Bio-based construction 
materials

Automated robotic 
printers

Fabrication of living or 
hybrid structures Experimental Material 

standardization

Soft Robotic Repair 
Units

Bio-inspired adaptive 
materials

Flexible robotic 
systems

Accessing confined 
cracks and damaged 

zones

Conceptual and early 
lab testing

Durability in harsh 
environments

Digital Twin 
Infrastructure

Biological sensor data 
integration AI-driven simulations

Predictive 
maintenance and 

structural modeling

Growing 
implementation

Data integration 
complexity

Swarm Robotic 
Maintenance

Potential microbial 
delivery systems

Coordinated micro-
robots

Large-scale inspection 
and distributed repair Conceptual research Communication and 

coordination
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Autonomous self-repair systems in cyborg concrete: One 
of the defining features of cyborg concrete is its potential for 
autonomous repair through biological processes. Biomineralizing 
bacteria can precipitate calcium carbonate when exposed to water 
or air, effectively sealing microcracks before they expand into 
major structural issues [51]. Some microbial systems can also 
produce compounds that inhibit corrosion in steel reinforcement, 
extending the lifespan of concrete structures exposed to harsh 
environmental conditions [52]. By embedding these biological 
repair mechanisms directly into construction materials, engineers 
can create infrastructure that heals itself in response to damage, 
reducing reliance on frequent manual maintenance [53]. Robotics 
complements these biological capabilities by addressing damage 
that exceeds the capacity of microbial repair alone [54]. Autonomous 
repair robots can apply sealants, inject repair materials into cracks, 
or deliver nutrients to sustain microbial activity within the concrete 
matrix [55]. Artificial intelligence plays a critical role in deciding 
when robotic intervention is necessary and determining the most 
effective repair strategy based on real-time data [56]. Together, 
biological self-healing and robotic maintenance form a hybrid 
repair system capable of responding to a wide range of structural 
challenges [57]. This integrated approach not only enhances 
durability but also supports the development of infrastructure that 
remains functional and safe with minimal human oversight.

Emerging technologies and experimental prototypes: 
Recent research is pushing the boundaries of cyborg concrete 
through experimental technologies (Table 1) that merge living 
materials with advanced robotics [58]. Soft robotic systems 
capable of navigating irregular surfaces are being developed to 
deliver repair agents directly into cracks and damaged zones 
[59]. Bio-hybrid robots that combine biological components with 
mechanical structures are being explored as adaptive repair tools 
capable of responding to environmental stimuli [60]. Meanwhile, 
robotic bioprinting technologies are enabling the fabrication of 
construction elements using bio-based materials, allowing for 
precise control over structural composition and performance 
characteristics [61].

Artificial intelligence plays a central role in managing these 
emerging systems by processing large volumes of sensor data and 
optimizing operational efficiency [62]. Machine learning algorithms 
help researchers evaluate experimental prototypes and identify 
design improvements, while digital twin simulations provide a safe 
platform for testing new concepts before real-world deployment 
[63]. Despite these promising developments, many cyborg concrete 
technologies remain in early experimental phases [64]. Bridging 
the gap between laboratory innovation and practical construction 
applications will require interdisciplinary collaboration, long-
term field testing, and a deeper understanding of how biological 
and robotic systems interact within complex infrastructure 
environments [65].

Technical challenges, comparative limitations, risks, 
and ethical considerations

While cyborg concrete offers significant potential, it also 
raises important technical and ethical concerns that must be 

addressed before widespread implementation [66]. Ensuring 
the long-term stability and safety of living materials embedded 
in infrastructure remains a major challenge, particularly under 
extreme environmental conditions [67]. Microbial containment 
and environmental safety must be carefully managed to prevent 
unintended ecological impacts. Integrating biological components 
with robotic systems and AI algorithms adds layers of complexity 
that require rigorous testing to ensure reliability and performance 
over extended service lifespans [68].

Ethical and societal considerations also emerge as infrastructure 
becomes increasingly autonomous. AI-driven decision-making must 
be transparent and accountable to prevent errors or unintended 
consequences during maintenance operations [69]. Cybersecurity 
risks are heightened when infrastructure relies on interconnected 
digital systems for monitoring and control [70]. Regulatory 
frameworks will need to evolve to address the unique challenges 
posed by bio-hybrid construction technologies [71]. Balancing 
innovation with safety, privacy, and environmental responsibility 
will be essential for gaining public trust and ensuring that cyborg 
concrete systems are implemented in a responsible and sustainable 
manner.

Biological constraints: A major limitation of Microbiologically 
Induced Calcium Carbonate Precipitation (MICP) in cyborg 
concrete arises from intrinsic biological constraints that directly 
affect performance and durability. One such issue is the alkaline 
degradation of cellular components, where extreme pH levels within 
cementitious matrices can inactivate ureolytic bacteria, hindering 
consistent CaCO₃ production for crack closure. This degradation 
not only limits the viable service life of microbial agents but also 
reduces healing efficacy over extended exposure periods, especially 
under cyclical wet‑dry and freeze‑thaw field conditions [28].

Besides pH sensitivity, nutrient encapsulation cost poses 
a significant economic and logistical challenge to widespread 
adoption. Encapsulation strategies that protect bacterial viability 
(e.g., silica gel, polymer microcapsules) often increase material 
costs and complicate mixing procedures. Additionally, oxygen 
diffusion limitations within dense concrete restrict metabolic 
activity, particularly in larger cracks or deep internal locations, 
leading to spatially inconsistent healing. Coupled with uncertain 
long‑term field durability, where survival and repeated activation 
of microbes remain poorly validated in real infrastructure settings, 
these factors collectively temper expectations for purely biological 
self‑healing systems [29].

Sensor durability: Embedded sensor networks are central 
to real‑time structural health monitoring, yet the corrosion 
of embedded electronics represents a persistent reliability 
issue. Exposure to alkaline pore solutions, chloride ingress, and 
microstructural shifts can degrade metallic contacts and printed 
circuits, leading to signal loss, drift, or total failure. Without robust 
protective measures such as conformal coatings or hermetic 
packaging, long‑term performance in harsh environments remains 
constrained [33]. In addition to chemical attack, thermal expansion 
mismatch between sensing elements and the cementitious matrix 
introduces mechanical stresses that can detach or fracture sensitive 
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components. These mismatches are exacerbated during diurnal 
and seasonal temperature variations, especially in climates with 
large thermal gradients. Moisture ingress, even in sealed housings, 
can promote short circuits and sensor drift, while calibration drift 
over service life necessitates periodic recalibration or replacement 
challenges that complicate maintenance planning and increase 
life‑cycle costs for durable sensor integration [34].

AI reliability: Artificial Intelligence (AI) delivers advanced 
pattern recognition and multimodal data fusion, yet reliable 
real‑world deployment confronts several obstacles rooted in data 
quality and model robustness. Dataset bias remains a primary 
concern: models trained on synthetic or limited laboratory crack 
imagery often fail to generalize across diverse field conditions, 
lighting variations, and structural materials. This limitation 
leads to degraded classification performance outside controlled 
environments, undermining confidence in automated diagnostic 
outputs [35]. 

Moreover, the prevalence of false positives where benign 
surface markings are misidentified as structural damage can trigger 
unnecessary inspections or interventions, wasting resources and 
eroding stakeholder trust. Limited real‑world validation further 
compounds these uncertainties, as many reported AI accuracies 
derive from curated datasets rather than comprehensive field 
trials. Consequently, frequent model retraining requirements 
are essential to maintain relevance as new data patterns emerge, 
but such retraining demands sustained data acquisition, labeling 
infrastructure, and computational investments [38].

Robotic integration: Robotic systems enhance macro‑level 
intervention capabilities, yet their integration into cyborg concrete 
frameworks reveals both mechanical and operational limitations. 
Achieving localization precision (<1mm) is critical for effective crack 
injection and surface repair, yet current positioning technologies 
often struggle with occluded geometries, featureless surfaces, 
and GPS‑denied environments within complex infrastructure. 
High‑precision guidance systems add cost and complexity that may 
not scale easily for large or irregular structures [37].

In addition to localization, surface irregularity handling 
remains a technical bottleneck: concrete textures, spalling, and 
variable crack morphologies challenge robotic manipulators 
and end‑effectors, which are typically optimized for controlled, 
uniform tasks. Energy autonomy is another constraint, tethers 
or frequent recharging limit operational range during extended 
missions. Finally, scalability in large infrastructure is an unresolved 
concern, as modular robotic units must coordinate across extensive 
surfaces without centralized control frameworks, presenting both 
communication and task allocation challenges [72].

Future directions and research opportunities

Looking ahead, cyborg concrete has the potential to redefine 
how infrastructure is designed and maintained by enabling fully 
autonomous structural ecosystems [73]. Advances in synthetic 
biology could lead to engineered microbial communities capable 
of performing multiple functions simultaneously, such as sensing 

damage, producing repair materials, and strengthening structural 
components [74]. Swarm robotics offers another exciting possibility, 
where teams of small autonomous robots collaborate to inspect 
and repair infrastructure more efficiently than single machines 
[75]. These developments could lead to structures that grow, adapt, 
and evolve over time in response to environmental conditions.

Integration with broader smart city technologies will further 
enhance the capabilities of cyborg concrete systems by enabling 
real-time communication between infrastructure and urban 
management platforms [76]. AI-driven analytics could optimize 
maintenance schedules based on traffic loads, weather patterns, and 
structural usage [77]. Future research should focus on developing 
standardized design frameworks and scalable implementation 
strategies that make cyborg concrete practical for widespread 
adoption [77]. By combining advances in biotechnology, robotics, 
and artificial intelligence, researchers have the opportunity to 
create infrastructure that is not only resilient but also capable of 
learning from its environment and improving its own performance 
over time [78-81].

Conclusion
Cyborg concrete represents a paradigm shift in construction 

materials, moving beyond conventional passive systems toward 
infrastructure that is capable of autonomous sensing, adaptive 
repair, and intelligent decision-making. By integrating biologically 
mediated self-healing mechanisms, embedded structural health 
monitoring systems, and AI-driven robotic interventions within 
a closed feedback loop, cyborg concrete creates a synergistic 
interaction between living processes, digital analytics, and physical 
maintenance. This multi-scale integration allows structural 
systems to actively detect, classify, and respond to damage in real 
time, providing a level of resilience and adaptability that traditional 
concrete cannot achieve. The concept redefines the role of 
construction materials from passive load-bearing elements to active 
participants in structural health management, with the potential 
to reduce maintenance costs, extend service life, and mitigate the 
impacts of environmental stressors and climate-induced damage.

Experimental studies demonstrate the promise of cyborg 
concrete, with microbial-induced calcite precipitation systems 
effectively sealing microcracks and partially restoring compressive 
strength, AI-based crack detection models achieving high 
classification accuracy, and drone-assisted inspections significantly 
reducing the time required for structural assessments. Despite 
these encouraging results, full integration of the triad system 
remains at an early stage. Technical challenges such as maintaining 
bacterial viability in highly alkaline environments, ensuring long-
term sensor functionality under variable field conditions, achieving 
generalizable AI model performance, and providing precise robotic 
localization continue to limit practical deployment. Moreover, 
while individual technologies have reached higher technology 
readiness levels, the convergence of biological, digital, and robotic 
subsystems into a fully autonomous, adaptive system requires 
substantial research in both material-level validation and system-
level integration.
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Looking forward, cyborg concrete offers a conceptual 
framework for next-generation adaptive infrastructure that could 
play a central role in the development of smart cities and sustainable 
urban systems. Realizing this vision will demand interdisciplinary 
collaboration among civil engineers, biotechnologists, roboticists, 
and computer scientists to overcome integration challenges and 
establish standardized protocols for field deployment. Continued 
innovation in microbial engineering, sensor durability, AI-driven 
predictive analytics, and robotic actuation will be critical for 
transforming cyborg concrete from a promising concept into a 
viable technology for resilient and self-sustaining infrastructure. 
By enabling materials that can monitor themselves, respond 
to damage autonomously, and evolve in response to changing 
conditions, cyborg concrete represents a foundational step toward 
infrastructure capable of adapting dynamically to the demands of 
the future.
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