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Highlights

What are the main findings?

• UAS-based bridge inspections significantly reduce inspection time, labor requirements,
and safety risks compared to conventional methods.

• Commercially available UAS platforms and sensor technologies demonstrate strong ca-
pability for high-resolution visual, thermal, and 3D data collection in bridge inspections.

What are the implication of the main findings?

• Transportation agencies and inspectors can use this review to make informed decisions
when selecting UAS platforms and sensors for bridge inspection tasks.

• The findings support broader adoption of UAS technologies as a practical supplement
to traditional bridge inspection practices.

Abstract

The growing number of older bridges has resulted in an increase in structural flaws, demand-
ing frequent inspections and maintenance. Structural degradation accelerates post-damage
recovery, emphasizing the necessity of preventive interventions. The use of Uncrewed Aerial
Vehicle Systems (UASs) for bridge inspections represents a significant development in struc-
tural health monitoring (SHM). Traditional inspection methods are labor-intensive, time-
consuming, expensive, and require access to high or difficult-to-reach areas, posing safety
risks to inspectors. This study focuses on identifying drones that can efficiently support bridge
inspection activities. Key factors influencing UAS selection include flight performance, flying
modes, cost, sensor capabilities, payload capacity, and controller communication. The primary
objective of this paper is to provide guidance to inspectors and transportation agencies regard-
ing the capabilities and limitations of commercially available drones. It also outlines potential
cost considerations associated with drone selection, including pilot skill level, platform cost,
and sensor integration. These factors may vary depending on the type and complexity of the
bridge being inspected. By addressing these aspects, this paper aims to assist decision-makers
in making informed choices regarding the use of UASs for bridge inspection applications.

Keywords: Uncrewed Aerial Systems (UASs) Platforms; bridge inspection; infrastructure
monitoring; remote sensing; photogrammetry; Real-time Kinematic Technology (RTK);
operational effectiveness
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1. Introduction
Bridges are critical components of transportation infrastructure, necessitating regular

inspections to ensure safety and functionality. Currently, bridge assessments primarily
rely on visual inspections by trained personnel, ranging from quick checks to detailed
evaluations. However, limited accessibility can sometimes lead to incomplete inspections.
To address this, drones equipped with cameras and sensors have recently emerged as a
valuable supplement to traditional monitoring methods [1]. Different types of Uncrewed
Aerial Systems (UASs), including fixed-wing, rotary-wing, and hybrid models, offer unique
capabilities for bridge inspection. Despite their potential, the adoption of UASs is hindered
by gaps in understanding platform capabilities, sensor payloads, regulatory challenges,
and data processing techniques. Addressing these gaps is crucial for leveraging UASs in
efficient, safe, and effective bridge inspections.

Traditional bridge inspection methods, which rely solely on visual assessments, have
several limitations. These methods are labor-intensive, time-consuming, and often require
inspectors to access complex or hazardous areas. Moreover, results can vary between in-
spectors due to subjective judgment and differing levels of expertise, affecting the reliability
of inspections [2]. UASs, also known as drones, have been applied in diverse fields such as
military operations, construction, imaging and video mapping, medical services, search
and rescue, parcel delivery, exploration of hidden areas, oil rig and power line monitoring,
precision farming, wireless communication, and aerial surveillance [3].

UASs have sparked great interest among government and business entities due to
their adaptability to a wide range of missions. These include surveys, emergency response,
education and outreach, safety inspections, and assessments of various infrastructure
components. Consistent monitoring of workers’ activities and work settings is regarded
as a proactive approach for addressing safety and health risks and averting potential
accidents on construction sites. Furthermore, the integration of sensors into drones has
revolutionized current inspection methods.

Thermal imaging has found widespread application in inspecting both human-made
and natural environments, ranging from electrical installations and advanced machinery
to buildings. However, thermal imagery suffers from lower resolution, typically around
640 × 512, compared to RGB (Red, Green, Blue) imagery. These technologies use large
datasets to train algorithms that can accurately detect and analyze fractures on a variety of
surfaces, including infrastructure components, industrial machines, and bridges. Inspectors
can improve the efficiency and accuracy of crack detection processes by leveraging machine
learning capabilities, resulting in improved maintenance plans, enhanced safety measures,
and longer-lasting structural integrity across a wide range of applications and industries [4].

Current UAS and sensor technologies demonstrate substantial capacity to facilitate
bridge inspections. They enhance accessibility, reduce traffic disruptions and costs, in-
crease efficiency and safety, minimize environmental impact, and provide enriched data for
informed decision-making. UASs have been deployed for multiple inspection tasks, includ-
ing initial/inventory, routine, in-depth, fracture-critical, special, and damage inspections.
They enable capturing images of inaccessible areas, gathering data for 3D modeling, and
streamlining inspections by efficiently acquiring data. These capabilities improve safety,
accuracy, and comprehensiveness, offering actionable insights for bridge maintenance
and management.

The objective of this study is to determine which commercial UAS is effective and
suitably equipped for bridge inspection. It focuses on enhancing safety and reducing
risks by accessing difficult-to-reach areas, minimizing manual intervention in hazardous
environments, and improving worker safety. The study examines technical capabilities
and limitations of drone technology, including flight stability, payload capacity, sensor
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accuracy, and data processing. It compares fixed-wing, rotary-wing, and hybrid drones
in terms of flight characteristics, maneuverability, and suitability for various bridge types
and environments. Furthermore, it evaluates payload and sensor integration, including
high-resolution cameras, Light Detection and Ranging (LiDAR) sensors, thermal imaging,
and other remote sensing technologies, to assess their effectiveness in capturing detailed
inspection data.

Moreover, this study investigates the endurance limitations and range of different UAS
platforms, including considerations for battery life, operational range, and the capability of
conducting long-distance inspections of bridges over rivers, highways, and other large areas.
In addition, it specifically addresses the ability to incorporate autonomous flight strategies,
navigation and communication systems, and obstacle-avoidance systems into all drone
platforms. Each of these considerations is integral to improving the safety, effectiveness,
and reliability of bridge inspections. They ultimately highlight the need for enhanced
inspection capacity compared to traditional methods and provide an opportunity to take
advantage of the full capabilities of drone technology for effective and safe inspections
with long-term sustainability.

Despite significant advancements in UAS-based bridge inspection, practical and au-
tonomous deployment remains constrained by several unresolved technical challenges.
Existing studies often focus on individual components such as sensing or defect detec-
tion, whereas system-level limitations related to localization, defect quantification, and
platform capability are less consistently addressed. Identifying and synthesizing these
core challenges is essential for understanding current research gaps and guiding future
developments.

Although research on UAS-based structural health monitoring is expanding, most
studies primarily list available platforms and sensor specifications without systematically
evaluating performance trade-offs in real-world inspection scenarios or providing practical
selection guidelines for practitioners.

This paper addresses these gaps by analyzing commercially available UAS platforms
based on key operational criteria, including flight performance, autonomy, payload in-
tegration, communication systems, and cost. It provides a structured decision-making
framework for transportation agencies and inspection teams to select the most suitable
UAS for specific bridge inspection tasks. Although LiDAR-based UASs are increasingly
used for infrastructure mapping and inspection, this study primarily focuses on UAS pho-
togrammetry platforms and imaging-based data acquisition. LiDAR capability is discussed
only at a conceptual level to clarify platform compatibility and operational considerations,
rather than focusing on detailed LiDAR data acquisition and processing workflows.

2. Uncrewed Aerial Systems (UASs) and Research Methodology
This study adopts a structured review methodology to ensure transparency, repro-

ducibility, and technical completeness, addressing the requirements of a comprehensive
systematic review. A targeted literature search was conducted using established scientific
and engineering databases and digital libraries relevant to civil infrastructure, remote sens-
ing, and UASs focusing on a time span from 2014 to 2025 to capture modern advancements
in UAS-based bridge inspection. The search strategy was developed using combinations
of keywords related to UAS-based bridge inspection, including UASs, bridge defect in-
spection, infrastructure monitoring, remote sensing, photogrammetry, real-time kinematic
technology (RTK), operational effectiveness.

This review included studies that focused on UAS platforms, sensing technologies,
inspection procedures, defect detection, and data processing for bridge infrastructure.
Studies that were not technically relevant or lacked sufficient methodological detail were
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excluded. Titles, abstracts, and full texts of relevant studies were screened, and key technical
information was collected and organized following the framework presented in the Drone
Systems, Research Methodology, Case studies, Results, Discussion and Conclusion sections.

UAS-based bridge inspection has rapidly evolved from early exploration work demon-
strating the potential of UASs to improve traditional visual inspection by enhancing safety,
accessibility, and data collection efficiency, to increasingly sophisticated studies that inte-
grate advanced sensors and autonomous operational strategies. Initial reviews highlighted
the advantages of UASs equipped with visual imaging and basic remote sensing for cap-
turing high-resolution imagery of bridge components, enabling surface defect detection
and 3D model reconstruction that surpasses certain limitations of manual inspection [5].
As UAS platforms matured into fully comprising aircraft, control systems, GNSS/Inertial
Measurement Units (IMUs) navigation, and payload sensors, research expanded to examine
how platform choice and sensor configurations (RGB cameras, LiDAR, thermal infrared,
multispectral) affect data quality, operational resilience, and defect detection capabilities [6].

Concurrently, studies began addressing flight planning, path optimization, and op-
erational challenges to improve inspection efficiency under environmental constraints,
highlighting that effective UAS inspection is not only about sensor quality but also about
mission planning and autonomous control. More recent work has also incorporated com-
puter vision and AI-enabled analysis to automate defect recognition, although research
shows that achieving reliable, fully automated inspection remains an ongoing focus [7].

To enhance practical relevance, commercially available UAS platforms commonly used
for bridge inspection were also reviewed using official manufacturer product resources.
Specifications from established UAS manufacturers, such as DJI, Skydio, Teledyne FLIR
SIRAS Systems, EVO Max 4N/4T, EVO II Pro 6K Enterprise Bundle, Leica BLK2FLY were
considered to evaluate payload capacity, sensor compatibility, flight endurance, positioning
accuracy, collision avoidance, and operational constraints. Incorporating manufacturer-
provided information enables direct alignment between research findings and deployable
UAS technologies used in current bridge inspection practice.

2.1. Classification of Uncrewed Aerial Systems (UASs)

With the growing demand for efficient and accurate bridge inspection methods, UASs,
commonly known as drones, have become useful tools for data collection and structural
assessments. UASs can be generally classified as bridge inspection drones based on their
flight mechanisms and operational capabilities. The three major categories of drones are
fixed-wing, rotary-wing, and hybrid drones.

Fixed-wing drones have a streamlined, aerodynamic design, enabling efficient, long-
range flights. They are suitable for large-scale bridge inspections covering vast areas and can
capture high-resolution imagery and LiDAR data. Fixed-wing UASs generate lift via wings
and may incorporate various wing designs, including multiple wing pairs, depending on
mission requirements. Moreover, they can feature different tail configurations in terms
of count, placement, and shape, but the flight mechanism is based on the production of
lift using lifting surfaces. These differences in the configurations of fixed-wing drones are
aimed at increasing their performance, maneuverability, and payload capacity. A typical
fixed-wing UAS consists of a wing, horizontal and vertical tail, fuselage, and a motor to
produce the required lift [8].

Fixed-wing drones are efficient for long-range, large-area surveys but have operational
limitations that reduce spatial resolution. They must maintain a minimum forward speed
and often fly at higher altitudes, increasing ground sampling distance (GSD) and reducing
fine detail compared with multi-rotor systems [9]. Their inability to hover and continuous
motion make high-overlap imaging over specific structural features difficult, requiring
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faster shutter speeds and careful flight planning to avoid motion blur [10]. These factors
make fixed-wing UAS suitable for broad mapping but less optimal for close-range, high-
resolution inspections.

Rotary-wing drones are characterized by multiple rotors arranged in a vertical configu-
ration, providing vertical takeoff and landing (VTOL) capability and high maneuverability.
They are well suited for close-range inspections of bridge components, such as decks, tow-
ers, and cables, in confined spaces. These drones are known as quadcopters, hexacopters,
tri-copters, and helicopters, represent the different types of rotary-wing UASs. Moreover,
rotary wing drones are designed for monitoring the ground situation from the air, for
instance, detecting and tracking border states, detecting and tracking borders, military
equipment, or other surveillance tasks. They have limited speed and payload compared to
fixed-wing drones [11].

Rotary-wing drones possess inherent stability and hovering capability, allowing them
to maintain a steady position in the air, even in windy conditions or turbulent environments.
They can perform vertical take-offs and landings, eliminating the need for a runway or open
area. This makes them more suitable for operating in confined construction sites or areas
with limited space. Rotary-wing drones are relatively easier to operate than fixed-wing
drones and can be flown by pilots with less training and experience, making them accessible
for small-scale civil engineering projects or businesses with limited resources [12].

Hybrid Drones combine features of both fixed-wing and rotary-wing, offering ver-
satility in flight capabilities. They can transition between vertical and horizontal flight
modes, making them suitable for various inspection scenarios, including long range sur-
veys and detailed close- up inspections. Hybrid UASs are combinations of Vertical Takeoff
and Landing (VTOL) and Horizontal Takeoff and Landing (HTOL) aerial vehicles. This
category of drones offers the benefits of both groups simultaneously with greater efficiency
and performance.

In the last few decades, hybrid UASs have attracted the attention of researchers and
companies. The development of hybrid UASs is still in its infancy, and there is a consider-
able space for design philosophy, dynamics modeling, control, guidance, navigation, and
robustness of these types of drones. Hybrid drones have more complex flight dynamics
than fixed-wing and multi-rotor drones, specifically during their transition phase. Major
hybrid designs include tilting mechanisms to switch between HTOL and VTOL configura-
tions, including tilt-body, tilt-wing, and tiltrotor UASs, while another approach uses using
non-tilting solutions, such as dual-system and rotary-wing UASs [8].

Despite their operational advantages, hybrid UASs are generally more expensive and
complex than conventional fixed-wing or rotary-wing systems. The increased cost arises
from the integration of dual propulsion and transition mechanisms, advanced control
systems, and additional maintenance requirements. These factors can limit widespread
adoption and require specialized training for safe and efficient operation, as noted in recent
studies on hybrid UAS design and applications [13].

Commercial UASs frequently adopted for infrastructure inspection range from com-
pact consumer-grade platforms such as the DJI Mavic and DJI Phantom series [14,15] to
autonomous navigation systems like Skydio X10D and Skydio 2+ [16,17], and enterprise-
grade models including Matrice 350 RTK and Leica BLK2 [18,19]. Advanced inspection
scenarios often require extended flight times, multiple payloads, or thermal imaging ca-
pabilities, which are offered by platforms such as the EVO Max series, EVO II Pro 6K
Enterprise, Teledyne FLIR SIRAS, and DJI Inspire 3 [20–24].

Currently, numerous commercial UASs serve aerial photography, surveying, mapping,
inspection, and enterprise applications. Table 1 summarizes key models, including payload
capacity, imaging capabilities, durability, and features relevant to engineering, research, or
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industrial applications. In selecting UAS platforms for bridge inspection, it is important to
balance operational cost, maneuverability, ease of deployment, and sensor payload avail-
ability. Recent studies show that commercially available UASs are increasingly adopted
by transportation agencies and consultants, providing high-resolution imagery, thermal
sensing, and RTK-enabled georeferencing at lower costs than conventional inspection
methods [14–24].

Table 1. Commercially available UASs used for inspection and mapping applications.

Name Picture Vendor Payload
Capacity (Kg)

Pay Load
Type References

DJI Mavic Series https://www.dji.com/
support/product/mavic-3 0.89 Fixed [14]

DJI Inspire 3
 

https://www.dji.com/inspire-
3/specs 4.31 Modular [24]

DJI Phantom
4 Series

 

https://www.dji.com/
phantom-4-pro-v2/specs 1.37 Fixed [15]

DJI Matrice 350
RTK

https://enterprise.dji.com/
matrice-350-rtk 9.2 Modular [18]

Skydio X10D https://www.skydio.com/x1
0d/technical-specs 2.49 Modular [16]

Skydio 2+

 

https://www.skydio.com/
skydio-2-plus-enterprise 2.49 Fixed [17]

Leica BLK2FLY
https:

//shop.leica-geosystems.com/
leica-blk/blk2fly/tech-specs

2.6 Fixed [19]

EVO Max 4N

https://shop.autelrobotics.
com/collections/autel-evo-
max-series-for-theme-2023

/products/evo-max-4n-copy

1.99 Modular [20]

EVO Max 4T

https://shop.autelrobotics.
com/collections/autel-evo-
max-series-for-theme-2023

/products/evo-max-4t-copy

1.99 Modular [21]

EVO II Pro 6K
Enterprise Bundle

https://shop.autelrobotics.
com/collections/autel-evo-ii-

series/products/evo-ii-pro-6k-
enterprise-bundle-v3

2.0 Modular [22]

Teledyne FLIR
SIRAS

https://www.flir.com/
products/siras/?vertical=

suas&segment=oem
3.1 Modular [23]

The drones listed in Table 1 vary in payload capacity, imaging capabilities, durability,
and special features designed for different engineering, research, or industrial use.
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2.2. UAS Specifications and Selection Criteria

Once UAS types are classified, it is essential to evaluate their technical specifications
to determine suitability for bridge inspection tasks. A drone specification outlines the
various characteristics and capabilities of the drone, including its physical dimensions,
flight performance, payload capacity, control systems, and other relevant features. These
specifications provide detailed information that enables users and operators to understand
the capabilities and limitations of a drone and to make informed decisions regarding its
suitability for specific inspection applications.

Flight time is a critical consideration when inspecting a bridge using a drone, as it de-
termines how long the platform can operate on a single battery charge and directly impacts
inspection coverage and operational efficiency. Among major platforms, the DJI Matrice 350
RTK demonstrates the longest endurance at 55 min, whereas the Leica BLK2FLY exhibits
the shortest operating time at 13 min, despite its larger battery capacity, highlighting the
importance of overall system design efficiency. More compact platforms, such as the DJI
Mavic series and Phantom 4, offer endurance ranging from 30 to 46 min. Enterprise-level
drones, including the EVO Max 4N/4T and EVO II Pro 6K, achieve approximately 42 min of
flight time, while the Skydio X10D and Skydio 2+ provide 40 min and 27 min, respectively,
balancing endurance with autonomous performance capabilities. The DJI Inspire 3 exem-
plifies a high-speed platform that trades endurance (28 min) for speed, whereas systems
such as the Teledyne FLIR SIRAS, equipped with high-capacity batteries and high-altitude
capability, offer extended operational range rather than maximum speed. Therefore, flight
endurance plays a key role in structuring effective inspection missions and maximizing
operational efficiency.

However, these manufacturer values are based on ideal indoor conditions. Empirical
studies show that real outdoor flight endurance is often lower and more variable due to
wind, temperature, and other environmental factors. For instance, DJI Matrice 100 flights
in varied outdoor conditions totaled 10 h 45 min across 209 flights, while median flya-
bility for commercial drones under real weather constraints is only 5.7 h/day (2 h/day
in daylight) [25,26]. These findings emphasize that field-measured endurance should be
considered for mission planning to ensure operational efficiency.

Drone speed during inspection is another important operational parameter. Assuming
that camera processing capabilities are sufficient, higher air speed allows inspections to
be completed more rapidly; however, increased speed may also accelerate battery deple-
tion. Although comprehensive field testing is required to determine optimal platform
performance for specific inspection scenarios, this review evaluates each operational pa-
rameter independently for comparative purposes. To assess endurance and efficiency,
Table 2 presents a comparison of key operational specifications for selected commercially
available drones commonly used in infrastructure inspection, illustrating the variation in
performance among compact multirotor systems, autonomous platforms, and advanced
UASs [14–24].

2.3. UAS Flight Operations and Data Processing

Beyond hardware characteristics, successful bridge inspections rely on well-planned
flight operations and robust data-processing workflows. Efficient bridge inspection using
UAS requires systematic workflow encompassing mission planning, flight execution, and
post-flight data evaluation. Such a workflow ensures safe and efficient operations while
optimizing the quality and completeness of collected data. The following sections address
key workflow components, including flight planning software, pre-flight path design, and
post-flight 3D modeling and data analysis.
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Table 2. Performance characteristics of selected drone platforms.

Name
DJI Mavic

Series
[14]

DJI Phantom
4 Series

[15]
Skydio X10D

[16]
Skydio 2+

[17]
DJI Matice

350 RTK
[18]

Leica
BLK2FLY

[19]

EVO Max
4N
[20]

EVO Max
4T

[21]

EVO II Pro 6K
Enterprise Bundle

[22]

Teledyne
FLIR SIRAS

[23]

DJI Inspire
3

[24]

Max Flight Time
(min) 46 30 40 27 55 13 42 42 42 31 28

Battery Capacity
(Mah) 5000 6000 8419 5410 5880 6750 8070 8070 7100 12,000 4280

Ascent speed
(m/s) 8.0 6.0 6.0 N/A 6.0 N/A 8.0 8.0 8.0 6.0 8.0

Descent speed
(m/s) 6.0 4.0 4.0 N/A 5.0 N/A 6.0 6.0 4.0 4.0 8.0

Horizontal speed
(m/s) 21.0 N/A 20.1 16.1 16.0–23.0 5.0 23.0 23.0 20.0 18.0 26.10

Max Altitude (m) 6000 6000 4572 4572 6000–7000 1800 4000 4000 6920 N/A 3800

Max Flight
Distance (km) 30.0 6.0–10.0 9.97–12.0 5.98 8.0–20.0 N/A 8.0–20.0 8.0–20.0 8.0–12.0 9.65 8.0–15.0

Note: 1 m/s = 3.28 ft/s, 1 m = 3.28 ft, 1 km = 3280.84 ft.
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2.3.1. Flight Planning/Guidance Software Compatibility for Drones

Flight planning and guidance software are essential for safe and efficient drone opera-
tions, providing functionalities such as waypoint navigation, geofencing, obstacle avoid-
ance, and real-time telemetry. These tools enable operators to predefine flight paths, monitor
UAS performance, and mitigate operational risks. Mission Planner offers capabilities for
mission planning, vehicle configuration, and real-time flight monitoring. Similarly, UgCS
supports multiple drone platforms and integrates with applications such as DroneDe-
ploy, Pix4D Capture, and eMotion X, while providing advanced features including 3D
mission planning, block flight planning, orthoimage integration, and digital elevation
modeling [27].

Commercial software solutions, including Agisoft Metashape, DJI Terra, Pix4D, and
DroneDeploy, are widely used for post-processing and data analysis. Agisoft Metashape
facilitates the generation of high-resolution 3D models and orthophotos, while DJI Terra
provides intuitive mapping and modeling tools optimized for DJI drones. Pix4D supports
multiple platforms with cloud integration and real-time processing, and DroneDeploy
automates flight planning and data analysis to enhance operational efficiency. The inte-
gration of these software tools with UAS hardware improves data accuracy, operational
efficiency, and overall mission effectiveness, making them indispensable in contemporary
drone applications [28].

2.3.2. Pre-Flight Path Design for Drones

Before takeoff, the flight path must be designed by considering factors such as mission
objectives, airspace regulations, weather conditions, and potential hazards. Drone-specific
constraints, including battery life, maximum operational range, and payload capacity,
also influence path design. Superstructure mapping paths are designed as straight-line
trajectories aligned with the bridge’s longitudinal axis and are executed using both nadir
and oblique camera orientations to capture comprehensive surface details. Substructure
mapping paths are planned as linear flight routes parallel to the bridge’s lateral elevation,
conducted at multiple heights with varying camera tilt and yaw angles, including upward-
facing views to facilitate underdeck inspection. When operationally feasible, each vertical
pier is additionally surveyed using spiral or Point-of-Interest (POI) flight maneuvers along
its full height, ensuring complete three-dimensional surface coverage [29].

2.3.3. Post-Flight 3D Modeling and Analysis for Drones

After the flight, collected data is processed and analyzed to generate useful outputs.
Post-flight processing typically includes the generation of 3D models, orthomosaics, digital
surface models (DSMs), point clouds, and other visual representations. Data analysis tools
can extract valuable insights from data for various applications such as precision agriculture,
infrastructure inspection, environmental monitoring, and disaster response. In the context
of bridge inspection, detailed three-dimensional models derived from spiral Point-of-
Interest (POI) flight paths enable the extraction of critical structural information, including
bearing quantity, spacing, typology, the presence of retention devices, restrained degrees
of freedom, and allowable longitudinal and transversal displacements. Such information
is often difficult to obtain using conventional inspection techniques, demonstrating the
effectiveness of UAS-based data processing workflows [29].
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2.4. Software

The data captured during flight operations must be processed using specialized
software to convert imagery into measurable engineering information. Software tools for
photogrammetry, mapping, and modeling transform raw UAS data into three-dimensional
reconstructions, and quantitative outputs.

Agisoft Metashape Professional V 1.7.3, PIX4Dmapper V 4.4.12, Drone Deploy, and DJI
Terra V 3.7.6 are among the most widely used software packages for UAS modeling. This
study compares these four applications, considering data-processing time, output quality,
and overall compatibility with the drone platform. Table 3 summarizes the specifications
of the four software programs used for photogrammetry and 3D point cloud generation.
Among these tools, Pix4D and Drone Deploy are particularly efficient for advanced cloud-
based drone mapping, offering user-friendly interfaces and robust functionality. However,
Agisoft Metashape provides the best value for offline processing, delivering strong 3D scan-
ning and mapping capabilities through a one-time, low-cost licensing model. For advanced
users operating DJI platforms, DJI Terra is highly capable but comparatively expensive.

Table 3. Key specifications of photogrammetry and 3D point-cloud processing software commonly
used in UAS data analysis.

Specification Sheet Agisoft
[30]

Pix4D
[31]

DroneDeploy
[32]

DJI Terra
[33]

Cloud-based
computing ✓ ✓ ✓ ✓

PC based Computing ✓ ✓ N/A ✓

3D scanning ✓ ✓ ✓ ✓

Drone Mapping ✓ ✓ ✓ ✓

Price per year

Onetime payment
for standard edition

$179 and
professional edition

$3499

Monthly
subscription

$297/month, Yearly
subscription

291/month and
$5990/onetime

payment

$329/month

Standard edition
$1850/per year
Permanent Cost:

$5280

Manufacturing
Country Russia Switzerland United States China

When working with photogrammetry and UAS-based mapping software, hardware
performance plays a crucial role in determining processing speed, efficiency, and the ability
to handle large datasets. While desktop software like Agisoft Metashape, Pix4Dmapper,
and DJI Terra rely heavily on local CPU, RAM, GPU, and storage resources, cloud-based
platforms like DroneDeploy shift most of the computational load to remote servers, re-
ducing local hardware requirements. Table 4 summarizes the recommended hardware
specifications for these widely used software packages, providing guidance for researchers,
engineers, and professionals in drone surveying, 3D modeling, and mapping applications.

According to the study conducted by Jarahizadeh and Salehi [28], Pix4D required
three times longer to process the data, while Agisoft and DJI Terra took significantly less
time. In all three datasets, Pix4D and Agisoft produced point clouds roughly 2.5 times
denser than those produced by DJI Terra, with Pix4D generating slightly denser point
clouds than Agisoft, as shown in Figure 1. Overall, the generated 3D point cloud quality
across various land cover types, such as buildings, hills, and trees, showed no significant
difference in spatial error among the software programs.
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Table 4. Key Recommended Hardware Specifications for Photogrammetry and UAS Platform Data
Processing Software.

Components Agisoft
[34]

Pix4D
[35]

DroneDeploy
[36]

DJI Terra
[37]

CPU (Processor) 8-core i7 or Ryzen 7
quad-core or

hexa-core Intel i9/
Threadripper/Ryzen 9/

N/A
(processing is mostly

cloud/web-based)
CPU i5 or later

RAM (Memory) 32–64 GB 32–64 GB 16 GB or more 32–64 GB

GPU (Graphics) 8–12 GB VRAM
(RTX 3060/3070)

GeForce GTX GPU
compatible with
OpenGL 3.2 and

2 GB RAM

Not required
(cloud processing)

GeForce GTX 1050 Ti,
GeForce GTX 970,
GeForce GTX 960

Storage 1 TB SSD NVMe 60–120 GB SSD Fast SSD recommended
for upload SSD+50 GB Free (better)

OS (Operating System) Windows 11/macOS 13+

Windows 10, 64 bits
(Windows 11)

(https://community.
pix4d.com/t/windows-

11-issue-with-pix4
dmapper-pix4dfields-
pix4dsurvey-and-pix4
dmatic-e9041/20960;

accessed on
15 February 2026)

Windows/macOS/modern
browser Windows 10/11
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Figure 1. Comparison of the number of points generated in dense point-cloud reconstruction using
different software tools.

As a result, longer computational times for Pix4D and Agisoft would be expected
compared to DJI Terra. However, Pix4D exhibited an unexpected trend showing processing
times approximately three times longer than those of both Agisoft and DJI Terra across
all datasets in Figure 2. This finding indicates a notable disparity in processing efficiency
among the evaluated software platforms [28].

2.5. Range

While software enhances data quality, the operational range determines the mission
scope and feasibility. Range refers to the maximum distance a drone can travel from its
controller or base station while maintaining communication and control. Factors influ-
encing range include the drone’s communication technology (such as radio frequency or
cellular), battery capacity, signal interference, and regulatory restrictions. Extending the
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range often involves optimizing communication protocols, using higher-capacity batteries,
and employing signal-boosting techniques, such as directional antennas.
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Figure 2. Comparison of computational time using different software tools.

2.6. Collision Avoidance Systems

Another factor critical to safe UAS operation is collision avoidance. Collision avoid-
ance systems are essential for ensuring the safety of UAS operations, particularly in envi-
ronments with obstacles or other aircraft. These systems use sensors (such as ultrasonic,
LiDAR, radar, infrared, or cameras) to detect obstacles in the drone’s flight path and auto-
matically adjust its trajectory to avoid collisions. Advanced collision avoidance systems
may also incorporate artificial intelligence algorithms to predict potential collisions and
take proactive avoidance measures.

For infrastructure inspection applications, commercial UAS platforms differ signifi-
cantly in their collision-avoidance sensing capabilities, depending on sensor type, sensing
direction, and platform configuration. Short-range platforms like DJI Phantom 4 Series
(0–10 m) and Leica BLK2FLY (1.3–3 m) are ideal for precise inspections in confined ar-
eas. Mid-to-long-range platforms such as Mavic 3 Enterprise (forward 0.5–20 m, obstacle
200 m), Matrice 350 RTK (0.7–40 m horizontal, 0.6–30 m vertical), EVO Max 4N/4T (for-
ward 0.5–31 m, vertical 0.2–26 m), DJI Inspire 3 (lateral 1.5–42 m, vertical 0.2–48 m), and
Teledyne FLIR SIRAS (forward up to 30 m) enable monitoring of large or hard-to-access
structures [15–24,38].

2.7. Weather

Weather conditions significantly impact drone operations, affecting factors such as
flight stability, visibility, and sensor performance. UASs must contend with wind, rain, fog,
temperature fluctuations, and other environmental conditions. Weather monitoring and
forecasting tools help drone operators make informed decisions about when and where to
fly safely. Additionally, UASs may be equipped with weather-resistant features, such as
sealed electronics and waterproof casings, to withstand adverse conditions.

2.7.1. Wind

Collecting data is necessary before conducting any inspection. Research findings
suggest operating the simulated quadcopter when the wind is not greater than 11 m/s [39],
which coincides with the suggestions by DJI for its Inspire models that have a maximum
tolerance of 13.85 m/s. The data can be generalized by saying not to fly the UAS if the wind
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speed is more than 70 percent of, or higher than, the manufacturer’s specification. Bridges
have different wind turbulence on different elements according to [40], a case study of a
bridge’s top side and underside speed is presented in Table 5.

Table 5. Example wind-speed data collected along US-70 Eastbound over the East End Connector,
Durham, NC [39].

Bridge Wind Condition Wind Speed (m/s) Wind Gust (m/s)

Above Bridge
(4 September–1 October 2020) Max. 50.06 Avg. 1.16 Max. 10.06 Avg. 2.63

Below Bridge
(10 May–8 July 2021) Max. 5.99 Avg. 0.13 Max. 11.97 Avg. 1.52

Note: 1 mph = 0.447 m/s.

2.7.2. Ingress Protection Rating

The Ingress Protection (IP) rating classifies the degree of protection provided by
enclosures against intrusion of solid objects, dust, accidental contact, and water. The IP
rating typically consists of two digits, where the first digit indicates protection against
solids, and the second digit indicates protection against liquids. For example, an IP68 rating
signifies the highest level of protection against both solids and liquids, making the device
fully dust-tight and suitable for continuous immersion in water under specified conditions.
This parameter is provided by manufacturers and helps gauge which UASs are susceptible
to environmental effects. Since inspections are conducted in various weather conditions,
the drone should also be able to adapt to the situation.

2.7.3. Operating Temperature

Operating temperature refers to the range within which a drone can safely and reliably
operate. Drones, like most electronic devices, have specified operating temperature ranges
that dictate their performance and durability in various environmental conditions. Because
drones vary in operating temperature, selecting a platform suited to the site’s extreme
conditions is essential. Table 6 presents weather parameters and summarizes the drones
used in this review.

2.8. Sensors and Stabilization

In addition to external environmental effects, UAS performance relies heavily on inter-
nal sensors and stabilization mechanisms. Sensors play a critical role in drone operation
by providing feedback on the drone’s orientation, position, altitude, speed, and environ-
mental conditions. Common sensors include gyroscopes, accelerometers, magnetometers,
GPS receivers, barometers, and altimeters. Stabilization systems integrate data from these
sensors to maintain flight stability and control, compensating for external forces such as
wind gusts or turbulence. Advanced stabilization algorithms enable drones to maintain
precise flight paths and capture stable aerial footage, even under challenging conditions.

Beyond these core sensors, drones also incorporate specialized sensing and imaging
technologies that support mission-specific objectives. Camera and video systems, along
with guidance sensors are three key components which collectively enhance data acquisi-
tion accuracy, navigation precision, and visual performance in UAS-based inspection and
monitoring applications.
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Table 6. Representative environmental parameters affecting UAS performance under varying weather
conditions.

Name Max Wind Resistance
(m/s)

Ingress
Protection Rating

Operating Temperature
(C)

DJI Mavic Series [14] 11.99 N/A −10◦ to 40◦

DJI Phantom 4 Series [15] 9.99 N/A 0◦ to 40◦

Skydio X10D [16] 12.52 IP55 −16◦ to 45◦

Skydio 2+ [17] 11.18 N/A −5◦ to 40◦

DJI Matice 350 RTK [18] 11.99 IP55 −20◦ to 50◦

Leica BLK2FLY [19] 11.99 IP54 5◦ to 35◦

EVO Max 4N [20] 12.07 IP43 −20◦ to 50◦

EVO Max 4T [21] 12.52 IP43 −20◦ to 50◦

EVO II Pro 6K Enterprise Bundle [22] 17.44–20.56 IP43 −10◦ to 40◦

Teledyne FLIR SIRAS [23] 4.96 IP54 5◦ to 50◦

DJI Inspire 3 [24] 11.99–13.99 N/A −20◦ to 40◦

Note: 1 mph = 0.447 m/s; 1 ◦C = 32 ◦F.

2.8.1. Cameras

UASs commonly use cameras for various applications, including aerial photography,
videography, mapping, surveying, inspection, and surveillance tasks. UASs are equipped
with various types of cameras suited for different purposes. The most common type is the
RGB camera, which captures standard color imagery. Camera capacity is often measured
using the equivalent focal length, which adjusts the small sensors in drones to achieve a
field of view comparable to a full-frame camera. Thermal cameras detect heat or infrared
radiation and are primarily used for search and rescue, building inspections, and wildlife
monitoring. LiDAR sensors emit laser pulses to generate accurate 3D maps of terrain and
structures, making them particularly valuable for mapping and engineering applications.

2.8.2. Guidance Sensors/Cameras and Real-Time Kinematic (RTK) Capabilities

Global Navigation Satellite System (GNSS) receivers, such as GPS (Global Position-
ing System) and GLONASS, provide accurate positioning and navigation data for UASs.
GNSS is essential for autonomous flight modes, waypoint navigation, and return-to-home
functionality.

Real-Time Kinematic (RTK) is a satellite navigation technique used to enhance the
accuracy of position data obtained from GNSS, such as GPS or GLONASS. RTK provides
centimeter-level positioning accuracy in real time, making it invaluable for applications
that require precise positioning. RTK-enabled UASs receive corrections from ground-based
reference stations in real time.

The selection of UASs for infrastructure inspection is largely contingent on their
technical specifications, namely navigation systems, hovering accuracy, imaging sensors,
sensing technologies, and mobility aspects. A summary of several commercially available
UASs suited for civil engineering and infrastructure projects is included in Table 7. These
UASs are characterized by relevant specifications, including vision systems, GNSS support,
image quality/resolution, ranges of sensing technologies, and thermal sensing capabilities,
which are important for justifying their use in drone inspection applications such as bridge
inspection, construction monitoring, and structural health assessment.

https://doi.org/10.3390/drones10020144

https://doi.org/10.3390/drones10020144


Drones 2026, 10, 144 15 of 40

Table 7. Comparison of commercially available UASs for infrastructures inspection.

Name
DJI Mavic Series

3 Enterprises
[38]

DJI Phantom 4
Series

[15]
Skydio X10D

[16]
Skydio 2+

[17]
DJI Matrice 350

RTK
[18]

Leica BLK2FLY
[19]

EVO Max 4N
[20]

EVO Max 4T
[21]

EVO II Pro 6K
Enterprises

[22]

Teledyne FLIR
SIRAS

[23]
DJI Inspire 3

[24]

Global Navigation
Satellite System

GPS + Galileo +
BeiDou

GPS
GLONASS

GPS Galileo
GLONASS

BeiDou
N/A

GPS
GLONASS

BeiDou
Galileo

N/A
GPS

Galileo
BeiDou

GLONASS

GPS
Galileo
BeiDou

GLONASS
N/A N/A GPS Galileo

BeiDou

Hovering Accuracy Range

Vision ±0.1 m V &
±0.3 m H

±0.1 m V &
±0.3 H VIO: +/−10 cm N/A ±0.1 m V &

±0.3 m H N/A ±0.1 m V &
±0.3 m H

±0.1 m V &
±0.3 m H

±0.1 m V &
±0.3 m H

V: ± 0.5 m
(± 0.48 m)
H: ± 1.5 m

±0.1 m V &
±0.3 m H

GNSS ± 0.5 V&H ±0.5 m V &
±1.5 m H GNSS: +/−1 m N/A ±0.5 m V &

±1.5 m H N/A ±0.5 m V &
±0.5 m H

±0.5 m V &
±0.5 m H

±0.5 m V &
±1.5 m H

±0.5 m V &
±0.5 m H

Real Time
Kinematics

±0.1 m
(with RTK) N/A N/A N/A ±0.0024 m V & H N/A ±0.15 V &

0.1 m H
±0.15 V &

0.1 m H ±0.1 V & 0.1 m H ±0.1 V & 0.1 m H

Image Sensor

UNIT
DJI Mavic 3E: 4/3
CMOS, Effective

pixels: 20 MP
0.025 m CMOS

1/2” 48MP CMOS,
IMX989 0.025 m
50.3 MP CMOS,
64 MP CMOS

Sony IMX577
1/0.058 m 12.3 MP

CMOS

Zen Muse H20,
Zen Muse H20T,
Zen Muse H20N,

Zen Muse P1, and
Zen Muse

5-camera system,
1.6 MP, 300◦ ×

180◦ total, global
shutter

1/0.032 m CMOS,
Effective pixels:

50 M

0.012 m CMOS,
Effective pixels:

48 M
0.025 m CMOS;

20 M pixels
16 MP with 20 MP

mapping mode,
128× zoom

35 mm full-frame
CMOS

Format equivalent
Main camera 24 mm 35 mm 20 mm equivalent 35 mm format

equivalent 29 mm N/A 23 mm 23 mm 29 mm 4.8 mm N/A

Photo size
DJI Mavic 3E:
5280 × 3956

DJI Mavic 3T:
8000 × 6000

4096 × 2160 (4096
× 2160

24/25/30/48/
50p)

8192 × 6144 4056 (H) × 3040
(V) 1080p N/A 8000 × 6000 8192 × 6144 5472 × 3648 N/A 8192 × 5456

Telephoto 162 mm N/A 190 mm
equivalent N/A 32.7–574.5 mm N/A N/A 64–234 mm N/A N/A N/A

Maximum Image
Size 4000 × 3000 N/A 8000 × 6000 N/A 2688 × 1512 N/A N/A 8000 × 6000 N/A N/A N/A

Night N/A N/A N/A N/A Starlight sensor N/A 41.4 mm
8000 × 6000 N/A N/A N/A N/A

Narrow unit N/A N/A 46 mm equivalent N/A N/A N/A N/A N/A N/A N/A N/A

Photo size N/A N/A 9248 × 6944 N/A N/A N/A N/A N/A N/A N/A N/A

Thermal wide N/A N/A 60 mm
equivalent N/A 53 mm N/A 8192 × 6144

4096 × 3072 N/A N/A N/A N/A

Photo size
DJI Mavic 3E:
5280 × 3956

DJI Mavic 3T:
8000 × 6000

4096 × 2160 (4096
× 2160

24/25/30/48/
50p)

8192 × 6144 4056 (H) × 3040
(V) 1080p N/A 8000 × 6000 8192 × 6144 5472 × 3648 N/A 8192 × 5456

Telephoto 162 mm N/A 190 mm
equivalent N/A 32.7–574.5 mm N/A N/A 64–234 mm N/A N/A N/A

Maximum Image
Size 4000 × 3000 N/A 8000 × 6000 N/A 2688 × 1512 N/A N/A 8000 × 6000 N/A N/A N/A
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Table 7. Cont.

Name
DJI Mavic Series

3 Enterprises
[38]

DJI Phantom 4
Series

[15]
Skydio X10D

[16]
Skydio 2+

[17]
DJI Matrice 350

RTK
[18]

Leica BLK2FLY
[19]

EVO Max 4N
[20]

EVO Max 4T
[21]

EVO II Pro 6K
Enterprises

[22]

Teledyne FLIR
SIRAS

[23]
DJI Inspire 3

[24]

Night N/A N/A N/A N/A Starlight sensor N/A 41.4 mm
8000 × 6000 N/A N/A N/A N/A

Narrow unit N/A N/A 46 mm equivalent N/A N/A N/A N/A N/A N/A N/A N/A

Photo size N/A N/A 9248 × 6944 N/A N/A N/A N/A N/A N/A N/A N/A

Thermal wide N/A N/A 60 mm
equivalent N/A 53 mm N/A 8192 × 6144

4096 × 3072 N/A N/A N/A N/A

Photo size N/A N/A 640 × 512 N/A 640 × 512 N/A 640 × 512 640 × 512 N/A 640 × 512
60 Hz N/A

Thermal Tele N/A N/A N/A N/A 196 mm N/A N/A N/A N/A N/A N/A

Photo size N/A N/A N/A N/A 640 × 512 N/A N/A N/A N/A N/A N/A

Video resolution 640 × 512
@30fps

C4K: 4096 × 2160
24/25/30/48/50/60p

100Mbps
3840 × 2880 3840 × 2160 60 fps

2688 × 1512
@30fps,

1920 × 1080
@30fps,

640 × 512
@ 30 fps

N/A
3840 × 2160,
7680 × 4320,

640 × 512
4000 × 3000

5472×
3076
P30

N/A
1080p/60fps
1080p/60fps,

4K/30fps

FPV Camera N/A N/A N/A N/A 1080P × 30fps N/A N/A N/A N/A N/A N/A

LiDAR N/A N/A N/A N/A
Zenmuse L2 4/3

CMOS RGB
camera

420,000 pts/s N/A N/A N/A N/A N/A

Mobility Sensing

Sensing Type
Omnidirectional
binocular vision

system

Surface with
diffuse reflection

material, and
reflectivity > 8%

(such as wall,
trees, humans,

etc.)

6x cameras
in trinocular

configuration top
and bottom

6x cameras in
trinocular

configuration top
and bottom

Omnidirectional Full spherical,
360◦ N/A N/A Omnidirectional

sensing system N/A N/A

Forward 0.5–20 m

0–10 m 20 m 20 m
0.7–40 m

3.0 m (standard
mode) 1.3 m

(indoor mode)

0.5–31 m 0.5–31 m

Accurate
measurement

range: 0.5–18 m

up to 30 m N/A

Backward 0.5–16 m 0.3–23 m 0.3–23 m N/A 0.3–18 m

Lateral 0.5–25 m N/A N/A N/A N/A 1.5–42 m

Upward 0.2–10 m
0.6–30 m

N/A 0.2–26 m 0.2–26 m N/A 0.2–13 m

Downward 0.3–18 m N/A 0.3–23 m 0.3–23 m N/A 1.5–48 m

Obstacle Sensory
Range 0.5–200 m 0.7–30 m 20 m N/A N/A N/A N/A N/A N/A N/A N/A

Infrared Sensing
System N/A 0.2–7 m N/A N/A 0.1–8 m N/A N/A N/A N/A N/A 0–10 m

Note: 1 m = 3.28 ft; 1 in = 0.254 m.
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Existing research indicates that contemporary drones, including the DJI Mavic 3T Enter-
prise, Matrice M350 RTK, and Skydio X10D platforms, are becoming more popular among
practitioners because they provide high-resolution images, RTK support, and autonomous
navigation, enhancing the efficiency and safety of infrastructure inspection operations.

In practical RTK-enabled UAS surveying applications, operators must access correc-
tion data through either local base stations or network-based RTK services. Common
hardware options include manufacturer-provided GNSS base stations such as DJI’s D-RTK
2 mobile station (used in direct positioning workflows with DJI RTK platforms) [41], and
multi-brand portable GNSS receivers like Emlid Reach RS series, which can be configured to
broadcast RTK correction data over NTRIP or radio links to an RTK-capable UAS (Emlid in-
tegration documentation) [42]. In addition to physical base hardware, network-based RTK
services such as the ROCK RTK Network provide real-time correction streams from dense
networks of global reference stations, enabling short baselines and robust centimeter-level
corrections without deploying local base equipment in the field (Rock Robotic documenta-
tion) [43]. Explicit identification of these hardware and service requirements, along with
representative vendors, improves transparency regarding operational considerations, cost
implications, and the reproducibility of RTK-based UAS inspection studies.

2.8.3. Multisource Data Fusion in UAS-Based Bridge Inspection

Multisource data fusion has emerged as a major research hotspot in UAS-based bridge
inspection, as it integrates heterogeneous sensor measurements such as RGB cameras, ther-
mal imagers, LiDAR, and GNSS/IMU data into unified datasets that provide more reliable
and precise structural information than individual sensors alone [6,44]. By combining
complementary data modalities, fusion enhances spatial accuracy, defect detection, and
3D reconstruction capabilities, which are critical in complex inspection environments such
as under bridges or areas with weak GNSS signals [6]. Fusion approaches also support
advanced analytical tasks, including automated defect classification, semantic segmenta-
tion, and structural health evaluation, thereby improving situational awareness for bridge
maintenance and monitoring [44]. Despite these advances, several key challenges remain,
especially in complex scenarios such as UAS-based bridge inspection. Dynamic and un-
structured environments, object occlusions, and narrow or elongated corridors can degrade
feature-based Simultaneous Localization and Mapping (SLAM) performance, while tem-
poral and spatial alignment of asynchronous sensor streams, sensor noise and drift, and
error propagation continue to affect pose estimation and mapping precision [45]. Ad-
dressing these challenges is essential for advancing UAS inspection methods toward fully
automated, intelligent structural health monitoring.

2.9. Frequencies

Communication between the drone and its controller depends on stable transmission
frequencies. UASs are remotely piloted using command-and-control signals, and both
telemetry and payload data are transmitted via radio frequency channels. Higher-frequency
bands reduce the likelihood of signal interruption. Different RF frequencies are allocated
for specific purposes and regulated by government agencies, such as the Federal Com-
munications Commission (FCC) in the United States, Conformité Européenne (CE) in the
European Union, and UK Conformity Assessed (UKCA) in the United Kingdom. When
transitions occur, drones switch from the current frequency to the next available one.

As shown in Table 8, most frequencies lie between 2.4 and 5.8 GHz, a common band
for medium- and short-range transmissions in relatively dense areas. Other frequencies
offering advantages include: the 900 MHz band, which provides better penetration through
obstacles and foliage compared to higher frequencies such as 2.4 GHz and 5.8 GHz, and is
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often used for long-range communication where line-of-sight is limited. Lower frequen-
cies, such as 1.2 GHz and 1.3 GHz, enable longer-range communication and improved
obstacle penetration and are sometimes used for long-range First Person View (FPV) video
transmission and telemetry in specialized drone applications.

Table 8. Operating frequency ranges.

Name Radio Frequency (RF) Channels

DJI Mavic Series [14] 2.400–2.4835 GHz; 5.725–5.850 GHz

DJI Phantom 4 Series [15] 2.400–2.4835 GHz; 5.725–5.850 GHz

Skydio X10D [16]

Connect SL: 2400–2483.5 MHz
5150–5850 MHz

Connect MH: 1625–1725 MHz
1790–1850 MHz
2040–2110 MHz
2200–2300 MHz
2300–2390 MHz
2400–2500 MHz

Skydio 2+ [17] 5.18–5.24 GHz; 5.725–5.85 GHz

DJI Matrice 350 RTK [18] 2.4000–2.4835 GHz; 5.150–5.250 GHz;
5.725–5.850 GHz

Leica BLK2FLY [19] 2.4 GHz access point (flight operation).
5 GHz client (data offload operation)

EVO Max 4N [20]

2.4 G: 2.400–2.476 GHz;
5.2 G: 5.15–5.25 GHz;

5.8 G: 5.725–5.829 GHz Only applies to
FCC, CE (Germany excluded) and

UKCA regions

EVO Max 4T [21]

2.4 GHz/5.8 GHz.
5.2 GHz (only applicable for FCC, CE, and

UKCA regions).
900 MHz (only applicable for

FCC regions).

EVO II Pro 6K Enterprise Bundle [22] 2.400 GHz–2.4835 GHz;
5.725 GHz–5.850 GHz

Teledyne FLIR SIRAS [23] 2.4 GHz; 5.8 GHz

DJI Inspire 3 [24]
2.4000–2.4835 GHz; 5.150–5.250 GHz

(CE: 5.170–5.250 GHz);
5.725–5.850 GHz

2.10. Size and Payload Capacity

UASs vary in size, from small, compact models weighing only a few grams to larger,
industrial-grade drones capable of lifting several kilograms of payload. The size and
payload capacity of a drone determine its suitability for different applications. Smaller UASs
are often used for aerial photography, surveillance, and recreational purposes, while larger
drones handle tasks requiring heavier payloads, such as package delivery, infrastructure
inspection, or agricultural spraying. The type of inspection largely depends on the drone’s
size. Smaller UASs are more susceptible to weather conditions but can access hard-to-reach
areas, such as small culverts or inside box girders, protecting the inspector and saving time
by reducing manual inspection.
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Payload capacity is particularly important for missions that require specialized equip-
ment. Attaching infrared or LiDAR sensors is quite common. As discussed in Section 2.8,
the built-in sensors are relatively weak compared to robust units made by other instru-
mentation companies. Therefore, the drone must have sufficient payload capacity, and the
attached system should be operable using the drone’s built-in gimbal system.

Among commercially available UAS platforms in this study, only the Leica BLK2FLY
and DJI Matrice 350 RTK Enterprise capable of carrying integrated LiDAR sensors, whereas
the DJI Zenmuse L2 provides high-accuracy aerial scanning for topographic mapping,
structural inspection, and surveying applications. In contrast, other UAS models including
DJI Mavic Series 3 Enterprise, DJI Phantom 4 Series, Skydio 2+, Skydio X10D, DJI Inspire
3, Autel EVO II Pro 6K Enterprise Bundle, Autel EVO Max 4N, Autel EVO Max 4 T, and
Teledyne FLIR SIRAS do not natively support integrated LiDAR payloads due to limited
payload capacity and lack of modular sensor mounts. These platforms are primarily
designed for photogrammetric imaging, RGB/thermal capture, or autonomous inspection
tasks rather than survey-grade LiDAR mapping.

2.11. Initial Cost

The initial cost of a drone varies depending on factors such as its size, capabilities,
features, and brand. Entry-level consumer UASs can be relatively affordable, starting
from a few hundred dollars, while professional-grade UASs with advanced features and
capabilities can cost several thousand dollars or more. In addition to the drone itself, other
expenses may include spare batteries, additional accessories, maintenance, and insurance.

2.12. Training and Licensing Requirements

Operating a UAS often requires training, permits, or licenses, depending on the
country and the intended use of the UAS. Recreational drone users may need to comply
with regulations such as registration requirements and adherence to specific operating
guidelines. For commercial UAS operations, operators may need to obtain a Remote Pilot
Certificate or an equivalent license from the relevant aviation authority. Training courses
covering UAS operation, safety procedures, airspace regulations, and emergency protocols
are available to help operators acquire the necessary skills and knowledge to fly drones
safely and legally.

2.12.1. Qualification and Pilot Certification

Under the Federal Aviation Administration (FAA) Small UAS Rule (14 CFR Part 107),
individuals conducting non-recreational UAS operations must hold an FAA Remote Pilot
Certificate [46]. Eligibility requirements include a minimum age of 16 years, proficiency in
the English language, and physical and mental fitness for safe UAS operation. Certification
is obtained by successfully passing the Uncrewed Aircraft General–Small (UAG) aeronau-
tical knowledge examination, which assesses knowledge of UAS regulations, operating
procedures, and safety practices.

During UAS operations, the remote pilot must have the certificate readily accessible.
To maintain certification validity and operational proficiency, certificate holders must
complete FAA-approved recurrent training every 24 calendar months, including the Part
107 Small UAS Recurrent online training courses (ALC-677 or ALC-515, as applicable),
which are provided at no cost [46].

2.12.2. FAA Regulations and Airspace Requirements for UAS Operations

The Federal Aviation Administration (FAA) regulates all aspects of civil aviation,
including UASs, under the National Airspace System (NAS). Commercial UAS operations
are governed by 14 Code of Federal Regulations (CFR) Part 107, which requires operators
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to hold a Remote Pilot Certificate and designate a Remote Pilot in Command (RPIC)
responsible for compliance and operational safety. Part 107 defines key operational limits,
including visual line-of-sight (VLOS) flight, a maximum altitude of 121.92 m above ground
level (AGL) or within 121.92 m of a structure, a maximum ground speed of 87 knots
(44.70 m/s), and minimum weather conditions of 3 statute miles visibility with prescribed
cloud clearances.

FAA rules apply to the entire National Airspace System. There is no such thing as
“unregulated” airspace as shown on Figure 3. UAS operators must distinguish between con-
trolled airspace, where air traffic is actively managed by air traffic control and authorization
is required, and uncontrolled airspace, where traffic is not actively directed. Compliance
with these operational and airspace rules is essential to minimize collision risks, maintain
safe separation from manned aircraft, and support the safe integration of UASs into the
NAS [47].

Figure 3. Airspace classification and operational guidance for small UAS operators [47].

2.12.3. UAS Registration

All UASs must be registered unless they weigh 0.250 kg or less and are flown under
the Exception for Limited Recreational Operations. Registration requires the operator’s
identification, UAS make and model, and a Remote ID, which broadcasts the UAS’s
identification and location for tracking and regulatory compliance. All UASs discussed in
this review exceed 0.250 kg and therefore require registration [48].

2.12.4. Global Applicability of FAA-Based UAS Findings and International
Regulatory Context

The FAA Part 107 framework for UAS operations in the United States is widely re-
garded as a benchmark for commercial drone regulation, establishing pilot certification
requirements, operational limitations, and safety obligations. Although Part 107 applies
specifically to U.S. national airspace, its core safety principles such as pilot competency,
registration, and risk management are reflected in many international regulatory systems,
supporting partial transferability of technical and operational conclusions beyond the
United States. Comparative analyses of the United States, the European Union (EU), and
Japan show that UAS regulations consistently emphasize technical requirements, certifica-
tion, registration, and operational categorization, despite differences in legal structures and
compliance mechanisms. As a result, operational insights derived under FAA guidance,
including training needs and risk-mitigation practices, remain broadly relevant across
jurisdictions [49].
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However, FAA regulatory provisions cannot be directly applied internationally with-
out adaptation. A comparative review of UAS legislation across 35 Organization for Eco-
nomic Co-operation and Development (OECD) countries reveals substantial variation in
aircraft classification such as size, weight, altitude, operational purpose, operational restric-
tions, and pilot qualification requirements. These differences limit regulatory transferability
at the level of legal compliance, even as overarching safety objectives converge [50].

For example, the European Union Aviation Safety Agency (EASA) employs a risk-
based framework that categorizes operations as Open, Specific, or Certified and frequently
requires a Specific Operations Risk Assessment (SORA) for higher-risk missions, in con-
trast to the FAA’s pilot-centered Part 107 model [51]. Similarly, China’s evolving UAS
regulatory framework emphasizes airworthiness certification, operator registration, and
alignment with international standards, reflecting a distinct yet conceptually aligned ap-
proach to aviation safety [52]. Other jurisdictions, including Canada, Australia, Japan,
and India, demonstrate further regulatory diversity, with frameworks tailored to national
airspace management, licensing, and enforcement priorities while pursuing common safety
goals [53,54].

Overall, while FAA Part 107 provides a mature and influential reference, its regulatory
requirements are not universally applicable. FAA-based operational conclusions are there-
fore broadly informative but must be contextualized within local regulatory frameworks to
ensure effective compliance and enforcement.

2.13. UAS Platforms and Sensors for Bridge Inspection

UASs have significantly improved the efficiency and safety of bridge inspections
by enabling rapid access to critical structural components such as decks, piers, fracture-
critical members, and confined spaces, while minimizing the need for scaffolding and
traffic disruptions.

Visual inspection using multirotor UASs equipped with high-resolution RGB cameras
remains the most widely adopted application. These systems allow detailed documentation
of surface defects, including cracks, spalling, and corrosion, and support condition moni-
toring over time. However, RGB-based inspection is limited to surface-level assessment
and cannot directly quantify subsurface deterioration. To address this limitation, infrared
(thermal) sensors are increasingly integrated into UAS platforms. Thermal imaging can
identify temperature anomalies associated with moisture ingress, delamination, and hidden
defects, providing complementary subsurface information. Nevertheless, thermal data
accuracy is influenced by environmental conditions such as solar radiation, wind, and
ambient temperature, requiring careful interpretation [5].

LiDAR and photogrammetry-based UAS platforms enable the generation of dense
three-dimensional point clouds for geometric mapping, deformation analysis, and digital
documentation of bridge components. These technologies are particularly beneficial for
complex geometries and fracture-critical structures but are constrained by higher payload
requirements and computationally intensive post-processing workflows [55].

Inspection in confined or GPS-denied environments, such as the underside of bridge
decks or interior truss elements, remains challenging. UASs utilizing SLAM and sensor-
fusion navigation can operate effectively without GPS, while collision-tolerant platforms
with protective enclosures enhance operational safety during close-proximity inspec-
tions [55,56].

Recent research has emphasized automated defect detection using UAS imagery and
deep learning (DL) models, including U-shaped Convolutional Neural Network (U-Net),
Transformer U-Net (TransUNet), and Mask Region-based Convolutional Neural Network
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(R-CNN), which enable accurate detection, segmentation, and quantitative measurement
of cracks, reducing reliance on manual inspection [57,58].

2.14. Analysis of Photogrammetric Outputs for Bridge Defect Detection and Condition Assessment

Early studies on UAS-based bridge inspection primarily demonstrated the feasibility of
acquiring high-resolution imagery and generating photogrammetric reconstructions. Sub-
sequent research increasingly focused on the analysis of these outputs for defect detection
and bridge condition assessment, reflecting a gradual transition from manual interpretation
to automated and data-driven analysis methods.

Manual analysis of photogrammetric products, including orthophotos and textured
three-dimensional models, was widely adopted in foundational studies. Morgenthal and
Hallermann [59] demonstrated that UAS-based photogrammetry improves accessibility to
bridge components and enhances defect visualization compared to conventional inspection
techniques. Musarat et al. [60] similarly emphasized the value of detailed orthophotos and
3D reconstructions as permanent inspection records. However, manual interpretation is
time-consuming, subjective, and difficult to scale for large photogrammetric datasets.

To reduce dependence on manual inspection, several studies investigated semi-
automated image-processing and computer-vision techniques. These approaches typi-
cally employ thresholding, edge detection, and morphological operations to extract cracks
and surface damage from UAS imagery. Kao et al. [61] integrated laser ranging with
image-processing algorithms to measure crack geometry, achieving improved efficiency.
Nevertheless, rule-based methods are highly sensitive to lighting conditions, surface tex-
ture, and noise, limiting their robustness in real-world bridge inspection scenarios [62].

Recent literature shows a clear shift toward machine-learning and deep-learning
approaches for automated analysis of photogrammetric outputs. Convolutional neural
networks and semantic segmentation models have been successfully applied for crack
detection, corrosion identification, and damage classification. Pokhrel et al. [63] reported
detection accuracies exceeding 95% for concrete bridge deck damage, while Luo et al. [64]
highlighted the increasing use of deep learning for analyzing both two-dimensional imagery
and three-dimensional photogrammetric data.

Despite these advances, challenges remain related to the large volume of photogram-
metric data, environmental effects on data quality, and the need for extensive labeled
datasets. Consequently, hybrid workflows combining automated detection with expert
validation are commonly recommended to ensure reliable and scalable bridge condition
assessment [63,64]. Current research trends emphasize the integration of photogrammetry
with machine learning, cloud-based processing, and digital twin frameworks to support
scalable and repeatable bridge condition assessment.

2.15. Fundamental Technical Challenges in UAS-Based Bridge Inspection

Despite the rapidly growing body of research in UAS-based bridge inspection, there
remain several fundamental technical challenges that continue to limit practical deployment
and autonomous performance. These challenges remain major barriers to reliable and
safe inspection and represent important research topics that should be addressed in a
comprehensive literature review. This section summarizes the key technical challenges and
reviews the main solutions that have been explored in recent studies.

2.15.1. UAS Localization Performance in GPS-Denied Environments

One of the foremost challenges for UAS-based bridge inspection is accurate localization
and navigation in environments where GPS/GNSS signals are unreliable or unavailable,
such as under bridge decks or within constrained structural spaces. Traditional GPS-based
positioning often fails in these areas, resulting in unstable flight and degraded data quality.

https://doi.org/10.3390/drones10020144

https://doi.org/10.3390/drones10020144


Drones 2026, 10, 144 23 of 40

To address this, researchers have explored SLAM techniques integrating onboard sensors
such as cameras, IMUs, and LiDAR’s to provide reliable pose estimation without GPS. For
instance, hierarchical graph-based SLAM has been applied for UAS bridge inspection to
enable mapping and safe navigation under bridges, although feasibility tests are typically
constrained to short paths with minimal movement [56].

2.15.2. Recognition of Various Bridge Defects Under Challenging Conditions

Automated detection of bridge defects, including cracks, spalling, and corrosion, is
hindered by variable lighting conditions, motion blur, and complex backgrounds encoun-
tered during UAS flights. Deep learning-based computer vision techniques have shown
promising results, yet their performance remains sensitive to image quality and the avail-
ability of large, well-labeled datasets [64]. For example, object detection networks such as
YOLOv4 have been successfully applied for crack detection and width estimation from
UAS imagery, achieving high classification accuracy under favorable conditions [65].

2.15.3. Detection of Fine-Scale Defects (e.g., Micro-Cracks)

Detecting fine-scale defects, such as micro-cracks remains a fundamental challenge
due to the resolution limits of UAS imaging systems, distance from the surface, and flight
stability. High-resolution imaging combined with machine learning can identify cracks
accurately in controlled conditions, but achieving similar performance in operational bridge
inspection is difficult. For instance, close-range photogrammetric methods show high crack
detection rates but require precise camera positioning and ideal imaging conditions, which
are not always achievable in UAS flights. The need for balanced imaging resolution, flight
maneuverability, and real-time processing remains key research focus [66].

2.15.4. Geometric Measurement of Defects

Beyond defect detection, accurate geometric measurement, including estimation of
crack width and length, is essential for structural condition assessment and degradation
quantification. UAS-based inspection systems that integrate imaging sensors with ranging
devices, such as laser distance modules, have demonstrated the potential to measure
crack dimensions with millimeter-level accuracy under controlled conditions, reporting
measurement errors of less than 0.8% relative to ground truth. UASs with geometric
calibration and laser distance modules have demonstrated the ability to measure crack
sizes with reasonable accuracy in field tests; however, measurement errors still increase
with flight distance and camera inclination and require careful calibration and control of
imaging geometry. These limitations emphasize the ongoing need for robust geometric
measurement methodologies suitable for autonomous UAS inspection missions [61].

2.15.5. Defect Localization on Bridge Surfaces

Accurately localizing detected defects on physical bridge components, such as spe-
cific girders, joints, and piers, is critical for generating actionable inspection reports and
supporting integration with bridge management systems. This process typically involves
combining photogrammetric reconstructions or point clouds with georeferenced data to
locate defects in three dimensions. Although studies have demonstrated crack localiza-
tion using UAS imagery and point cloud analysis, challenges persist in achieving high
localization precision when GNSS data is unreliable or unavailable particularly beneath
structures. The combination of sensor fusion and relative object positioning through image
stitching has been explored, but a widely accepted framework for robust defect localization
in complex bridge environments has yet to be established [67].
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2.15.6. Development of Specialized UAS Platforms

Standard multirotor UAS platforms face mechanical and operational limitations in
confined spaces or near-contact inspection scenarios. To overcome these challenges, recent
research has proposed specialized UAS designs, including collision-tolerant drones with
protective cages, UASs equipped with robotic manipulators, and hybrid wall-climbing
aerial platforms. While these systems enhance safety and accessibility for close-proximity
inspections, they also introduce increased control complexity, payload constraints, and
energy demands. Consequently, the integration of advanced sensing, autonomous control,
and physical interaction capabilities remains an active research direction, with widespread
field adoption still in its early stage [55].

3. Uncrewed Aerial System (UAS) Application Case Studies
In recent years, the application of UASs in civil and structural engineering has rapidly

expanded, offering highly valuable benefits for inspections and surveys. According to
several studies, the UAS provides advantage over typical conventional methods by reduc-
ing inspection time and costs, minimizing risk by limiting human exposure to dangerous
environments, and enabling access to difficult or hazardous locations. Advancements
in technology, such as LiDAR sensors, thermal cameras, RTK positioning, and 3D imag-
ing, continue to enhance the accuracy and reliability of data collection. As such, the
UAS remains a reliable and preferred method for bridge inspections, coastal surveys, and
construction projects where advanced monitoring is desired.

According to the study conducted by [68], the usability of optical zoom sensors for
bridge inspection using a Zenmuse Z30 (30× optical zoom) mounted on a DJI M210 RTK
drone at the Bates Bridge over the Congaree River. The drone allowed engineers to observe
91% of inspection points, detecting hairline cracks and minor spalling from a safe distance
(Figures 4 and 5), though some areas, such as bearing pads, remained difficult to view.
Economically, UAS inspections reduced costs from $5242 to $3802 per bridge, saving $1440
while minimizing traffic disruptions. The study highlights that high-resolution zoom
cameras enhance safety, data quality, and operational efficiency, especially when combined
with ground control.

 

Figure 4. Minor spalling observed DJI M210 RTK drone [68].
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Figure 5. Bearing unable to see sufficiently [68].

Table 9 summarizes selected case studies, presenting the applications of each drone
and highlighting specific findings derived from their use in engineering-related tasks.
These capabilities not only improve inspection efficiency but also support proactive infras-
tructure management. The ability to access hard-to-reach or hazardous locations further
reduces safety risks for personnel while maintaining the accuracy and consistency of in-
spections. Collectively, these advances establish drones as transformative tools in modern
civil engineering and infrastructure monitoring.

Table 9. Summary of drone-based case studies in bridge and infrastructure inspection.

No. Drone Model Application Key Findings References

1. Skydio Drones
Bridge Inspections

(Collins Engineering,
Chicago, IL, USA).

• 3D scanning & digital twins for pre-inspection.
• Allowed inspectors to detect 70–80% of defects digitally

before field inspections.
• Integration into digital workflows for engineering teams.
• 30% reduction in inspection costs.
• 50% reduction in time in the field (cut fieldwork from

3–4 weeks to 2 weeks).

[69]

2. Skydio Drones

Bridge Inspection
(Colorado River,

Stantec, Edmonton,
AB, Canada)

• Reduced inspection time from 10 to 5 days (50% cost
savings).

• Eliminated need for snooper trucks, harnesses, and lane
closures.

• Improved safety and access to hard-to-reach areas
(columns, girders, arches).

[70]

3. DJI Phantom 4 RTK Coastal Topographic
Survey (Italy)

• Onboard RTK reduced dependency on ground control
points (GCPs).

• Achieved 2 cm GSD at 80 m altitude.
• Efficient for large-scale (2 km) coastal mapping.
• Single GCP sufficient for focal length estimation.

[71]
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Table 9. Cont.

No. Drone Model Application Key Findings References

4. Skydio 2+ Bridge Inspections
(General Use)

• 4K60 HDR camera + 3D imaging.
• Autonomous flight & obstacle avoidance for

complex structures.
• High-resolution close-proximity data capture.

[72]

5. DJI Matrice 300 Bridge Inspections
(General Use)

• High-precision inspections (mentioned alongside
Skydio 2+).

• Capable of advanced sensor integration.
[72]

6. DJI Phantom 4
Glulam Timber Bridge

Inspection (South
Dakota)

• Developed a five-stage UAS inspection methodology
tailored for bridge structural evaluations, from planning to
post-processing.

• Identified and quantified critical defects as 0.18 m2 spalled
area, matching measurements from traditional Department
of Transportation (DOT) inspection reports, demonstrating
reliability.

• Detected cracks, spalling, corrosion, and moisture.
• Matched traditional inspection accuracy.
• Safer, faster, and cost-effective than manual methods.

[73]

7. DJI Matrice M350 Bridge Inspection
(General use)

• Speed up bridge inspections with automated or manual
drone missions.

• Lower inspection costs and enhance inspection frequency
with user-friendly and economical drone solutions.

• Detect cracks, corrosion, and structural issues with
high-resolution sensors.

• Analyze and archive data for ongoing bridge health
monitoring.

[74]

8. Mavic 3T Enterprise Bridge Inspection
(General use)

• Onboard RTK reduced dependency on GCPs.
• Thermal scanner allowed for inspection of concrete

surfaces and allowed for detection of hollow areas in
concrete.

• Features a 1/2-inch CMOS 48 MP wide camera and a
12 MP telephoto camera with 56 × hybrid zoom, enabling
detailed visual inspections of bridge components.

• Optional RTK (Real-Time Kinematic) support provides
centimeter-level positioning accuracy, essential for precise
mapping and inspection tasks.

[75]

9. DJI M210 RTK UAS
Bridge Inspection

Bates Bridge, South
Carolina

• UAS’s 30x optical zoom camera successfully identified
deficiencies such as spalling, loose bolts, and hairline
cracks as small as 0.004 inches.

• UAS reduced the need for Under Bridge Inspection Trucks
(UBITs) and traffic control, resulting in an estimated cost
savings of $1500 per bridge inspection.

• UAS-based land surveys achieved high accuracy, with
points falling to 0.68 cm horizontally and 0.09 cm vertically
of their true locations under optimal conditions.

[68]

10.
DJI Matrice 100 with
Zen muse Z3 zoom

camera

Bridge Inspection
Skodsberg Bridge

(Norway)

• Conducted bridge inspection at Skodsberg Bridge
(Norway); high-resolution images (3000 × 4000) enabled
effective crack/crack dataset creation for machine learning.

[76]

11. DJI Mavic/DJI Inspire Bridge Inspection
(General use)

• Utilizes sonar and visual positioning sensors to maintain
stability in GPS-denied environments.

• UAS-assisted inspections achieved a true positive
detection rate of 64%, which was comparable to the
average human inspector rate of 61% for hard-to-access
steel girders.

[77]
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Table 9. Cont.

No. Drone Model Application Key Findings References

12. DJI Mavic Air 2 Bridge Inspection
(General use)

• Using a low-cost UAS for 3D reconstruction is a viable
alternative to traditional visual inspection (VI) and
expensive high-end UASs.

• 3D digital twin enables automated detection of bridge
damage and provides a permanent record for monitoring
structural health over time.

• 3D reconstructed model successfully identified major
bridge defects such as water-induced deterioration, algal
delamination, and exposed reinforcement.

[78]

13.
DJI Mavic/DJI
Phantom 4/DJI

Matrice 600

Bridge Inspection
(General use)

• Machine learning can segment 3D point clouds into
structural elements (girders, decks) with >99% accuracy in
10 min.

• UAS-based inspection greatly improves efficiency: on-site
time reduced from 2 weeks to 2 h, cost reduced from
$55,000 to $20,000, and inspectors kept safe from
hazardous conditions

[79]

14. DJI Mavic, DJI
Phantom 4 Pro, DJI

Bridge Inspection
(General use)

• GPS-denied areas under bridge decks challenge
navigation; steel and concrete interfere with GPS.

• UASs are effective in detecting surface defects such as
cracks, spalling, corrosion, and moisture.

[55]

15. DJI Series Bridge Inspection
(Idaho and Alaska)

• Inspected beams, abutments, and girders; DJI Mavic;
cracks not detected at 11 m/s wind, detected successfully
at 7 m/s along with corrosion and efflorescence.

• UASs achieved higher point density (5.6M vs. 1.4M
points/m3), improving defect detection despite
higher noise.

• GPS-denied environment; used ultrasonic beacons and
CNN to detect concrete cracks with 96.6% accuracy.

[80]

16. DJI Phantom & DJI
Matrice

Bridge Inspection
(Minnesota, USA)

• On-site UAS-based bridge inspections analyzed with the
CNN protocol successfully identified multiple types of
damage, including splits, cracks, weathered timber, and
paint deterioration, while maintaining low
computational costs.

• Image enhancement techniques, including adjustments to
brightness, contrast, and sharpness, improved the visibility
of structural damage in UAS images and increased the
accuracy of image-based damage measurements.

• The protocol demonstrated reliable quantification of
structural damage, with errors of 2.56% for concrete
column cracks, 5.47% for Cross-Laminated Timber (CLT)
beam cracks, and 9.12% for in-service timber bridges
compared to direct measurement.

[81]

17.
DJI Matrice 600 Pro
with RTK GNSS +

Phase One iXM-100
camera

Bridge Inspection
(General use)

• Employed UAS photogrammetry to capture
ultra-high-resolution image blocks before, during, and
after controlled loading on a reinforced concrete bridge.

• The 3D reconstruction of the bridge using UAS imagery,
combined with RTK-GNSS and geodetic control networks,
achieved high accuracy, with deviations from
displacement transducer measurements below 1 mm.

• UAS-based photogrammetry provides holistic insights
into structural behavior, highlighting areas of bending and
tilt, and can complement classical measurements for
long-term structural health monitoring.

• Dense point clouds derived from UAS data allowed the
extraction of detailed deformation profiles along any axis,
offering flexibility over traditional point or profile
measurements.

[82]
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Table 9. Cont.

No. Drone Model Application Key Findings References

18.

DJI Matrice 300 RTK,
and DJI Zenmuse L1
integrated with RGB
camera on the L1 for

photogrammetry
support

Bridge Inspection
(General use)

• Traditional integrated surveys achieved centimetric-level
precision, while UAS-LiDAR provided moderate accuracy
(5–10 cm) suitable for routine bridge inspections.

• UAS-LiDAR significantly reduced field time, operational
complexity, and overall inspection cost compared with
conventional methods.

• GNSS obstruction beneath bridges affected LiDAR
georeferencing, but accuracy improved through
integration of photogrammetry and GCPs.

[83]

19. DJI Inspire 2 with
Zenmuse X5S

Bridge Inspection
(General use)

• Drone-based inspections can achieve inspection accuracy
comparable to conventional methods, with the ability to
generate 3D models and high-resolution imagery for
detailed damage detection and monitoring.

• UASs significantly reduce inspection time, cost, and
manpower requirements while increasing safety,
particularly in large, complex, or hazardous infrastructures
such as bridges, industrial facilities, and refineries.

[84]

20.
DJI Mavic 3 Enterprise
equipped with a 4/3′′

CMOS camera.

Bridge Inspection
(Belgium)

• Automated damage detection combined with
human-in-the-loop validation produced verified reports
within 4.25 h, reducing manual inspection requirements
and providing actionable data for maintenance planning.

• Photogrammetric 3D models achieved a mean distance
error of 3.2 cm relative to terrestrial laser scans, allowing
precise structural analysis and damage mapping.

[85]

21 DJI Mavic/DJI
Phantom/DJI Inspire

Bridge Inspection
(General use)

• Drone-assisted bridge inspections improve safety,
efficiency, and data quality by enabling access to
hard-to-reach areas without risking personnel.

• Reliable communication networks and advanced
hardware, including lightweight drones and manipulators,
are critical for effective inspections, enabling visual modal
analysis and potential contact-based evaluations.

• Integration of AI and computer vision with drone imagery
allows automated damage detection and extraction of
structural features, supporting faster and more accurate
assessment.

[1]

4. Results and Discussion
4.1. Performance Evaluation of UAS for Bridge Inspection

Structural health monitoring (SHM) for bridge inspection has been revolutionized
since the UAS offers safer, faster, and cheaper methods compared to traditional ones. The
aim of this study was to assess the performance of off-the-shelf, commercial-grade UASs
used in bridge inspection in terms of flight performance, sensor capabilities, and resistance
to environmental conditions, as well as software, regulatory, and compatibility issues.

Notably, rotary-wing UASs (multirotor), such as the Autel EVO Max 4T, DJI Mavic
3 and Skydio 10XD are highly versatile for close-range inspections due to their high-
resolution imagery, maneuverability, and the ability to detect and avoid obstacles. Fixed
wing and hybrid drones are used less often than in the past for bridge inspections, but
are ideal for long-distance flights and large-area mapping. These UASs are also suitable
for confined spaces and complex structural assessments, making them effective for bridge
deck, girder, and cable inspections. Fixed-wing and hybrid drones are less common but
advantageous for long-range surveys and large-area mapping because of their long flight
time and coverage.
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The study also shows the importance of sensor integration, thermal imaging, LiDAR
and high resolution RGB cameras are necessary for detecting structural flaws like cracks,
corrosion and moisture damage. Software solutions such as Pix4D and DroneDeploy are
highly compatible and efficient for data processing, 3D modeling and structural analysis.
Regulatory compliance, including adherence to FAA Part 107 requirements and drone
registration, is essential for safe and legal operation in controlled airspace

4.2. TCO and Cost Analysis

A Total Cost of Ownership (TCO) analysis was conducted to assess the economic
viability of using UAS for bridge inspection compared to conventional inspection methods.
The analysis included both direct and indirect cost items incurred in inspection, including
the baseline inspection costs, UAS acquisition, maintenance, and ongoing operational
costs. The potential for cost savings is associated with shorter inspection times, reduced
labor, minimized lane closures, and elimination of specialized vehicle rentals. The analysis
examined the cost-benefits relationships and the overall financial advantages of using UASs
by considering data published by the DOT, the American Association of State Highway
and Transportation Officials (AASHTO), and other sources in the literature.

Table 10 presents a detailed breakdown of cost components, their descriptions, and the
typical value or range identified from prior research. The findings demonstrate that while
initial acquisition costs are significant, they are offset by long-term savings in inspection
operations. Importantly, UAS integration can save inspection costs up to 40% and reduce
fieldwork time to six hours per inspection. The Benefit–Cost Ratio (BCR) for the application
of UASs is estimated to be about 9, which demonstrates substantial economic viability
at scale.

Table 10. TCO and Cost Analysis of UAS and Traditional Inspection.

Cost Component Description Typical Value/Range References

Traditional Inspection Cost
(Baseline)

Cost of a routine bridge
inspection using

conventional means
(snooper truck, lane

closures, crew).

US $4500–$10,000 per bridge
inspection in U.S. context

(Department of Transportation)
[86]

Cost saving using UAS

Reduction in inspection
cost achieved via UAS

compared to traditional
inspection cost.

Use of UAS resulted in an average cost
savings of 40 percent and an increase
of 2 percent for personnel time saving.

AASHTO report showed that UAS
inspections saved $4350 per standard

bridge deck inspection, reduced
personnel by two people, and

decreased inspection time by six hours.

[87]

Investment/acquisition
cost (Drone + Payload +

Infrastructure)

One-time capital cost for
drone platform, sensor(s),

ground station, etc.

Mean cost of $18,789
Median cost of $15,483 [88]

Cost per inspection using
UAS vs. Traditional

Inspection

Total cost per inspection
using drone (includes

amortized investment +
operational)

Drone based condition monitoring
inspection cost $1770 vs. Traditional

based condition monitoring inspection
cost $7216.

[88]
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Table 10. Cont.

Cost Component Description Typical Value/Range References

Lane-closure/traffic-
control savings

Savings from reduced
traffic disruption when

using UAS vs.
conventional access

equipment.

Direct traffic-control costs range from
$500–$2500 per day of closure. [88,89]

Inspection-vehicle rental
savings

Cost savings from
eliminating the need for

specialized access
equipment such as snooper

trucks, bucket trucks,
scissor lifts, or boom lifts.

Vehicle with operator rental US
$500–$3000/day for snooper truck

(15% to 30% probability).
[88]

Annual maintenance cost
Capital cost amortized

over useful life for
year-to-year cost modeling

Annual maintenance costs for three
UAS and peripheral equipment are

estimated at $4500.
[90]

Recurring operational costs
(UAS program)

Annual costs: software
licenses, data processing,

pilot/analyst labor,
maintenance, batteries,

training.

Cost of the aircraft and accompanying
equipment (batteries, propeller set,

radio modem, remote control, etc.), as
well as operator training and software,

was reported to $39,079. Notably, as
with most technologies, UAS costs are
expected to decrease over time, while

their capabilities are anticipated to
improve.

[90]

Net savings per inspection
(UAS vs. traditional)

Difference between
traditional cost and UAS

cost per inspection

Average net savings are $5043 per
inspection with a median of $493. [88]

Benefit–Cost Ratio (BCR) Ratio of benefits to costs for
UAS adoption

Estimated average cost savings of
approximately $10,000 per bridge

inspection and showed a benefit–cost
ratio of 9 if a UAS bridge inspection

program is implemented.

[90]

4.3. Practice Guidelines (Do’s/Don’ts for DOT Inspectors)

To promote safe, effective, and regulatory-compliant UAS inspections of bridges,
practice guidelines were developed for DOT inspectors. The guidelines are based on
available FAA regulations, the literature, and field practices to provide a common practice
for inspections.

The recommended “Dos” represents practices to help indicate operational readiness,
compliance with regulations and laws, and the effective use of new technologies such as 3D
models and AI. Conversely, the “Don’ts” highlights practices that could negatively impact
inspections safety, compromise data accuracy, or violate regulations, such as flying under
unsafe conditions or operating the aircraft outside the manufacturer’s specifications.

Table 11 presents the associated Do’s and Don’ts for DOT inspectors using UASs
to conduct bridge inspections. The table provides a useful reference to improve safety,
consistency, and quality of data during inspections.
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Table 11. Do’s/Don’ts for DOT inspectors.

Category Guideline Description/Justification References

Do’s

Ensure Regulatory Compliance Ensure compliance with FAA regulations, including 14 CFR Part 107 for operations under
55 lbs. and any applicable exemptions for heavier UASs. [91]

Conduct Pre-Flight Checks Inspect UAS components such as propellers, batteries, and firmware to confirm
operational readiness. [92]

Maintain battery reserve (20–30min) Keep a 20 to 30 min battery reserve charge margin to allow for wind, re-flight, or emergency
landing to ensure effective operations. [1,39]

Utilize 3D Modeling Employ UASs to create detailed 3D models of bridge structures, aiding in comprehensive
analysis and documentation. [93]

Integration with AI Designed to promote the sustainability and efficiency of bridge management, ensuring
infrastructure safety and longevity through more informed, data-driven practices. [87]

Maintain certification and
recurrent training Require FAA Part 107 certification and recurrent training every 24 months. [94]

Integrate with Traditional Methods Use UASs to supplement, not replace, traditional inspection techniques, ensuring all National
Bridge Inspection Standards (NBIS) are met. [87]

Plan for Safety Implement traffic control measures like warning signs and cones to protect the inspection zone. [92]

Don’ts

Fly in marginal weather or over
wind limits

Nearly 21% of the crashes are weather-related every year in the United States and performing
flight missions under hazardous weather conditions remains a difficult task due to safety and
data quality concerns. Avoid flight when weather exceeds manufacturer’s limits; ensure stable

environmental conditions.

[39]

Rely solely on automation Do not finalize safety-critical findings without manual inspection verification. [1]

Overload the aircraft

Provisions of 14 CFR Part 107 apply to most operations of UASs weighing less than 55 lbs.
Operators of UASs weighing greater than 55 lbs. may request exemptions to the airworthiness

requirements of 14 CFR Part 91. Exceeding rated payload reduces endurance and increases
crash risk.

[46,91]

Ignore FAA/airspace regulations Always comply with Remote ID, airspace classification, and waivers when required. [46]

Skip calibration or test flights Perform test flights and pre-mission checks to confirm system functionality. [95]

Rely on one sensor type Combine RGB, thermal, and LiDAR as applicable to ensure complete data coverage. [4]
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4.4. Operational Limitations and Constraints of UAS-Based Bridge Inspection

UASs have significantly enhanced bridge inspection efficiency through rapid visual
data acquisition and remote sensing, but they cannot fully replace human inspectors
or traditional hands-on methods. Drones are effective at capturing high-resolution im-
agery and performing photogrammetric surveys of accessible surfaces, yet tasks requiring
physical interaction such as tactile assessment, material sampling, hammer sounding, or
nondestructive testing (NDT) for internal defects remain beyond their capabilities [88].

UAS performance is also limited in confined, obstacle-rich, or GPS-denied environ-
ments, such as beneath bridge decks or within hollow girders [96]. Most platforms rely
on GNSS for navigation, restricting reliability in these conditions, while flight endurance,
payload limitations, and aerodynamic stability further constrain operations near structural
surfaces. Detailed inspections of fracture-critical members, precise measurements, and
contact-based evaluations therefore still require trained human inspectors or conventional
access methods, including under-bridge platforms, rope access, or scaffolding.

Although UASs improve safety and efficiency in hard-to-reach areas, comprehensive
structural evaluation continues to depend on human expertise and traditional inspection
techniques [55]. The following subsections provide a detailed overview of these opera-
tional constraints.

4.4.1. Under-Bridge-Deck Imagery

A key operational constraint in UAS-based bridge inspection is acquiring detailed
imagery from the underside of bridge superstructures. Most UAS platforms employ
bottom-mounted gimbals that limit the camera’s upward tilt to approximately 40◦ above the
horizon. This restriction significantly reduces the ability to capture high-quality visual data
from the underside of the structure, thereby affecting the effectiveness and completeness of
inspection imaging for components such as girders, bearings, and deck soffits. To address
this limitation, some users have modified existing airframes to incorporate top-mounted
gimbals, while other manufacturers have developed systems equipped with upward-facing
sensors that improve access for under-deck inspection [86].

4.4.2. Technical Constraints

UAS operations are limited by flight time, typically 20–30 min per battery, and re-
stricted range, which can hinder inspections of large construction sites. Environmental
conditions such as wind, rain, and low visibility further constrain UAS performance. Tech-
nical factors including sensor resolution, camera quality, and signal interference can reduce
the accuracy and completeness of collected data, affecting decision-making and inspection
outcome [13].

4.4.3. GNSS Multipath and Signal Loss Under Bridge Structures

UASs have exhibited significant potential for bridge inspection due to their maneuver-
ability and capability to reach areas that are difficult to access. However, the effectiveness
of UASs is reliant on GNSS, which may be unavailable and/or less reliable under bridge
components (e.g., pier, abutment, or support). Auxiliary sensors, such as IMUs, optical
flow sensors, ultrasonic sensors, or Ultra-Wideband (UWB) devices, can help mitigate lack
of GNSS and enable navigation in a GPS-denied environment. However, many of these
technologies experience cumulative positioning error restrictions and the full autonomy
of the UAS is often constrained, necessitating manual control for some operation. Addi-
tionally, relying on high-resolution Digital Elevation Maps (DEMs) to enable measurable
precision increases setup time and decreases productivity [97].
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4.4.4. Environmental and Sensor Limitations

Environmental factors such as wind, rain, fog, and dust can reduce flight stability and
degrade sensor performance. Sensor and imaging constraints, particularly in thermal and
optical systems, may reduce navigation and inspection accuracy in low-contrast or uniform
environments. Small UASs also have limited onboard computational resources, restricting
real-time processing of high-resolution data for mapping, or feature extraction [98].

4.5. Specialized UAS Platforms for Bridge Inspection

Although commercial UAS platforms, such as standard multirotor and quadcopters,
have improved efficiency in bridge inspection by enabling rapid visual data collection, their
practical functionality remains limited in complex structural environments. These platforms
often lack the capability for physical interaction, precise contact-based measurements, and
autonomous operation in GPS-denied or confined spaces [55,99]. Consequently, researchers
have focused on developing specialized UASs tailored to bridge inspection tasks.

One approach involves integrating aerial manipulators with UASs, allowing for sensor
mounting and contact-based inspections on bridge surfaces. Ivanović et al. (2021) [99]
demonstrated an aerial manipulator capable of precisely positioning sensors on structural
components while regulating interaction forces, effectively extending UAS capabilities to
inspection tasks that are challenging or infeasible with conventional platforms. Similarly,
Sanchez-Cuevas et al. [100] developed a fully actuated aerial manipulator for infrastructure
inspection, incorporating advanced modeling, localization, and control techniques to
achieve reliable contact-based measurements near critical structural elements.

In addition to manipulation-enabled platforms, other specialized UASs focus on
enhancing sensing and navigation for non-contact inspections. Nasimi et al. [101] presented
sensor-equipped UASs capable of high-precision, non-contact sensing coupled with UAS
bridge inspection measurements, demonstrating practical field application for structural
health monitoring while addressing limitations of standard UAS payload and sensor
configurations. Further, Ameli et al. [55] evaluated the impact of UAS hardware options
on mission capabilities, highlighting the critical role of UAS design, payload capacity, and
endurance for achieving successful bridge inspection missions in operational environments.

Reviews on aerial robotics for infrastructure inspection emphasize the growing trend
of mission-specific UAS designs that integrate enhanced autonomy, specialized sensors,
and collision-tolerant or hybrid mechanisms for conducting inspection and maintenance
operations on infrastructures such as power lines, bridges, viaducts, or walls involving
physical interaction operations [102]. Collectively, these studies underscore that, while
commercial UASs are useful for routine visual inspections, advanced UAS platforms with
manipulation capabilities, enhanced sensing, and autonomous navigation are essential
for comprehensive bridge inspections, particularly when structural interaction or high-
precision measurements are required.

4.6. Summary of Results

Table 12 summarizes the operational capabilities, primary applications, and compatible
software for each model, providing a comprehensive reference for selecting UASs based on
project-specific requirements and environmental conditions.
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Table 12. Selected drone models and their effectiveness in inspection.

No Drone Model Key Applications and Effectiveness

1. DJI Mavic [14] General Surveying Works: Portable, easy deployment, quick visual checks.
(Software: Agisoft, Pix 4D and DroneDeploy)

2. DJI Phantom 4
Series [15]

Aerial photography and videography: RTK-enabled GPS, stable flight, ideal for
3D modeling. (Software: Agisoft, Pix4D, DJI Terra)

3. Skydio 10XD [16]

Long-Range Monitoring: Mostly used in military and defense applications,
providing autonomous surveillance, reconnaissance, and tactical intelligence

with advanced AI-driven obstacle avoidance and thermal imaging.
(Software: DroneDeploy and Pix4D)

4. Skydio 2 [17]
Close-Range Inspections: Best for autonomous close-range aerial tracking and

filming, excelling in dynamic obstacle-rich environments like forests, urban
areas, and action sports terrains. (Software: Pix 4D and DroneDeploy)

5. DJI Matrice 350 RTK
[18]

High precision mapping, surveying, and inspections in various industries
including aircraft, leveraging its RTK module for accurate positioning and
support for multiple payloads. (Software: DroneDeploy, Pix4D, DJI Terra)

6. Leica BLK2FLY [19]
Creation of 3D models and spatial data in hard-to-reach or hazardous areas of

complex environments (3D Digital Twin Creation): Laser scanning,
high-accuracy 3D mapping, capture real-time point cloud data.

7. EVO Max 4N [20] Night & Low-Light Inspections: Thermal imaging, strong wind resistance, i.e.,
monitoring in challenging environments. (Software: DroneDeploy, Pix4D)

8. EVO Max 4T [21]
Advanced thermal and optical imaging for critical infrastructure inspections:

Multi-sensor thermal, precision monitoring in low-visibility conditions.
(Software: Pix4D, DJI Terra).

9. EVO II Pro 6K [22] High-Resolution Imaging: 6K camera, photogrammetry, great for visual
assessment. (Software: Agisoft, and Pix4D)

10. Teledyne FLIR [23] Thermal imaging and high-resolution inspections, equipped with advanced
thermal sensors for real-time data capture.

11. DJI Inspire 3 [24]
Capturing ultra-high-definition footage for film and media projects:

Cinematic-grade imaging, not ideal for structural inspection.
(Software: DroneDeploy and Pix4D)

5. Conclusions and Future Research Directions
The evaluation of selected drone models demonstrates the versatility and increasing

relevance of UASs in engineering inspections, surveys, and monitoring of complex struc-
tures. Each drone offers unique capabilities that make it appropriate for certain operational
situations, such as high-level mapping or thermal inspections. High-end drones, such as
the Matrice 350 RTK, provide centimeter-level accuracy and support for multiple payloads,
making them suitable for precise surveys and inspections of infrastructure.

Drones within the Phantom 4 Series or DJI Mavic Series represent more economical
options, designed for general surveying, aerial photography, and videography by providing
their ease of setup and flight stability. Advanced systems equipped with thermal and low-
light sensors, such as the EVO Max 4N and EVO Max 4T, extend inspections capabilities to
low-visibility and nighttime monitoring of critical infrastructure.

More specialized drones, such as the Leica BLK2FLY, enable 3D modeling and real-
time point cloud collection in areas that are difficult or unsafe to access in person. Tactical
and defense-oriented drones, such as the Skydio X10D and Skydio 2+, can operate fully
autonomously, navigate using AI, and avoid obstacles in complex environments like forests,

https://doi.org/10.3390/drones10020144

https://doi.org/10.3390/drones10020144


Drones 2026, 10, 144 35 of 40

urban areas, or industrial zones. Other models, such as the Teledyne FLIR or DJI Inspire
series, also provide specialized inspection capabilities.

Although commercial UAS hardware evolves rapidly and specific models may be
replaced over time, the platforms discussed in this review are presented as representative
examples of broader UAS categories and capability classes, rather than as endorsements
of individual products. The analysis and conclusions are therefore based on persistent
functional characteristics, such as flight endurance, payload capacity, sensor integration,
autonomy, and operational suitability for inspection tasks, rather than on individual prod-
uct lifecycles. As new platforms emerge, these core performance attributes and operational
considerations are expected to remain relevant, supporting the long-term applicability of
the review’s findings.

In summary, this review critically evaluates commercially available UASs for bridge
inspection applications by comparing flight performance, sensor payloads, payload capacity,
control systems, autonomy features, and cost considerations. The key contribution of this
paper lies in moving beyond a simple catalog of UAS platforms toward a structured analysis
that highlights strengths, limitations, and practical considerations for choosing suitable drone
technologies for different bridge inspection contexts. By assembling performance criteria
and discussing how they align with inspection needs, this work provides decision-oriented
guidance for practitioners and agencies tasked with implementing UASs in structural health
monitoring. This analytical framing, rather than just a listing of specifications, establishes the
novelty of this review and offers actionable insights to support informed UAS selection and
deployment strategies for safer, more efficient bridge inspections.

This study has systematically identified the fundamental technical challenges and
operational constraints that limit the practical deployment of UAS-based bridge inspection
systems. Building on these findings, future research should prioritize integrated, system-
level solutions that jointly address autonomy, inspection accuracy, and operational feasi-
bility. In practice, commercial off-the-shelf UASs remain inadequate for confined spaces,
near-contact inspection, and GNSS-denied environments due to limited flight endurance,
susceptibility to wind and downwash effects, restricted payload capacity, motion-induced
image degradation, and regulatory constraints. Consequently, the development of special-
ized UAS platforms optimized for structural inspection, with improved stability, safety
near structures, and energy efficiency, remains critical research direction [55].

Future solution to overcome the limitations of current UAS-based bridge inspection
systems increasingly emphasize advanced SLAM techniques for autonomous navigation in
GNSS-challenged environments. By fusing data from onboard sensors such as cameras,
LiDAR, IMUs, and SLAM enables simultaneous localization and environment mapping,
reducing reliance on GPS signals that are often unreliable near or beneath bridge structures.
Despite these advances, robust localization and navigation in GNSS-denied conditions
remain challenging, particularly for long-duration inspections, complex bridge geometries,
and degraded sensing environments where cumulative drift can occur [56,103]. In parallel,
defect detection, geometric measurement, and fine-scale damage identification methods
must be made resilient to real-world conditions, including variable illumination, motion
blur, surface contamination, and sensor resolution limitations, to enable reliable assessment
of both macro- and micro-scale defects [61,64].

Furthermore, standardized approaches for accurate defect localization and mapping
onto physical bridge components, and their integration with three-dimensional models,
digital twins, and bridge management systems, remain largely undeveloped and represent
an important direction for future research [67]. Finally, large-scale field validation and
benchmarking studies under realistic environmental, operational, and regulatory conditions
are essential to evaluate the reliability, scalability, and cost-effectiveness of advanced UAS-
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based inspection systems and to support their transition from research prototypes to routine
infrastructure monitoring.
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