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Abstract
The Digital Roads project at Cambridge University
is leveraging digitalisation, automation, and low-
carbon materials to build an Automated Mainte-
nance Plant (AMP) for UK road networks, aimed at
minimising repair times to reduce congestion, im-
proving safety, and contributing to the UK’s net-
zero goals through faster, more accurate, and effi-
cient road maintenance.

1 Introduction
Highways are crucial to the UK’s economy, contributing
£314bn per annum or 10% of its annual Gross Domestic
Product [Highways, 2021]. Significant investment is needed
to maintain their functionality, with many of these highways
surpassing or nearing their service life. However, in 2020,
maintenance and construction activities on England’s high-
ways amounted to 734,000 CO2 equivalents (MtCO2e) [Mott
MacDonald, 2021]. Furthermore, highway maintenance and
road construction activities pose safety risks [England, 2017]
and cause congestion, resulting in £9bn of economic losses
[INRIX, 2017]. To address these challenges, highway main-
tenance in England requires a permit for works longer than 15
minutes [Legislation.gov.uk, 1984] and National Highways
(England’s Highway authority) champions leveraging digi-
talisation and automation to enhance safety and reduce the
carbon emissions of its maintenance activities to achieve its
zero harm [National Highways, 2021] and net zero [National
Highways, 2024] targets. Automated maintenance vehicles
offer to be a promising solution to realise these needs.

2 Automated Road Maintenance
Automated road maintenance vehicles emerged in the 1990s,
driven by initiatives such as the USA Government’s Strate-
gic Highway Research Program [Seo et al., 2014], aimed at
improving the speed and effectiveness of highway mainte-
nance. One of the first examples was a crack-repairing trailer
equipped with a camera, a XY-gantry fitted with a material
extrusion nozzle and materials tank [Haas and others, 1992].
Following this, many automated maintenance vehicles have
been trialled, including a crack repair vehicle that is yet to
be commercialised by Robotiz3d, a UK start-up company

[Robotiz3d, 2024]. However, there is only one commercial
automated maintenance vehicle in operation, by the company
Robotic Maintenance Vehicles, which repairs cracks on USA
roads [Robotic Maintenance Vehicles, 2024]. More crucially,
we are unaware of reports on the carbon benefits of these
vehicles nor efforts to reduce their carbon footprint through
their operation or the repair materials they use. Net Zero ori-
ented automated road repair is thus still in its infancy, high-
lighting a pressing need for a vehicle that can repair using
both safe and low-carbon operations and materials.

We are working with stakeholders such as National High-
ways, Costain, and the UK Department of Transport to pi-
oneer technologies that enhance the management, opera-
tion, and maintenance of highways [Schaefer et al., 2024;
Xu et al., 2024]. Core to this is the design, simulation, high-
way trials and commercialisation of an Autonomous Mainte-
nance Plant (AMP) (Figure 1) [Xu et al., 2024] to undertake
various tasks such as inspection and crack repair. The AMP
will use low-carbon repair materials that we have developed,
as well as minimising repair time and optimising repair effec-
tiveness.

3 AMP Simulation Framework
The AMP simulation framework1 is designed as a mod-
ular system implemented within the Unity 3D platform.
We have integrated our virtual pavement environment
[Marie d’Avigneau et al., 2025] into the framework, as well
as a physics-based vehicle model, crack detection and re-
pair modules, and user interaction components. Unity 3D
serves as the core simulation engine, managing scene render-
ing, physics computation, and real-time system interaction.
The simulated environment represents road assets and a road
pavement which reflect real assets with defects on them (e.g.,
cracks), scanned as part of a National Highways road survey.
For the purpose of demonstration, we have also created artifi-
cial pavement cracks of various dimensions, enabling control-
lable testing scenarios. The AMP model interacts with the en-
vironment through Unity’s physics engine, allowing realistic
motion, steering, and collision behavior. A virtual cameras,
placed below the van, is used for crack detection [Lam et al.,
2025] and repair monitoring, while the repair module simu-
lates crack-filling operations through state changes and visual

1https://youtu.be/8AJ1Ig6-WLk
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Figure 1: High-level block diagram of the AMP framework

feedback. User inputs and control logic manage AMP op-
eration modes, including manual and semi-autonomous with
controls (see Figure 4).

3.1 AMP Composition
The AMP (referring to the simulated AMP for the rest of
the text unless explicitly stated) is composed of several in-
tegrated subsystems designed to support safe, efficient, and
automated road maintenance operations. One subsystem fo-
cuses on safety, and securing the environment through the
placement of traffic cones to define and protect the opera-
tional area. This system is supported by a conveyor mecha-
nism that enables controlled deployment of cones during op-
eration, ensuring a secure working zone for the maintenance
tasks. The AMP is equipped with a high-resolution LiDAR
sensor to support environment perception and point cloud col-
lection. Power for all maintenance modules is provided by
a battery, complemented by solar panels for auxiliary power
generation and overall energy efficiency. (While included as
part of the AMP design, the LiDAR and power systems are
not yet simulated.) A key structural component of the AMP
is the gantry system, which supports an array of extrusion and
cleaning nozzles. These tools are used for surface preparation
and crack repair operations. The extrusion system is designed
to deliver, e.g., bitumen and cementitious repair materials de-
veloped in-house [Palin et al., 2026a]. We simulate the mate-
rial flow through a particle physics engine [Xu et al., 2026].
An air compressor system is included to support crack clean-
ing before material application, while dedicated storage tanks
are used to hold repair materials and compressed air. To-
gether, these components form a cohesive AMP body model
that realistically represents the structure and functionality of
an automated road maintenance vehicle, as illustrated in Fig-
ure 2.

3.2 AMP Crack Repair Mechanism
The gantry system represents an innovative design inspired
by existing commercial gantry-based maintenance solutions
and has been adapted to support automated pavement crack

Figure 2: AMP body model

Figure 3: AMP gantry mechanism (shown without the van)

repair operations (Figure 3). The system employs a two-
level gantry architecture consisting of a primary gantry and
multiple secondary mini-gantries, providing three degrees of
freedom for accurate positioning of the material extrusion
units across the pavement surface. The mini-gantries move
collectively with the primary gantry while also being ca-
pable of operating independently from one another for lo-
calised positioning and control. This configuration ensures
stable operation while enabling precise alignment of repair
tools. Compared with traditional single-nozzle crack repair
systems, which typically address one operation at a time, the
proposed gantry system integrates four independently con-
trolled extrusion units capable of operating simultaneously.
Each extrusion unit offers three-axis movement, allowing ef-
fective repair of longitudinal, transverse, and alligator crack
patterns [Marie d’Avigneau et al., 2025]. Moreover, multi-
ple cracks within the same operational area can be repaired
in a single pass. This parallel operation significantly reduces
overall repair time, as fewer vehicle stops and repositioning
actions are required.

4 User Interaction and Control
User interaction with the AMP simulation is provided
through a graphical user interface (GUI) integrated into the
Unity 3D environment (Figure 4). The interface is structured
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into dedicated functional panels, each corresponding to a core
subsystem of the AMP, enabling intuitive operation and ef-
fective demonstration of crack repair workflows. In man-
ual mode, the operator directly controls the vehicle’s motion,
cone laying, and repair actions through the Gamepad con-
troller and the GUI. In semi-autonomous mode, the operator
only needs to supervise such operations.

A key feature of the system is the use of pre-processed
crack trajectory data (stored in CSV files), which define the
spatial coordinates of observed pavement cracks. These tra-
jectory files are read by the gantry and extrusion control sys-
tems, allowing the repair tools to follow predefined crack
paths accurately. When a trajectory file is loaded, a control
and decision module interprets the coordinate data and gen-
erates motion commands that guide the gantry and individual
extrusion nozzles along the crack geometry without requiring
continuous manual input. The Material Control panel enables
the operator to select the type of repair material, such as bi-
tumen or lane marking material, and to manage material flow
for each extrusion unit (N1–N4). Material activation can be
executed manually or automatically in synchronisation with
the crack trajectory, ensuring that filling is applied only when
the nozzle is aligned with the crack path.

The Gantry Control and Axis Control panels provide both
manual positioning and automated trajectory execution. In
automated mode, gantry movements along the X and Y axes
are driven directly by the crack trajectory coordinates. Each
extrusion nozzle can also be independently positioned and ad-
justed along its Z axis to accommodate variations in crack
depth and surface irregularities.2 The Nozzle Control panel
allows individual extrusion units to be activated, reset, or dis-
abled. During operation, nozzle activation is synchronised
with the trajectory data. The Cleaning Control panel manages
surface preparation operations, activating air-based cleaning
tools. These cleaning actions are also guided by the same
trajectories, ensuring that debris removal occurs before repair
material is applied. The Cone Control panel supports realistic
work-zone safety by enabling the deployment of traffic cones
to secure the operational area.

5 The AMP Simulator as an AI Testbed
The AMP simulator builds directly on our recent AI-driven
work [Marie d’Avigneau et al., 2025] using real UK high-
way data. In particular, the road surface and surrounding as-
sets are not synthetically generated but reconstructed from
high-definition LiDAR point clouds and images of opera-
tional highways, producing textured 3D meshes that accu-
rately capture road and asset geometry. This reconstruction
pipeline employs automated segmentation and classification
of multiple asset types, e.g., the surface, crash barriers, and
road signs. The same reconstructed asset meshes are used as
the navigable environment in this simulator.

Building on this asset-level representation, we have also
developed AI methods for analysing road surface imagery to
recognise and classify surface defects. Our recent work [Lam

2In practice, we would use affordable proximity sensors on each
nozzle to ensure a safe distance is kept from the pavement surface.

Figure 4: AMP control panel

et al., 2025] uses computer vision and active learning tech-
niques to identify defect types such as potholes, transverse
cracks, and alligator cracks, and to extract their precise spatial
geometry. The output of this process is an explicit representa-
tion of the crack shape, which naturally supports crack filling
simulation and maps to the crack trajectories used in this pa-
per. These trajectories form the interface between perception
and action in the AMP, enabling automated gantry and nozzle
motion.

Besides being the ‘capsule’ that integrates the above work
into a unified framework, we position the AMP as a public
research “playground for AI techniques”; e.g., the platform
also supports integration with agent-based systems such as
OpenPRS [De Silva et al., 2018], enabling research into au-
tonomous driving and decision-making in a realistic environ-
ment. At the manipulation level, the simulator enables exper-
imentation with symbolic-geometric [de Silva et al., 2013]
planning for coordinating multiple concurrent extrusion noz-
zles, including the joint optimisation of nozzle trajectories,
material extrusion rates, and timing on complex 3D road sur-
faces.

6 Conclusion
This paper presented a simulation framework for an AMP tar-
geting highway inspection and defect repair. The framework
integrates a realistic 3D road environment with a physics-
based vehicle and gantry model, supporting automated and
semi-automated maintenance operations. Using this frame-
work, we can demonstrate features such as simultaneous
multi-nozzle material extrusion on representative road sur-
face defects. The AMP is motivated not only by the re-
duction of carbon emissions associated with highway main-
tenance, but also by improved safety, reduced congestion,
and increased operational efficiency. In addition, the parti-
cle physics simulation is designed to support the extrusion
of low-carbon repair materials that we have developed and
tested in our lab [Palin et al., 2026b]; we have shown that our
simulations closely mimic the flow and extrusion behaviour
of our materials [Xu et al., 2026], enabling realistic evalua-
tion of repair strategies prior to on-road deployment.
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