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Article Info Abstract

Background: The global construction industry is confronted with persistent

. challenges including labour shortages, high rates of occupational injury, escalating

E-1SSN: 3107-7099 project costs, and inefficient resource utilisation. The evolution of robotic systems,

Volume: 01 from remote-controlled machinery to fully autonomous platforms, represents a

Issue: 06 transformative paradigm shift in civil engineering practice.

November - December 2025 Objective: This study e\_/aluates @he performance, applipa_bility: and_strategic_impact
of autonomous construction robotic systems across key civil engineering domains, and

Received: 08-09-2025 assesses their potential to reshape future industry practices.
Accepted: 06-10-2025 Methods: A systematic literature-based comparative methodology was employed,
Published: 04-11-2025 drawing from peer-reviewed publications (2010-2025). Robotic systems were
Page No: 05-09 evaluated across six performance indicators: task completion accuracy, construction
: efficiency, safety improvement, cost reduction, productivity enhancement, and energy
efficiency.

Results: Autonomous systems demonstrated a mean task accuracy improvement of
20.7%, productivity gains of 35-47%, a 66% reduction in workplace injuries, and a
67.7% reduction in cost overruns compared to conventional methods. Limitations
including high capital expenditure, adaptability constraints, and skilled labour
requirements were also identified.

Conclusion: Autonomous construction robotics holds significant promise for
transforming civil engineering practice, improving safety, efficiency, and
sustainability. Strategic investment, ethical governance, and workforce reskilling are
essential preconditions for broad adoption.
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1. Introduction

The construction industry is among the most economically significant sectors globally, contributing approximately 13% of world
GDP [, Yet it remains characterised by low productivity growth, high accident rates, and an acute skilled-labour shortage
projected to worsen considerably by 2035 [> 3. Conventional construction practices rely heavily on manual labour, which is
subject to fatigue, inconsistency, and exposure to hazardous conditions including falls from height, heavy machinery accidents,
and chemical exposure 451,

Global construction fatality rates remain disproportionately high; in the United States alone, the sector accounts for
approximately 20% of all occupational deaths despite employing only 6% of the workforce 1. Concurrently, demographic shifts
and declining enrolment in vocational construction training programmes are intensifying workforce gaps across developed
economies 71,

The integration of robotic systems into construction represents a promising response to these systemic challenges. Early
automation in construction was characterised by mechanised equipment operated by human drivers.
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Subsequent decades introduced tele-operated systems and,
more recently, sensor-rich autonomous platforms capable of
executing complex tasks with minimal human intervention &
%1, Advances in artificial intelligence (Al), computer vision,
simultaneous localisation and mapping (SLAM), and
Building Information Modelling (BIM) have accelerated this
trajectory considerably [0 11,

This study is motivated by the imperative to rigorously assess
what autonomous construction robotics can realistically
deliver against established performance benchmarks, and to
identify the conditions necessary for responsible, scalable
deployment. The objectives of this study are to: (i) synthesise
current evidence on autonomous robotic performance in
construction contexts; (ii) compare robotic systems against
traditional methods across key indicators; and (iii) delineate
research gaps and strategic priorities for future adoption 12,

2. Related Work

Significant scholarly attention has been devoted to robotic
automation in construction over the past two decades. Bock
and Linner I3 provided a comprehensive taxonomy of
construction robots, distinguishing between task-specific
robots, mobile construction platforms, and integrated
building systems. Early commercially deployed systems—
such as the Automated Brick-Laying Machine (ABLM) and
wall-framing  robots—demonstrated  proof-of-concept
automation but were constrained by rigid programming and
inflexibility in dynamic site conditions 14,

Recent advances in deep learning and edge computing have
substantially enhanced robotic adaptability. Pan et al. [*3]
demonstrated that convolutional neural network (CNN)-
based vision systems could identify structural defects during
real-time construction with accuracy exceeding 92%.
Similarly, Kim and Chi ' applied reinforcement learning to
optimise autonomous excavator path planning, achieving a
31% reduction in cycle time. Al-assisted crane guidance
systems developed by Liang et al. 07 reduced load
positioning error by 43% relative to manually operated
counterparts.

Robotic 3D concrete printing has emerged as one of the most
commercially advanced applications. The Contour Crafting
system developed by Khoshnevis [8 demonstrated the
feasibility of printing full structural wall components with
embedded utility conduits, with material wastage reductions
exceeding 22%. FBR Ltd.'s Hadrian X bricklaying robot has
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further validated autonomous masonry at commercial scale
[19]

Despite these advances, substantial research gaps persist.
Most existing studies evaluate robotic performance under
controlled or semi-controlled conditions, and evidence from
unstructured, real-world construction environments remains
limited 29, Integration with legacy project management
workflows, heterogeneous site conditions, and multi-robot
coordination represent frontier challenges inadequately
addressed in current literature 12 221,

3. Autonomous Construction Robotics Framework

An autonomous construction robot is defined herein as a
system capable of perceiving its environment, planning and
executing construction-relevant tasks, and adapting to
dynamic conditions without continuous human control %3,
The operational framework described in this study comprises
three interdependent layers: input, processing, and output
(Figure 1).

The input layer encompasses environmental sensing
technologies including LiDAR, stereo cameras, ultrasonic
sensors, and GNSS/RTK positioning systems. These feed
real-time data into the processing layer, which integrates
SLAM-based navigation, computer vision modules, BIM-
linked task databases, and Al decision engines. The output
layer translates processed commands into physical actions
executed by robotic actuators—robotic arms, gantry systems,
autonomous ground vehicles, and unmanned aerial vehicles
(UAVS) [24.25],

Computer vision systems enable robots to interpret spatial
environments, identify materials, detect obstacles, and
monitor structural tolerances in real-time. SLAM algorithms
allow mobile robots to simultaneously build maps of
unfamiliar environments and navigate within them—a
critical capability in the unstructured, dynamically changing
conditions of active construction sites 261,

Human-robot collaboration (HRC) is embedded throughout
the framework. Rather than wholesale replacement of human
workers, the framework positions robots as collaborative
agents that handle physically hazardous, repetitive, or high-
precision tasks while human operators exercise supervisory
and decision-making roles 7, Safety override mechanisms,
geofencing, and real-time collision avoidance systems ensure
compliance with occupational health standards 121,

Fig 1: Autonomous Construction Robotics Workflow: Three-layer operational architecture illustrating input sensing, Al-driven processing,
and physical output execution, underpinned by human-robot collaboration.
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4. Materials and Methods

This study employed a systematic, literature-based
comparative methodology. A structured search of peer-
reviewed databases—including Scopus, Web of Science,
IEEE Xplore, and ASCE Library—was conducted using the
search  terms:  "autonomous  construction  robot",
"construction automation Al", "civil engineering robotics",
and "robotic performance benchmarking”. Publications
spanning 2010-2025 were considered, with priority assigned
to empirical studies, systematic reviews, and technology
demonstration reports.

Inclusion criteria required that studies: (i) report quantitative
performance data for robotic or automated construction
systems; (ii) provide a comparator condition (manual or
conventional methods); and (iii) address at least one of the
defined performance indicators. Studies relying exclusively
on simulation without physical validation were excluded
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from primary comparison but retained for contextual
analysis.

Six performance evaluation indicators were operationalised:
(1) task completion accuracy (percentage of tasks meeting
dimensional tolerances); (2) construction efficiency (output
per unit time); (3) safety improvement (incident rate
reduction); (4) cost reduction (project cost overrun
minimisation); (5) productivity enhancement (output relative
to labour input); and (6) energy efficiency (energy consumed
per unit of construction output). Data were extracted,
standardised, and synthesised using narrative and tabular
comparative analysis.

5. Results and Comparative Analysis

Table 1 presents a comparison of five representative
autonomous construction robotic systems based on published
performance data.

Table 1: Comparison of Autonomous Construction Robotic Systems by Technology, Application, Task Accuracy, and Primary Limitation.

System Technology Application Accuracy (%) Limitation
SAM (Semi-Auto Mason) Computer Vision Bricklaying 94.2 Limited facade types
Hadrian X LiDAR + Al Wall construction 96.8 Outdoor wind sensitivity
TyBot Deep learning Rebar tying 915 Structured slabs only
Autonomous Excavator SLAM + GPS Earthworks 89.0 Soft soil conditions
Contour Crafting Extrusion + 10T 3D concrete printing 97.3 Material homogeneity

Table 2: Comparative Performance Indicators: Autonomous Robotic Systems vs. Traditional Construction Methods.

Performance Indicator Traditional Method Robotic System Improvement (%) Source
Task Completion Accuracy 78.4% 94.6% +20.7% [7.12]
Construction Productivity Baseline +35-47% ~41% [3.9]
Workplace Injuries Baseline —66% —66% (14, 18]
Project Cost Overrun 28.5% 9.2% —67.7% 11, 22]
Energy Consumption Baseline -18% -18% (16, 24]
Material Waste Baseline —22% —22% [8.20]

Findings indicate that autonomous robotic systems Technological limitations identified included sensitivity of

consistently outperform traditional methods across all six
indicators. Task completion accuracy improved by a mean of
20.7 percentage points, reflecting the superior positional
precision and repeatability of computer-vision-guided
actuators [ 2, Productivity enhancements of 35-47% were
reported across bricklaying, earthmoving, and structural
assembly applications, attributable to continuous operation,
elimination of fatigue-related errors, and optimised path
planning &3,

Safety outcomes showed the most dramatic improvement: a
66% reduction in workplace injury incidence was recorded
across construction sites with deployed robotic systems,
primarily through the removal of workers from hazardous
zones and the elimination of manual material handling [ 81,
Economic analyses documented a 67.7% reduction in cost
overruns, driven by improved schedule adherence and
reduced rework requirements ' 221, Energy consumption was
reduced by approximately 18%, attributed to optimised
machinery operation cycles and reduced idle time [*6-24],

LiDAR-based navigation to adverse weather, restricted
operational envelopes for bricklaying robots on non-standard
facades, and the high capital cost of commercially available
systems (USD 250,000-2.1 million per unit), which
constrains accessibility for small and medium-sized
contractors 19 251,

6. Discussion

The results of this comparative analysis affirm the
transformative potential of autonomous construction robotics
while contextualising important constraints on near-term
adoption. The substantial productivity and safety gains
documented are consistent with findings from analogous
automation transitions in manufacturing and logistics,
suggesting that construction is following an established
technological diffusion trajectory 20 211,

From an industrial standpoint, the deployment of autonomous
systems aligns strategically with net-zero construction
targets; reduced material waste, optimised energy use, and
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precision fabrication contribute materially to sustainability
objectives mandated by regulatory bodies across the
European Union, UK, and Asia-Pacific 25271, The integration
of robotic systems with BIM platforms further enables data-
driven project management, real-time quality assurance, and
predictive maintenance scheduling.

Adoption barriers remain significant. Capital expenditure
represents the primary obstacle for small contractors; public
procurement frameworks and leasing models may be
necessary to democratise access [°l. Regulatory uncertainty
surrounding liability for autonomous system failures, data
privacy in site-scanning operations, and certification of Al-
driven decision-making systems requires urgent legislative
attention 281, Ethical considerations centre on workforce
displacement: while robots may eliminate certain roles,
evidence from pilot deployments suggests that net
employment effects are positive when reskilling programmes
are implemented proactively, shifting workers toward
supervisory, technical, and maintenance roles [ 61,

Future research should prioritise multi-robot coordination in
unstructured environments, the robustness of computer
vision under variable lighting and weather, and longitudinal
economic studies examining total cost of ownership across
project lifecycles. The development of standardised
benchmarking protocols would further facilitate cross-study
comparison and accelerate  evidence-based  policy
development (15171,

7. Conclusion

This study demonstrates that autonomous construction
robotics offers quantifiable, substantial improvements over
conventional civil engineering practices across accuracy,
productivity, safety, cost, and sustainability dimensions.
Systems such as robotic bricklayers, autonomous excavators,
and 3D concrete printers have achieved task accuracies
exceeding 96%, productivity gains up to 47%, and workplace
injury reductions of 66% in documented deployments.

The practical implications for future civil engineering are
profound. Autonomous systems are poised to redefine project
delivery models, quality standards, and workforce
compositions. Civil engineering education must evolve
correspondingly, embedding robotics, Al, and human-robot
collaboration competencies into undergraduate and
postgraduate curricula.

The pathway to widespread adoption requires coordinated
action across industry, government, and academia:
investment in open-access robotics research infrastructure,
development of adaptive regulatory frameworks, and
implementation of inclusive reskilling programmes.
Autonomous construction robotics is not merely a
technological upgrade—it constitutes a fundamental
reimagining of how the built environment is created,
maintained, and sustained for future generations.
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