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Abstract: With the ever-increasing demand for harvesting wind energy, the inspection
of its associated infrastructures, particularly turbines, has become essential to ensure
continued and sustainable operations. With these inspections being hazardous to human
operators, time-consuming and expensive, the door was opened for drone solutions to
offer a more effective alternative. However, drones also come with their own issues,
such as communication, maintenance and the personnel needed to operate them. A
multimodal approach to this problem thus has the potential to provide a combined solution
where a single platform can perform all inspection operations required for wind turbine
structures. This paper reviews the current approaches and technologies used in wind
turbine inspections together with a multitude of multimodal designs that are surveyed to
assess their potential for this application. Rotor-based designs demonstrate simpler and
more efficient means to conduct such missions, whereas bio-inspired designs allow greater
flexibility and more accurate locomotion. Whilst each of these design categories comes
with different trade-offs, both should be considered for an effective hybrid design to create
a more optimal system. Finally, the use of sensor fusion within techniques such as GPS and
LiDAR SLAM enables high navigation performances while simultaneously utilising these
sensors to conduct the inspection tasks.

Keywords: multi-modal drones; wind turbines; remote inspection; sensors; renewable
energy; rotor-based designs; bio-inspired designs; hybrid designs

1. Introduction

To combat climate change and meet the world’s growing energy demands, renew-
able energy sources have become increasingly important in the recent shift in the global
energy landscape. Wind energy is one of these renewable energy sources that has become
increasingly important, progressively gaining traction as a clean and sustainable substitute
for traditional fossil fuels. The growing number of both offshore and onshore wind farms
highlights the crucial role that wind turbines currently play in our effort to create a more
sustainable and environmentally friendly future. In fact, this exponential rise in wind
energy exploitation is supported by innovations and technological advancements within
the industry. However, because of their immense size, intricate designs and distant loca-
tions, wind turbine systems encounter substantial hurdles in their efficient operation and
maintenance. To maximise energy output and maintain economic viability, it is essential to
ensure the optimal working and longevity of these turbines.
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The development of drones has completely changed the way wind farms inspect and
maintain their infrastructure. Previously, inspecting turbines required a lot of manual
labour, time and risk to workers’ safety, particularly when climbing tall structures. On the
other hand, drones with sophisticated sensing skills have quickly emerged as indispensable
tools for maintaining the functionality and health of wind turbines. In fact, numerous
benefits are provided by these drone solutions for wind farm maintenance, as schematically
illustrated in Figure 1. They can provide thorough and accurate evaluations of the structural
integrity, operating effectiveness and general health of the turbines. Moreover, they allow
access to hard-to-reach places and enable anticipating potential problems before they
become serious, which improves preventive maintenance techniques and reduces costs
associated with the operation and maintenance of these wind turbines.

Figure 1. Illustration of the different aspects of operation and maintenance required for wind turbines,
highlighting the different human and drone inspections, with their benefits (in green) and drawbacks
(in red) highlighted.

Drones can be deployed either sequentially or concurrently to conduct wind turbine
inspections. Each drone solution has its own advantages and disadvantages, which are
summarised in Table 1, and these should be considered when deciding on the best solu-
tion for specific wind turbine inspections. Despite the aforementioned benefits that come
with adopting single-mode and collaborative drone solutions, the field of wind turbine
maintenance and inspection has the potential to undergo a radical change with the intro-
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duction of multimodal drones (see Figure 2 for a generic representation of a multimodal
drone). These sophisticated robotic systems combine several features, including various
sensors, manipulators and mobility mechanisms and can change morphologies between
different environments. As such, synergistically combining these features offers a novel
way to improve the accuracy and efficiency of wind turbine health assessments. In par-
ticular, the newly offered mobility features are essential for reaching difficult-to-reach or
isolated wind turbine locations and manoeuvring through tight spaces, vertical surfaces
and complicated terrain, giving multi-modal drones unmatched access to every aspect of
the turbine structure. While multimodal drones have great potential, it is fair to acknowl-
edge that collaborative drones also provide a different approach to inspections with their
own advantages and disadvantages, as discussed in Table 1. However, this field has been
extensively considered in prior studies, such as [1-3]. Therefore, this paper only focuses on
the growing potential of multimodal drones and how these can be applied to the field of
wind turbine inspections.

Table 1. Definition and comparison of different types of drones in the field of wind turbine inspections.

Drone Type Definition and Application Advantages Disadvantages
- Cancarr i
Close-range drone that heav ay Joads - Lowmodularity and .
Climbing operates on the surface of ) Detai}ief()i Zama o used on only one turbine
the structure esment 8 - Slow inspections
- Quick inspections - Low weight payloads
Long-range drone that flies - Full range of motion and and relatively high
Aerial around the structure and scans can be used on energy consumption
for defects multiple structures - Cannot detect
low-level defects
Long-range drone that drives _ - Cannot inspect
Terrestrial on land, and can be used for [ powenergy consumption high altitu(I;e and
transportation and - Easy to control &
. . underwater components
ground inspections
Long-range drone that - Designs are typically
operates underwater for - Needed for heavy and
Aquatic offshqre environments, underwater inspections require waterproofing
scanning underwater .
- Control is complex
components
. . - Allow for multiple
A multitude of smglg-mode inspection methods - Requires a strong
- drones- that communicate simultaneously communication link
Collaborative .accordl.ngly to con.duct _ Multiple inspections can - Requires multiple drones
inspections alongside be done concurrently and personnel
each other .
with lower payloads
- Fewer drones and .
N - Design needs to be
A combination of two or more personnel needed, . .
modes of operation to conduct reducing costs highly optimised
Multimodal 00es Of operation to conduc & - Depending on the design,

multiple inspections on a
single platform

- No wireless communication
between multiple
drone mechanisms

inspections may need to
be conducted sequentially
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Figure 2. Illustration of a multimodal drone and its single-mode components.

As the demand for renewable sources increases, in line with global targets such
as those outlined by the United Nations (UN) Sustainability Development Goals, the
need to inspect these systems becomes more important [4]. One of the objectives of this
study is to highlight the technologies developed and examined in wind turbine inspection
research, as well as the challenges encountered. We particularly focus on the potential of
multimodal drones within this field in the last decade, an angle that is typically overlooked
in existing review papers. For clarity, the scope of this review encompasses work involving
drone inspection methods and multimodal designs and their feasibility in this field. Other
inspection technologies and methods, such as artificial intelligence, digital twins and human
inspections, have been extensively covered in previous reviews, such as [3,5,6]. In fact, these
reviews provide insight into past and current trends in wind turbine inspections, including
sensing technologies, damage assessments and various technologies used in the field.
Therefore, these aspects are not considered in this review. It is worth mentioning though
that in this year alone (2024), there have been some notable advances presented in the field
of wind turbine inspections, such as [7-11], highlighting the innovative technologies being
developed in the field.

The keywords considered when compiling the research studies for this review in-
cluded ‘wind turbine inspections’, ‘drone inspections’, ‘wind turbine damage assessments’
and ‘wind turbine sensing technologies’, as well as a combination of these terms. Further-
more, specific drone and inspection synonyms were used, such as “‘UAV’ and ‘monitoring’.
Relevant publications were collected from a wide variety of online databases, such as
Google Scholar, IEEE Explore, Web of Science, ResearchGate and Scopus, as well as other
journal websites relevant to this field. Figure 3 shows the increasing frequency of review
studies directed towards wind turbine inspection technologies. Evidently, the figure illus-
trates the increasing interest in reviewing wind turbine damage assessment and inspection
technologies as well as their impact. However, all previous reviews typically omit the grow-
ing potential of multimodal drones for these inspections, hence creating the motivation for
this work. In fact, this review angle is believed to be important as the field of multimodal
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drones has recently shown remarkable growth with new design concepts, such as [12-16],
providing insight into the potential of future technologies in this field.
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Figure 3. Frequency of review papers involving wind turbine damage assessment and inspection
technologies from 2004 to 2024. References and information from which the figure is based can be
found in Table S1 of the electronic Supplementary Materials.

In terms of processing the collected literature and following the collection of the first
set of relevant papers, a backward citation search was conducted to collect more papers, i.e.,
the citations at the end of each article were carefully examined to determine their relevance
to the current investigation. Following this, a forward citation search was conducted to
identify new research articles on the subject, i.e., papers that cited the first set of articles were
also investigated. After compiling all papers, the scope of each was objectively evaluated.
For each paper of relevance, we extracted information including the technique used, the
application demonstrated and the most important findings such as the performance and
design approaches of each proposed drone.

The layout of this review is as follows: Section 2 overviews the current movement
to renewable energy sources as well as the current issues observed with wind turbines.
Section 3 delivers a review of the current methods used to inspect wind turbines, par-
ticularly highlighting the current drone technologies employed. Section 4 discusses the
potential of multimodal drone designs and discusses the benefits of the different design
approaches available. Section 5 then discusses the different methods of achieving the
desired method of locomotion and discusses their suitability for wind turbine inspections.
Section 6 follows by offering an insight into the different techniques required to control the
drone in the relevant environments. The paper then finishes off with Section 7 presenting
the key discussion points, critical remarks, and future outlooks into the potential research
directions for this field.
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2. Wind Turbine Installations and Challenges
2.1. The Transition to Renewable Energy

Herraiz et al. [17] mention that from 2000 to 2017, there were a substantial number
of new installations of wind turbines (=160 GW), solar photovoltaic cells (=110 GW)
and natural gas (=90 GW). This trend can be extended globally, and as can be seen
from Figure 4a, renewable sources are on the rise on a yearly basis, while fossil fuels are
decreasing each year. This indicates the growing demand for renewable energy. Hence,
inspections are needed to keep these systems operating effectively for as long as possible
while minimising costs as much as possible. Currently, wind turbines are primarily inspected
by humans, consequently causing downtime issues, which usually contribute 25-30% of
the costs within the lifetime of the wind turbine. To give an example, this is estimated to
lead to a cost of around €12 m/year for a 500 MW offshore wind farm situated 50 km in the
North Sea [18]. As such, suitable solutions are clearly required to optimise the inspection
process for wind turbines.

To create a more zoomed-in view of the current situation, Figure 4b shows how wind
power is becoming extremely in-demand in comparison to all the other energy sources
(only overtaken by Solar) [19,20]. In fact, the projections illustrated in Figure 4b show that
by 2027, the total number of yearly installations could increase substantially. With the
increase in installations comes a rise in costs, and a breakdown of the distribution of these
costs per wind turbine can be seen in Figure 4c. Nash [21] concluded that maintenance and
operation costs demonstrated by the Operational Expenditures (OPEX) collectively cover
41% of the total operational expenditures, and in a different study by Rockmann et al. [22],
53% of the OPEX was attributed to Operation and Maintenance. Overall, this shows that
a good portion of the costs is attributed to maintenance. Note that this is only second
to the Capital Expenditures (CAPEX), which contributes 52% of the costs, whereas the
Development expenditures (DEVEX) and Decommissioning Expenditures (DECEX) are
negligible in comparison, as seen in Figure 4c.

2.2. Types of Damage

Following installation, the clock starts ticking with respect to the lifetime of a wind
turbine. Without regular inspection and maintenance, this lifetime will become much
shorter depending on the environment in which it is placed. That said, wind turbines have
various levels of damage, where some are obvious and seen readily and others are far more
discrete and are much harder to spot, making detecting these defects much more difficult.
Figure 5 illustrates some examples of the distinct types of damage that occur in many stages
and in different forms across the wind turbine, including nacelle damage, blade damage,
tower damage and mooring damage.
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Figure 4. Evolution of renewable energy trends and resources: (a) Yearly consumption by type, where
10A is an amplified representation of the change year on year (i.e., yearly change, A, is multiplied
by 10 for visual clarity). (b) Yearly installations of renewable energy. (c) Associated costs of wind
turbines along their lifetime. Data used to create the figure were acquired from [19,21,23,24].

The first main type of damage is that involved with the nacelle. The damage involved
within this type can be classed as either mechanical or electric failures of the systems
enclosed (as seen in Figure 5a). Another form of damage is that involved with the chassis.
As the structure is typically designed to be able to withstand heavy winds and survive for a
long time, this damage needs to be detected as early as possible [25]. Following this, blade
damage presents significant challenges and is by far the most important form of damage to
inspect as it directly affects the operation of the system (as seen in Figure 5b). In this respect,
Zhao et al. [26] concluded that lightning damage accounts for 7~10% of damage to wind
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turbine blades, and this in turn causes average maintenance costs of US$150,000 per blade.
Additionally, leading-edge erosion accounts for approximately 7% of the damage and has
significant consequences on the aerodynamics performance [27,28]. This damage typically
comes from rain exposure, hailstone impact, ultraviolet light, sea spray, and particulate
matter such as sand and dust [29]. Finally, icing, which involves ice accumulation on the
blades, incurs power losses of up to 17% in cold regions [30,31].

Figure 5. Different forms of wind turbine damage: (a) nacelle damage, (b) blade damage, (c) tower
damage, and (d) mooring damage.

Another two types of damage are those within the tower and mooring systems (as
illustrated in Figures 5c and 5d, respectively). For both of these systems, corrosion and
erosion are the main contributors to these damages [32,33]. Another type of damage is
fatigue-based damage, such as cracking, deformation and rupture, which are arguably very
extreme and need to be detected as early as possible [34,35]. Fatigue can be classified into
three categories: high, medium and low, with varying damage levels in the matrix [36].
Higher damage levels are typically visible and severe, including fibre pull-out and through
penetration. Medium damage involves visible but less severe damage cases, such as matrix
cracks and surface buckling. Finally, lower damage cases involve defects that may not be
visible and, hence, can be overlooked [37]. The evolution of fatigue for composite materials
has been studied by Katsaprakakis et al. [38]. Due to the wind turbines typically being
made of composite materials, there are structural non-linearities in the material, which
affect the health of blades including geometric, material and status nonlinearities [39]. All
the previously discussed types of damage need to be detected using suitable and effective
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sensing technologies, which will be discussed in Section 3. For further details on wind
turbine damage, the reader is referred to [36,38,39].

3. Wind Turbine Inspection Techniques
3.1. Inspection Methods and Sensors

For inspections, there are usually two different approaches with their respective
benefits and drawbacks: long-range and close-range inspections. Long-range inspections
are important because they provide an overview of damage without the need for close
contact with the wind turbine structure. They can come in many forms, as illustrated in
Figure 6a—e. These methods provide various levels of context for the wind turbine structure
using different camera and radar technologies. However, they can only capture surface-
level damage and have limited abilities for more sophisticated types of damage in which
close-range inspection is then required. There are a multitude of technologies that can be
used for close-range inspection, as summarised in Figure 6f-k. However, while the tower,
nacelle and mooring systems can be inspected during the operation of the wind turbine,
the blades cannot be inspected during operation due to the high speeds of operation and
the instability that an external inspection system may induce on the blades. As such, the
turbine would need to be switched off for the inspection to be initiated. For interested
readers, further information about wind turbine inspection technologies can be found
in [18,36,40,41]. It is important to recognise here that each of these sensing methods can
be applied to specific drones and have specific requirements to be used efficiently. These
factors are compared and discussed in Table 2.

The selection of sensing technologies to be deployed on a drone should be performed
carefully while assessing its suitability for the chosen design. This is even more critical
in the context of multimodal drones as these are required to operate in multiple modes,
requiring a multitude of sensors that have different requirements. In Table 2, it can be
seen that relatively lightweight sensors that have a large sensing range are compatible
with aerial drones, while low sensing range and heavy sensors are more compatible with
climbing drones, with imaging and ultrasound sensors being suitable for underwater scans.
Therefore, when combining these for multimodal operation, the weight constraints of the
drone need to be met while having reasonable dimensions. The sensing range is also
critical to the selection of sensors, and for an ideal multimodal drone, a mix of long- and
close-range sensors is needed to fulfil the multimodal sensing requirements on wind farms,
which is not an easy engineering challenge.

Currently, the interval of inspections for a regular environment (not susceptible to
frequent lightning storms, excessive heat and increased humidity) is every six months
for visual inspections and every one/two years for a comprehensive check as per the
international codes [42,43]. For more extreme environments, this is usually reduced to
monthly visual inspections and twice yearly for comprehensive checks [42,43]. Clearly, the
wider inspection intervals are typically due to the difficulty of deployment and the costs
involved with the inspection process. However, if these costs are reduced and the process
of inspections is streamlined, then more comprehensive inspections can be conducted more
frequently for better upkeep of wind farms and improved longevity of wind turbines.
Therefore, carefully selecting compatible sensors within a multimodal solution can provide
the potential for increasing inspection intervals while lowering inspection costs. In the
following section, current wind turbine inspection solutions are assessed, highlighting their
designs and sensing technologies.
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Figure 6. Inspection techniques used for a wind turbine (with illustrations of potential output formats,
such as images and waveforms): (a) hyperspectral, (b) millimetre-wave radar, (c) visual camera,
(d) 3D laser scanning, (e) infra-red (IR) camera, (f) acoustic, (g) X-ray, (h) vibration accelerometer,
(i) stain measurements (j) ultrasonic and (k) electrochemical sensing.

Table 2. Specifications of the different sensors and their drone compatibility in the context of wind
turbine inspection applications.

Imaging

Sensor

Specifications Compatible Drone

Hyperspectral [44-47]

- Weight: 0.1-5 kg ) . ) i

- Size: approximately 0.1 m x 0.1 m x 0.1 m - Aerial due to relatively low weight and high
- Cost: approximately £100 Sensing range

- Sensing range: 5-20 km

Visual camera [48]

- Weight: 0.1-15 kg - Aerial due to compatible weight and high
- Size: approximate height: 0.1 m, approximate sensing range
diameter: 0.1 m - Aquatic due to high sensing range and the

- Cost: £10—-£100,000

Sensing range: several cm to several km

sensor can be waterproofed

IR camera [49,50]

Weight: 0.1-2 kg

Size: approximately 0.1 m x 0.1 m x 0.1 m
Cost: £10-£50,000

Sensing range: several cm to several km

Aerial due to compatible weight and high
sensing range

Agquatic due to high sensing range and the
sensor can be waterproofed

X-ray [51,52]

Weight: 10-2000 kg

Size: approximately I m x 2m X 1 m
Cost: £1000+

Sensing range: contact-50 mm

Climbing due to very high weight and low
sensing range

3D laser scanning [53]

Weight: 0.5-10 kg

Size: approximately 0.1 m x 0.1 m x 0.1 m
Cost: £ 100-£30,000

Sensing range: approximately 500 m

Aerial due to relatively low weight and high
sensing range
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Table 2. Cont.
Waves
Sensor Specifications Drone
. - Weight: 0.1-2 kg - Aerial due to low weight and high
Millimeter-wave - Size: approximately 0.1 m x 0.1 m x 0.01 m sensing range
radar [54,55] - Cost: £10-£500 - Climbing due to compatible sensing range

- Sensing range: 0.1 m-20 m

Acoustic [56-58]

- Weight: 0.1-1 kg

- Size: approximate height:0.01 m, approximate
diameter: 0.1 mm

- Cost: £100-£1000

- Sensing range: approximately 2 m

- Climbing due to low sensing range

Vibration accelerometry [59]

- Weight: 0.1-100 kg

- Size: approximate height:0.1 m, approximate o .
diameter: 0.01 mm - Climbing due to very low sensing range

- Cost: £1-£2000
- Sensing range: In contact

Ultrasonic [60-62]

- Weight: 0.1-10 kg - Climbing due to flexible sensing range
- Size: approximately 0.1 mm X 0.1 mm x 0.1 mm - Aerial due to relatively low weight and high
- Cost: £10-£10,000 sensing range

- Aquatic due to high sensing range and the

- Sensing range: few cm to several m
sensor can be waterproofed

Mechanical

Sensor

Specifications Drone

Strain measurements [63]

- Weight: 0.01-10 kg

- Size: approximately 0.01 m x 0.1 m - Climbing due to very low sensing range
- Cost: £1-£2000

- Sensing range: In contact

Chemical

Sensor

Specifications Drone

Electrochemical sensing
[64,65]

- Weight: approximately 1 kg

- Size: approximately 0.1 m x 0.01 m x 0.01 m - Climbing due to very low sensing range
- Cost: approximately £50-£1000

- Sensing range: In contact

3.2. Drone-Based Inspections

Currently, many inspections are conducted by human operators, which is evidently
risky and costly. These inspections involve the deployment of sensing technologies man-
ually by climbing up the towers. Within this field, several previous studies have demon-
strated advancements in damage assessment, including the sensing technologies required.
Some notable studies include [66-70], which highlight the different technologies being
deployed that do not rely on drones.

Obviously, a drone can be deployed in place of a human operator and can be monitored
remotely from afar. This removes the risk to human workers and minimises costs if the
drone cost is low enough in comparison to the potential losses [71,72]. There are many
designs that have impacted this field, which are discussed in this section and summarised
in Figure 7. Furthermore, Figure 8 illustrates the frequency of publications in this field,
demonstrating how the number of drone solutions throughout the years has been steadily
increasing. This demonstrates the effectiveness of these solutions as well as their need.
Remarkably, collaborative solutions (i.e., drones that operate simultaneously for a common
goal, relying on exceptional communications between the different systems) have become
increasingly popular in the last few years, with multimodal solutions showing promise
as well.
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Figure 7. Possible drone solutions for the different systems of wind turbines and the diverse
types of inspections involved: (a) close-range climbing, (b) long-range aerial, (c) terrestrial and
(d) underwater inspections.

10 :
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Z

1 H
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Figure 8. Frequency of wind turbine inspection drone designs from 2009 to 2024. References
and information from which the figure is based can be found in Table S2 of the electronic
Supplementary Materials.

Drones have been typically employed in all sorts of inspection missions, including
infrastructure, construction sites, radiology, industrial sites and stockpiles [73-81]. Within
wind turbine inspections, there have been several technologies deployed, including edge
analytics, digital twin technology, real-time anomaly detection using Al algorithms and
autonomous drones [3,5,6]. These are all attributed to lowering the Levelized Cost of
Energy (LCOE) [82]. The Levelized Cost of Energy (LCOE) is defined as the average cost of
the unit (kWh) generated by a system and is calculated by the ratio of the total annualized
cost of the system to the total electrical load served [83]. Studies by Kabbabe et al. [71] and
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Shafiee et al. [84] have indeed highlighted the benefits of drone inspections, particularly
by reducing the personnel needed for inspections as well as achieving cost savings. In
particular, it was shown that the usage of UAVs can reduce costs by 70% and downtime
losses by 90%. Liu et al. [2] investigated various robotic platforms for evaluating various
offshore wind turbine (OWT) components, demonstrating the usefulness and need for
multiple drone platforms for effective inspections. In addition, Lee [85] highlighted the
significance of a complete sensor suite for efficient operation. As such, drones and Al have
already started to improve the inspection process and have the potential to improve with
new technologies.

As presented in Table 3, many drone designs have been deployed in the field of wind
turbine inspections. For onshore operations, both climbing and aerial drones are typically
utilised. It can be observed that the most popular climbing drone designs (as illustrated in
Figure 7a) are those of ring and wire climbing. These provide a simple method for reliable
tower climbing with a high adhesive capability and a high payload capacity. However,
the surface contact may cause wear to the tower. On the other hand, aerial designs (as
illustrated in Figure 7b), most notably, Unmanned Aerial Vehicle (UAV) designs, operate
without contacting the structure. These designs usually use Light Detection and Ranging
(LiDAR) and Global Positioning System (GPS) capabilities for mapping and navigation,
allowing for effective mapping and perception. This method also significantly reduces
the downtime and costs associated with the system, resulting in a quick method for long-
range inspections [71]. Nonetheless, UAV designs can only broadly inspect wind turbine
structures and, as such, cannot be used singlehandedly for effective inspections.

While not immediately useful for wind turbine inspections, terrestrial drones (as illus-
trated in Figure 7c) have shown promise in other fields of inspection, such as those in bridge
and confined space inspections. In fact, the evolution of sensors, actuators and control
systems in technology has led to a major evolution in ground drones intended for inspec-
tion and monitoring, such as autonomous operations. Remarkably, the techniques created
for bridge inspections can be modified to provide wind turbines with automated problem
detection and high-quality 3D maps, improving safety and maintenance procedures [86,87].
In addition, for OWT applications, aquatic designs (as illustrated in Figure 7d) are vital
for inspecting submerged structures. From Table 3, it is evident that Remotely Operated
Vehicles (ROVs), Autonomous Underwater Vehicles (AUVs), Autonomous Surface Vehi-
cles (ASVs) and Launch and Recovery Systems (LARS) are popular options due to their
reliability and capability to operate at high depths. Despite that, the widespread usage
of monitoring systems continues to present challenges such as data quality and sensor
longevity, thus more robust and dependable technologies need to be developed.

Subsequently, from Table 3 we can observe that collaborative drones have been utilised
in recent years. Popular collaborative designs include multi-drone systems, as well as
detachable climbing drones attached to UAVs. This provides a method for concurrent
operation across the wind turbine, which reduces downtime and optimises the operation
across the structure. One notable system is that demonstrated by the Goliath UAV and blade-
bug-legged drone [88,89]. This solution allows for both long- and close-range inspections
by using two drones simultaneously. However, having multiple drones is costly, requiring
more personnel to deploy, as well as being dependent on robust communication. As
such, multimodal solutions have shown promise in combining these capabilities into one
platform. However, the current designs have limited operation time and payload capacity,
as well as high energy consumption.

It is important to note that the size, weight and endurance requirements of drones
and their onboard sensors are critical to the design of a robust drone capable of satisfac-
torily performing wind turbine inspections. In particular, the weight of a drone is highly
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influenced by the sensor payload it carries. Each sensor has different characteristics and
requirements for operation; therefore, when designing the drone, these factors should be
accounted for as demonstrated in Table 2. Table 3 shows, where information is available,
the sensors used on the different drones used for the inspection of wind turbines. Examples
include X-ray sensors primarily being used in climbing drones due to their weight and
energy consumption, which are both major concerns within aerial drones as they need
to be as lightweight and efficient as possible. As such, other solutions such as cameras
and lasers are often more used on aerial drones due to their long-range nature and lower

weight constraints.

Table 3. Examples of wind turbine inspection drone contributions.

Climbing
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors
- Ring-climbing drone prototype - Maximum prototype
- Actuated using three wheels payload of 2 kg X
[37] - Model weight is 3 kg _ Maximum climbing - -ray
- 1:10 scale prototype for a 30—45 cm speed of 10 m/min
test tower
- Ring-climbing drone prototype .
- Actuated using four wheels with - Maximum prototype
two body frames payload of 8.2 kg N/A
[90] S, - A limbi d
- Model weight is 8.2 kg verage cimbing spee
- Dimensions of 120 mm/s
500 mm x 164.96 mm x 45 mm
- Full-size wire I:ing—climbing drone _ Withstands wind speeds
deployment with three degrees up to 6.51 m/s .
[91] of freedon} . - Demonstrated - Ultrasonic
- Drone weight is 1.9 tons successful phased array
- Dimensions: 52m x 52m x 0.8 m ultrasonic imaging
- Wire ring-climbing drone for - Drope can move - IR camera
RIWEA inspection and cleaning with vertically at 0.1 m/s - Ultrasonic
[92,93] three degrees of freedom with water jet pressures - Visual camera
up to 145 bar
- Inchworm-type ring-climbing . )
- Actuated using wheels and - Drone design concept - Visual camera
Inchworm multiple links that can climb blades - X-ray
[94] B Weight of 30 kg based on adaptive guide - Ultrasonic
- Dimensions: 962.9 mm x 571.8 mm mechanism - IR camera
x (311.3~1074.1 mm)
Aerial
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors

- Autonomous machine vision for

- Real-time processing

[95] - UAVs using distance error to tower times around 7-11 Hz Visual camera
and edge detection

- Automated quadcopter UAV with - Prototype development LIDAR

[9¢] LiDAR for wind turbine inspections and 3D mapping - 1
presented
- Successful Gazebo

- Quadcopter UAV with LiDAR for simulations and i

(971 full-scale tests with - LiDAR

wind turbine inspection

maximum distance error
of 0.1315m
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Aquatic
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors
- Fully coupled numerical model for - ROV follows mooring Ult .
[98] - ROV, ASV, and LARS accurately with B rasonic
0.15 m errors
[99] _ - Advanced control and navigation for - Accurate motion of - Visual camera
ROV manipulators floating platform
- Submﬁrme—scll\zgpedf dronetw1l’t}f1 rear B Algorithm for AUV i Ultrasortic
propeller and fins for control for rosented with field Visual
Seacat [100] underwater inspections l:r als for the path - Isua. camera
- Maximum weight of 180 kg lanni dp . - LiDAR
- Dimensions: 2.7 m X 0.58 m x 0.67 m plannng and sensing
- Development of fish-inspired
underwater ROV for underwater - Prototype tested for
RoboFish OWT inspections watertightness and - Ultrasonic
[101] - Weight of 30 kg control in minimum - Visual camera
- Total length of 1.9 m with inner body lake trials
cylinder diameter of 9.3 cm and
43 cm long
Collaborative
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors
- Collaborative strategies for - UVs are limited when
[1] _ various types of UVs for wind operating alone but are - N/A
turbine inspections more flexible when
operated together
- Robot Operating System Visual
- Multi-drone system (UAV, ring, and (ROS) used fqr process : L;gl:Rcamera
[102] _ magnetic climbing) for inspection of control, col.hs1on-free ; IR Camera
wind turbines path planning, and ul )
vision-based control - trasonic
using the Bezier Library
- Deployment and recovery of .
Goliath and climbing drones using UAVs for B Effe{ctlve autonomous
Blade-bu } wind turbine inspections retrleval' on s"candalone , LiDAR
[88,89] 8 - Combined weight: 15 kg + 3.5 kg blade with wind speeds
! - Total dimensions: over 10m/s
0.8m x 0.8 m x 0.5m
- Quadcopter tethered to wheeled . .
climbing drone that may be used for ~ ~ Expe'rlmented with .
105 wind turbine inspections varying dugt'shape - Vlsu.al camera
[103] _ Weight of 0.5 kg testing stability on a - Radiation
- Climbing robot dimensions of common ceiling
015m x 018 m x 0.12m
Multimodal
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors
8 P 8 8 P
- Legged climbing drone design with . . - Ultrasonic
six adhesive legs for NDT of - Drcl)ng.demgn ﬁbr?cated - Visual camera
[17] wind turbines including mechanisms ] Acoustic
- Weight of 4.42 kg and sensors - IR camera
- Diameter of 52 cm
- Development of quadcopter S
climbing drone with the ability to tilt Successful wall climbing Ultrasonic

[104-106]

to 90 degrees for wall climbing

vertically at 90% success
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Multimodal
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings Inspection Sensors
- Design and validation of - As tilt angle increases
four-wheeled drone with four from 0 to 90 degrees,
[107] tiltablg drqne motors for tensile force decreases - Ultrasonic
wau climbing with fewest failures at
- Weight of 3 kg 40-60 degrees
- Ducted fans of 70 mm diameter
- Design concept of a drone for bridge - Maximum propulsion
inspections useful for wind force of 2 N with wall .
[108] turbine inspections distance of 0.78 m and - Visual camera
- Total mass of approximately 5 kg wheel reaction of 0.5 N

- Diagonal wheelbase of 450 mm

Based on the inspection methods briefly discussed in this section, it is evident that
the current methods of inspection primarily focus on ring-climbing drones for close-range
inspections, quadcopter drones for aerial inspections and ROV drones for aquatic inspec-
tions. While each of these different methods is viable for their given task, they do face
several limitations. Some of these include time limitations and the inspection interval
required. In particular, due to the difficulty and inefficiency of climbing deployments,
a longer interval between close-range inspections is typically required in comparison to
long-range inspections. This provides a significant shortcoming in the current methods,
where comprehensive inspections are rarely conducted while visual inspections are more
frequently conducted.

4. Multimodal Drone Designs
4.1. Overview

Currently, wind farm inspection drones mostly operate in a single mode of operation
(as discussed in Section 3). This approach can be costly and inefficient due to the need to
achieve different tasks at once, including long-range and close-range inspections. Hence,
these systems need to be designed effectively and communicate accurately with each other
with the potential addition of human operators, which all contribute to the added costs.
This section will outline the different multimodal designs used for different applications
(some examples can be seen in Figure 9a—g) and analyse their suitability for wind turbine
inspection applications.

Based on Figure 9, we classified drones into multiple subgroups based on their loco-
motion modes and how that mode is achieved. For all discussions in this manuscript, the
following definitions are used:

Modal classification:

Bi-Modal = Drone with two modes of locomotion.

Tri-modal = Drone with three modes of locomotion.

Quad-modal = Drones with four modes of locomotion.

Terrestrial Aerial (TA) Drone = A drone that can operate both on land and in the air.
Amphibious Drone = A drone that can operate on land and in water.
Wall-Climbing Robot (WCR) = A drone that can operate on land and can climb.
Aerial Aquatic (AA) Drone = A drone that can operate in the air and in water.

Aerial Climbing (AC) Drone = A drone that can operate in the air and can attach to a
surface without the ability to operate effectively on land.

e  Aerial Wall-Climbing Robot (AWCR) = A drone that can operate in the air and on land,
while having the ability to climb.
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e  Triphibian Drone = A drone that can operate on land, in the air and in water.
Mode-realisation classification:

e  Rotor-Based Drone = A drone that operates using only rotor kinematics.
e  Bio-Inspired Drone = A drone that operates using only nature-inspired kinematics.
e  Hybrid Drone = A drone that combines rotor and bio-inspired kinematics.

Figure 9. Types of multimodal drone configurations: (a) terrestrial aerial, (b) amphibious,
(c) wall-climbing, (d) aerial aquatic, (e) aerial climbing, (f) aerial wall-climbing (perching) and
(g) triphibian. The monochromatic circles demonstrate the modes of locomotion used within each
classification (the colours match the background colour of the mode of operation seen on the left of the
figure) while outlining the limitations of each class with white circles, representing the environments
that cannot be traversed in a wind farm setting using this drone configuration.

Notably, the frequency of studies on multimodal robotics research (as seen in
Figure 10a) has been rising throughout the years. Remarkably, the figure shows that there
is a significantly sparse number of climbing multimodal drones. It can also be seen that
tri-modal and quad-modal drones are either rare or non-existent, as are aquatic climbing
drones. Figure 10a shows the same data shown in Figure 10b: the former classifies designs
using modal classification, whereas the latter classifies designs based on how locomotion
was realised. Evidently, the frequency of studies that considered rotor-based drones in com-
parison to bio-inspired drones is much higher as these are easier to prototype and control.
Notably, hybrid designs are gaining momentum, and their numbers are demonstrating an
increasing trend.
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Figure 10. Frequency of multimodal drones from 2004 to 2024 based on (a) modal classification and
(b) mode-realisation classification. References and information from which the figure is based can be
found in Table S3 of the electronic Supplementary Materials.

Multimodal drones can come in the form of additive or adaptable designs, as demon-
strated in Figure 11. Additive designs add separate actuation modes together to individ-
ually perform the required motions. While this is much easier to implement, it requires
separate mechanisms for the separate systems, which in turn affects weight and power
consumption. Alternatively, adaptable morphology has become a more interesting and
promising field of research in recent years. These drones, which typically take their cues
from biological systems, can change their structural makeup and form to adapt to various
tasks and environments. This was discussed by Mintchev and Floreano [109] as well as
Ramirez and Hamaza [110] who considered different methods of achieving adaptable
morphology such as soft materials, structures modelled after origami and mechanisms with
variable stiffness. Despite the benefits, these designs obviously typically invite additional
complexity. As a final note, the designs presented within the whole section are meant for
all types of applications and are not exclusive to wind turbine inspection applications. This
allows for identifying their main design aspects and, hence, assessing their potential for
the application at hand.

Figure 11. An illustration of additive and adaptive multimodal designs: (a) additive and (b) adaptive.
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4.2. Rotor-Based Designs

Rotor-based actuation (as illustrated in Figure 12) simplifies control, design and
deployment but affects size, weight and energy consumption. As such, these factors need
to be optimised according to the environment of choice. This section considers multiple
designs and assesses them within the context of wind turbine inspections.

Figure 12. Rotor-based drone actuation methods applied within different contexts: (a) terrestrial,
(b) aerial, (c) aquatic and (d) Bernoulli pad used for climbing.

As can be gathered from Figure 10 and Table 4, rotor-based bi-modal designs are
attracting increasing attention. These designs include TA drones, amphibious drones,
WCRs, AA drones and AC drones. Common TA drones include a combination of wheels
and propellers in an additive configuration due to the simplicity of integration involved.
However, this configuration lacks the flexibility required for curved and uneven surfaces,
as well as lacking climbing or aquatic actuation. Common amphibious drones have wheels
and aquatic impellers in spherical or wheel paddle configurations. Spherical designs
provide simple additive control mechanisms, with a sealed waterproof enclosure, while
wheel paddle approaches provide adaptive wheels for water surface locomotion. That
said, having a paddle or spherical design can damage the structures involved, as well as
having low surface contact. Following this, WCRs usually combine wheeled locomotion,
with some sort of adhesive mechanism, such as pneumatic adhesives for pneumatic WCRs
(PWCRs). These have remarkably high adhesive strength while allowing the drone to
traverse various surfaces. Nonetheless, these systems consume a remarkably high amount
of energy and do not have any aerial capabilities. Frequent AA drone designs include
drones with buoyant landing balls. This design allows the drone to land on the water
surface and transition in a simple manner. Even so, this design does not work underwater
and does not effectively move along the water surface. Finally, AC drones, on the other
hand, involve drones that can perch on a vertical structure. This allows for unconventional
manoeuvres for aerial drones while utilising inertial methods in addition to usual drone
control mechanisms. Be that as it may, these designs consume a lot of energy and are not
optimised for uneven surfaces, such as those seen on wind turbine blades.

Table 4. Examples of rotor-based multimodal drones.

Terrestrial Aerial Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Quadcopter drone with two side wheels - Terrestrial range up to 11 times
HyTAQ [111] connected by a cage, forming greater than aerial
one uniform wheel - Power of 120 W at flight take-off
- Foldable quadcopter drone with whegs - Hovering range of 7.1 km in
wheels for versatility 15.6 min
[112] - Weight of 340 g - Terrestrial range of 12.4 km in
- Dimensions: 370 mm x 300 mm X 80 mm 6.8h

in aerial (largest) mode
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Table 4.

Cont.

Terrestrial Aerial Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

Foldable drone with adaptable size to fit

75% success to small
misalignments and travel in

[113] confined spaces with tracked wheels
) for crawling 34% smaller paths than
nominal size
- Foldable drone with propeller wheels that )
can be used for both flying and driving - Drone requires 70 W to take off
[114] - Weight of 318 g a.nd hover with about 50 N
- Dimensions: 290 mm X 76 mm x 120 mm lift force
on ground
- A small, wheeled quadcopter with b limb sl ’
two large wheels, with supportin - rone can clumb slopes o
WAMORN castor v%heels PP & 26 degrees and can perform
[115] - Weightof329 g controlled landings
- Dimensions: 300 mm x 240 mm X 260 mm
Rollocopter - Design and evaluation of a Rollocopter - Rolling mode is five times more
[116] formed of a quadcopter with efficient than flying
two large wheels
- Did not converge to desired
[17] - Development of a half-drone wheeled position after 100 s with real
inverted pendulum drone, but converged
in simulation
- A quadcopter setup with four )
BogieCopter adjustable wheels - Stable flight and works on
[118] - Weight of 4 kg 61-degree slopes
- Dimensions: 695 mm x 693.5 mm x 302 m
- Additive quadcopter setup with a )
[119] four-wheel drive drone - Vehlcl.e faced challenges due
- Weightof 1.8 kg to weight
- Dimensions: 21.4 cm X 11.5cm x 9.2 cm
. . - - Power consumption of 105 W
[120] - Quadcopter design with four wheels, inline for a 630 s flight time
- Wheeled UAV on a pipe with bi-copter - Robustness of controller under
[121] setup with side rotors, with a four-wheel various conditions with LQR

drive setup

approach in simulation

Amphibious Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

MAR [122]

A new archaeology exploration with an
enclosed design with large, spiked
wheel enclosure

Weight of 120 kg

Internal volume: 500 dm?

Buoyant prototype fabricated
and tested in lake with
successful swimming and
land locomotion

WSP-Bot [123]

A wheel-spoked drone with adaptive
four-wheel drive structure with

flipper wheels

Weight of 1.34 kg

Dimensions: 280 mm x 316 mm x 120 mm

Maximum linear wheel speed of
0.8 m/s and paddle speed
of 26 m/s
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Table 4.

Cont.

Amphibious Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

SeaDog [124]

Whegs-wheeled drone for land and
water locomotion

Weight of 25.1 kg

Dimensions: 114.5 cm X 44.5 cm X 38 cm

Climbing of 48 cm obstacles
and basic aquatic
paddling demonstrated

Wheel paddle trash collecting drone

Payload of 7 kg with 45 W, in

[125] prototype with two-spiked wheels still water and 90 W against
the stream
- Spherical drone with three mecanum
wheels for omni-motion, with - Successful 12-degree incline
[126] underwater thrusters during wheeled locomotion and
- 32.5 cm diameter chassis with 20.6 cm underwater operation
internal drone triangular length
- Spherical robot with four wheels for land
motion and thrusters for - Maximum velocity of 36.7 cm/s
[127] underwater operation

Maximum weight of 403 g
Maximum diameter of 40 cm

at 100% duty cycle

Wall-Climbing Robots

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Two-wheel drive drF)ne with two Bernoulli ~ _ Drone shows effective adhesion
[128] pads for wall adhesion on glass with overall 12 N
- Weightof234 g adhesive force
- Dimensions: 224 mm x 156 mm
- Four-wheel drive drone with a ducted fan - Suction force greater with
[129] with a bottom restrictor restrictor than other
- Weightof1kg options with a —3.4 kPa
- 0.6 kg payload suction pressure
- Design and control of a wall-cleaning - Maintained pressure difference
drone with two wheels with within safe limits on curved and
Wall-C [130]
two ducted fans gapped surfaces
- Dimensions: 235 x 230 x 70 mm
UOTWCR ) A magnet.m wheeled drone with two - Operated with a climbing speed
[131] wheels with magnets 0f 0.1 m/s
. - Weightof520 g ’
- Shape adaptive magnetic wheeled drone - Successful flat, convex, and
[132] with two magnetic spherical wheels 90-degree climbing
Aerial Aquatic Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

Distance of 51.5 m reached

Hydrone - Development of a mathematical model for
[133,134] an aquatic drone during underwater navigation
’ with 3.883 k] of energy consumed
MEDUSA - Underwater sample acquisition drone of - Lake tests with horizontal turn
[135] quadcopter design with buoyant balls speeds of 100 deg/s and

forward speed of 0.35 m/s
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Table 4.

Cont.

Aerial Aquatic Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

TJ-FlyingFish
[136]

Quadcopter drone with tiltable rotors for
air and underwater

Weight of 1.63 kg

Dimensions: 380 mm wheelbase

Dual-speed gearbox enhances
aquatic propulsion

Naviator2 [137]

Design of aerial aquatic Quadcopter UAV
Weight of 2 kg

Transitions between air and
water under 2 s

[138]

Design of origami floating devices for UAV
water landing with origami balls

Weight of 1.5 kg

Wheelbase: 550 mm

Hovering accuracy of 2.5 m
horizontally and 0.8 m vertically

Aerial Climbing Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Semi-autonomous quadcopter UAV o )
applying normal force to wall using - UAV maintained stable flight
[139] supports with 5 N to vertical wall
- Weight of 20 kg
MMAR [140] - Design of quadcopter drone with passive - UAV can stabilise to altitude
wheels with robust motion planning with/without disturbances
- Link mechanism controlled the
CAROS - Development of wall-climbing drone with angle to follow target with
[141,142] rotary arms and passive wheels maximum climbing speed
of 0.8 m/s
CAROS-Q - Reconfigurable tri-copter that canextend to  _ Maintained position while
[143] move central body accordingly pitching from 0 to 90 degrees
- Weightof 1.9 kg
- Design of a quadcopter UAV with adhesive -~ In Corpparison to flight,
pads for surface perching perching leads to energy
[144] - Weightof32g savings of 40% for ceiling
- Dimensions: Approximately 5cm x 5cm perching and 80% for
wall perching
- Design of quadcopter drone with adhesive
on an extended rod based on - Effectiveness of adhesion
[145] impedance control mechanism demonstrated with
- Weight of 0.65 kg 10N force
- Dimensions: 45 cm x 45 cm
Aerial Wall-Climbing Robot
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

Design of a Four-wheel drive drone with

Vertigo two propellers for flight and wall adhesion Wall-climbing speed of 0.25 m/s
[146-148] - Weight of 2.35 kg
- Dimensions: 600 mm x 200 mm x 200 mm
- Foldable quadcopter design with wheels - Lift force three times larger than
FCSTAR [149] attached and reverse thrust drone weight with ground

Weight of 1.3 kg
Dimensions: 24 cm x 34 cm

speeds up to 3.2 m/s
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Table 4.

Cont.

Aerial Wall-Climbing Robot

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

Land-air wall crossing drone inspired by

LAWCDR gecko landing with quadcopter setupand -  Drone successfully operates in
[150] four wheels land, air, and wall areas
- Weight of 3 kg
- Design of cost-effective efficient
wall-climbing drone with four wheelsand ~ _  Vertical climbing at speeds of
[151] two propellers 15 inches/s

Weight of 650 g
Dimensions:460 mm x 460 mm x 200 mm

Triphibian Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

Multimodal drone design concept for
multi-environment locomotion with

- Multimodal drone
categories discussed

[152] ; s
quadcopter and wheg wheels - Design concept for triphibian
drone proposed
OmnibotV2 - A Quadcopter UAV drone with a ) Irr'lprove.d flight performance
[153] screw-drive system with aerial speed of 4.05 m/s
and 372 W power consumption
- A tri-habitat drone of a quadcopter setup - At 1873 revs/min for the
[154] with spherical design and landing legs propellers, the drone can be
- Weight of 0.45 kg suspended hovering in the air
- A mechatronic triphibian drone with
tri-copter setup with underwater impellers Ground speed of 0.3 m/s at
[155] and mecanum wheels 20-degree slope
- Dry weight of 7.5 kg
- Dimensions: 1148 mm X 1108 mm X 75 mm
- Design concept for triphibian drone with - Structural simulation of the
[156] quadcopter setup with reconfigurable drone frame provided a stress

propeller wheels

value of 34.3 MPa

TR-TRS [157]

Design of triphibian drone with tilting
rotors, buoyant body, and four wheels
Weight of 4 kg

Dimensions: 550 mm x 500 mm

- Velocity control during
transitions shown

- Drone needs to flip 90 degrees
to manoeuvre underwater

Design of a ring-shaped triphibian
quadcopter where ring acts as wheel and
buoyant ring

- Successful flying and
mono-wheel modes with

MUWA [158] - Weight of 2.1 kg 8.5 m/s? tornado mode
_ Diameter of 910 mm angular acceleration
- Thickness of 120 mm
- Design of a triphibian drone for motionin - Design concept for triphibian
[159] spherical mode with wheels and transport vehicle proposed with
foldable propellers adaptive morphology
- Anovel all-terrain cyclocopter with - Can sustain hover at 232 W
four wheels that can also drive on - Aquatic translation at 1.3 m/s
[160] water surface at19 W
- Weightof1010 g - Terrestrial translation at 2 m/s
- Dimensions: 0.51 m x 0.43 m x 0.30 m at28 W
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Tri-modal designs mainly include two configurations: triphibian drones and AWCR
drones. Triphibian designs usually combine wheels, propellers and aquatic propellers
in an additive fashion to allow for motion in all operational mediums with simplified
control. These designs suffer from not being optimised for close-range climbing, which is
critical to the inspection procedure of wind turbines. As such, AWCR drones show promise
by building upon climbing drones with the addition of terrestrial motion, allowing for
flexible long- and close-range operations. However, payload capacity, energy efficiency
and adaptive control algorithms are common challenges for this class of vehicle.

4.3. Bio-Inspired Designs

Bio-inspired multi-modal drones (as exemplified in Figure 13) show promise in travers-
ing different environments more efficiently and flexibly [161]. These mechanisms can be
extraordinarily complex and more energy-demanding. As such, the drone needs to be effec-
tively designed to ensure that the trade-off between flexibility and complexity is functional
for a given environment.

Figure 13. Bio-inspired robotic design exemplifications: (a) terrestrial, (b) aerial, (c) aquatic and
(d) climbing.

From Table 5, and as previously illustrated in Figure 10, bio-inspired terrestrial bi-
modal designs have shown many innovative designs. TA drone designs include gliding
drones and winged ornithopters, allowing for flexible flight and controlled landings. In
contrast, these mechanisms are overly complex with small payloads and no hovering or
climbing abilities, which are critical for our current application. Similarly, amphibious
drone designs include flipper designs, as well as other multi-DOF designs (such as fin and
fish designs). These designs demonstrate great degrees of flexibility and adaptability as
well as adaptable morphologies, which results in fewer mechanisms overall. However,
these drones have issues with transitioning, require complex control systems and are very
demanding in terms of computation and energy. Furthermore, WCR designs involve
various adhesion mechanisms inspired by animals such as snails, geckos and caterpillars.
These designs usually involve legged or multi-DOF mechanisms for locomotion along the
structures. These provide more adaptable methods to climbing as well as flexible methods
to traverse different obstacles along the structure. That said, the limited payload of these
designs and the lack of aerial or aquatic modes of operation make direct deployment to
wind turbine inspection applications challenging. Common AA drone designs include
winged propulsion systems operating in water and air with propellers and wings, transi-
tioning through the water barrier using some sort of jet propulsion. These design concepts
demonstrate high manoeuvrability with adaptable locomotion and efficient forward flight.
Even so, these designs often do not support hovering flight functionality and we believe
require more research to be effectively used in practice within both aerial and aquatic ter-
rains. On the other hand, AC drones have effective designs, such as fixed-wing drones with
microspines for wall perching. These allow the drone to momentarily land on structures in
the air with high manoeuvrability. Despite that, these designs do not provide the required
payload and hovering functionality for wind turbine inspection applications.
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Table 5. Examples of bio-inspired multimodal drones.

Terrestrial Aerial Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Study on self-righting mechanisms in - Mid-air orientation can be
[162] geckos, squirrels, insects, and shuttlecocks achieved in as little as 20 ms
for drone designs
- Pte}‘omyini—inspired gliding drone design Stable gliding with a glide ratio
[163,164] - Weight of 0.42 kg of 2.14 achieved in simulations
- Dimensions: 0.34 m x 0.041 m x 0.021 m
- Design for autonomous missions with )
MALV [165] wings and wheg legs on a miniature scale -~ Capable of ﬂylr}g several
- Weightof 100 g kilometres on single use
- 30 cm wingspan
- Entomopter design with adaptive wings - Enhanced lift and
[166] that can be used for flying and walking manoeuvrability reported
- Weightof50 g
- Design of lightweight bipedal ornithopter ~ _ Maximum velocity of 0.5 m/s
BOLT [167] - Weightof1l4g with maintained stability
- Wingspan of 28 cm and a length of 17.5 cm
- Design of lightweight ) ]
hexapedal ornithopter - Maximum runmng'speed of
DASH+ [168] - Weight of 0.54 g per wing 0.68 m/s and flapping
- Wing is 0.124 m long with an average of 1.29m/s
chord of 0.064 m
Amphibious Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

- Design of a quadruped utilising Klann
linkages with duck-inspired feet

- Velocity of the feet computed as

- Volume: 1575 cm?
- Design of a turtle-inspired quadruped with )
soft morphing limbs for swimming - limb took around 100 s to
ART [172] and walking morph in water and 50 s to
- Weight of 9 kg morph in air at 22 °C
- Dimensions: 0.32 m x 0.96 m x 0.358 m
AQUA - Amphibious hexapod design with six - Successful testing up to
flipper legs that can be used for swimming 40 feet underwater
[173,174] :
and walking
- Design of micro quadruped with pads for - Water movement 18% more
HAMR [175] water surface walking using electrowetting energy consuming than land
- Weight of 1.6 g - 2.9 g maximum payload
[176] - Aba knifefish-inspired drone design with - Maximum restoring moment of
multiple degrees of freedom 4 Nm at 30-degree heel angle
- Design of an amphibious snake drone with - Max motor angular frequency
AmphiBot I multiple degrees of freedom with wheels of 0.75 Hz, at which maximum
[177] - Segment dimensions of amplitude of 45 degrees cannot

7cm X 55cm x 3.3 cm

be reached
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Table 5.

Cont.

Amphibious Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

AmphiRobot
[178,179]

Design of an amphibious snake drone with
multiple degrees of freedom with

whegs wheels

Weight of 3.81 kg

Dimensions: 700 mm x 320 mm x 150 mm

Successful steering and
underwater swimming

Wall-Climbing Robots

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Snail-inspired drone with three actuated - Cosine line actuation allows for
[180] sections connected by a single bar moving effective motion with peak
one by one linear speed of 7.67 mm/s
B Cockroach- and g.ecko-.inspired - Climbing velocities are on
[181] legged drone design Wlth average at 0.2 m/s
microstructure adhesives
- Serica orientalis-inspired bipedal drone
design with spiny feet - Maximum adhesive forces
[182] . beari load:
- Weight of 78 g earing 300 g loads
- Dimensions: 150 mm x 60 mm x 40 mm
- Caterpillar-inspired climbing drone design ]
with multiple degrees of freedom - Maximum step length of 5 mm
[183] _ Weight 0f 19.2 g in 1.8 s while climbing on glass
- Joint module dimensions of with vacuum adhesion
35mm x 37 mm x 30 mm
- Woodpecker-, Leech-, and Gecko-inspired ) )
GLEWBOT bipedal drone for wall climbing - Adhesive force of 55 N with
[184] _ Weight of 1.4 kg 74.6% defect detection
- Dimensions: 420 mm X 105 mm x 115 mm
Aerial Aquatic Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

Design of aquatic bird-inspired drone with
fixed wings and jet propulsion for

AquaMAV @ - Successful jet propulsion water
[185,186] mode transitions air transition
o - Weightof 0.2 kg
- Wingspan: 0.59 m
- Aerial aquatic drone inspired by wild
C%UCkS With a tri—c.opter setup on - Diving speed: vertical 0.22 m/s
[187] fixed-wing chassis and horizontal 0.7 m/s
- Weightof 1.55 kg
- Dimensions: 56.2 mm x 35 mm
- Flying squid—inspir(?d dron(? with mult'iple - Lift coefficient significantly
[188] degree of freedom fins and jet propulsion higher during spread wings
- Weightof 0.6 kg than folded
- Dimensions: 78 cm x 48 cm x 60 cm
- Bio-inspired fixed wing based on Mantas - Maximum lift-to-drag ratio of
[189] and Eagles with landing wheels 4.045 in aerial asymmetric mode

Weight of 475 g
Wing dimensions: 38 cm x 30 cm

Maximum lift-to-drag ratio of
3.864 in symmetric aquatic mode
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Table 5.

Cont.

Aerial Aquatic Drones

Drone [Ref]

Schematic

Design Purpose and Configuration

Performance and Findings

Drone with flapping wings and can glide

Maximum gliding speed of

Robomoth on water surface 17.1 cm/s at 40 Hz, with a
[190] - Weight of 2.487 g maximum power consumption
- Wingspan: 9 cm, Length: 9 cm of 570.9 mW at 50 Hz
- Design of flapping wing aerial aquatic o
insect-scale drone with the ability to fly - Transition take-off speed
[191,192] of 25 m/s

and swim
Weight of 175 mg

Aerial Climbing Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Design of a dynamic fixed-wing climbing
drone with microstructures for Climbi hieved at 0.135 m/
wall perchin - imbing achieved at 0.135 m/s
ICAROS [193] _ Weigllalt of 35§ g - Gliding achieved at 5.3 m/s
- Wingspan of 0.72 m and the chord length
of 0.18 m
S-MAD - Design of r.nicrospine fixed-wing drone for Specific resistance of 7, at a
[194,195] wall perching vertical speed of 5m/s
! - Weightof330g
- Autonomous perching of flapping wing - Low forward flight velocity
[196] drones with claw gripper for tree perching before landing ensures gripping
- Weightof700 g forces remain below 150 N
Aerial Wall-Climbing Robot
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
[197] ) fterojaé:;yim;]ﬂ}rleg Chr?f“;%irmged' - Successful flying, walking, and
aigclgilawso € apping 8 climbing demonstration
- Design (?f flapping wing drone that can ) Can perch on landing platform
[198] perch with claws . . 1
- Weight of 1.5 kg with gliding speed up to 5 m/s
- Design of bat-inspired flapping wing ]
[199] perching drone with soft legs for walking ~ ~ Maximum thrust of 94 g and
and perching 24 N shear strength
- Weightof60 g
- Seagull-inspired ornithopter perching on
wir.e with claws - Achieved and maintained pitch
RoSeGu [200] - Weightof476 g and yaw angles in testing
- Length of 522 mm and wingspan
of 786 mm
Triphibian Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

RoboFly [201]

Small insect drone with flapping wings
and three legs that can be used on land and
water surface

Leg diameter of 0.5 m and leg length

of 50 mm

Stable hovering at 0.08 m
Unstable water landings
Water surface take-off with
lift-to-weight ratio of 3.4
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Bio-inspired tri-modal designs allow for flexible and adaptable locomotion in
three modes. Common triphibian drones include miniature insect drones and water strid-
ers. Due to their small sizes and simplified locomotion, these demonstrate low energy
consumption and versatile kinematics. With that said the main issue with these designs is
that they typically have small payloads and can only traverse the water surface due to their
fragile structures. Consequently, AWCR drones include winged designs with perching
capabilities and potential terrestrial adaptability. These allow for flexible movements in
both close- and long-range environments with adaptive designs. On the other hand, these
designs are currently not suited to wind turbine inspections due to not having the ability to
efficiently hover and or hold the required high payload components.

4.4. Hybrid Designs

Hybrid drones (as illustrated in Figure 14) optimise the different actuation techniques
from different types of locomotion and apply them to the environment in which they are
deployed [202,203]. In particular, hybrid designs combine features from both rotor-based
and bio-inspired concepts. This section will discuss current hybrid designs as a means of
assessing their suitability for wind turbine inspections.

Figure 14. An example of a hybrid drone design.

Table 6 (and as previously illustrated in Figure 10) shows that hybrid terrestrial bi-
modal designs are increasingly popular due to their versatility and adaptability. Common
TA drones include propeller-based drones with legs, resulting in effective hovering flight
with flexible and manoeuvrable terrestrial locomotion. Despite that, these designs do not
have compatible adhesive mechanisms for close-range operations and have limited stability
on non-linear surfaces. Following this, amphibious drones usually involve legged spherical
designs, allowing for efficient underwater explorations with manoeuvrable terrestrial
locomotion. Regardless, these drones also suffer from having no adhesive capabilities with
high energy consumption in all modes. WCR designs commonly involve wheels with
microspines for adhesion, allowing for energy-efficient wall climbing and passive climbing
capabilities. Nonetheless, these designs are usually slow during climbing operations and
lack the payload capacity to be useful for wind turbine inspections. AA drones typically
employ underwater propeller drones, with locomotion capabilities inspired by fish. This
allows for stable performance in both modes as well as adaptive morphology for better
transitions. However, they have no capabilities for close-range operations, and the system
requires complex and adaptable control algorithms. Following this, AC drones involve
UAVs with perching claws or microspines, resulting in effective perching onto walls from
aerial modes. In contrast, these designs are optimised for flat and small surfaces and, as
such, need to be tested in non-linear large-scale environments.
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Table 6. Examples of hybrid multimodal drones.

Terrestrial Aerial Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- A drone with adaptive propeller - Drone can climb 45-degree
wheels with legged kinematics for slopes with two wheels as well
M4 [204] flexible locomotion as fly, roll, walk, crouch,
- Weight of 6 kg balance, tumble, scout, and
- Dimensions: 0.7 m x 0.35m x 0.35 m loco-manipulate successfully
- A fixed-wing drone with adaptive c dife
wings that can act as wheels - an operate on difterent
DALER [205] - Weight of 450 g terrains and in forward flight
- Wingspan of 60 cm
- Alegged Quadcopter setup with - Maximum payload of 40 N
[206] two legs - Aerial battery life of 30 min
- Ground battery life of 360 min
- ? bi-coptt;rfdro;e wlith two multiple - Nominal walking speed of
egrees or rreeaom legs 20 cm/s and flying speed
Leonardo [207] - Weight of 2.58 kg of1m/s
- Height of 75 cm
Amphibious Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Turtle-inspired spherical drone ) )
design with legged wheels for - Maximum walking speed of
[208] land movements 62.1 cm/s at a 10-degree incline
- Diameter of 250 mm
- Development of amphibious spherical . Maximum speed in walking is
drone and legged thrusters for 6.1cm/s
ASRobot [209,210] underwater and land - Maximum speed underwater is
- Weightof 6.7 kg 45cm/s
- Diameter of 300 mm
Wall-Climbing Robots
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

uTugs [211,212]

Design of small drone with
legs/wheels with gecko gripper

pads attached

Weight of 13 g

Dimensions: 150 mm X 25 m x 20 mm

- Seven 17 g drones can pull
375 N loads

Gecko-inspired tracked wheel drone

- Can move faster than legged

[213] with microstructures on the wheels wall-climbing drones with
- Weight of 4.92 kg required shear force of 48.31 N
- Clingfish-inspired wall-climbing
drone design with tracked wheels - Stable climbing carrying loads
[214] with microstructures

Weight of 1.3 kg
Dimensions: 35.5 cm x 24.8 cm X 9.5 cm

upto1100 g
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Table 6. Cont.

Aerial Aquatic Drones

Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Quadcopter drone with the ability to ]
operate underwater and hitchhike - Self-folding propellers have
[215] using remora disc better transitions with less
- Weight of 950 g transition time for same thrust
- Dimensions: 40 cm x 40 cm X 14 cm
- Design of aerial underwater - Stable performance in air and
Acutus [216] submarine-shaped drone actuated water modes with maximum
using rotor and fins thrust of 50 N
- Aerial aquatic drone design with .
. adaptive foldable wings for sailingand Sta‘ple ﬂ.l ght' at 108 m/s
SailMAV [217] . - Swimming in water tank at
quadcopter setup for flying
- Weightof520 g 6 m/s demonstrated
Aerial Climbing Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Aflaptive design f01t a perching UAV - Bi-stable arm is rigid in flight
[218] with }ioldfable perching structure but will conform to its target in
- Weight of 650 g 0.97 s when perchin,
- Wheelbase: 280 mm X 350 mm P &
- Design of passive perching mechanism
HEDGEHOG for drones using quadcopter with - Stable perching on branches of
[219] soft claws 86 mm diameter
- Weight of 402 g
- Diameter of 200 mm; height of 185 mm
) o ] - Average angular acceleration
- gfosrllgen\/\?ii }flﬁ?;gf};ﬁggig;adcopter durilr;g clﬁmbing lzvas 4.4 times
smaller than without
SCAMP [220] for ‘Climbing (63 rad/s?)
- Weightof38 g - Successfully climbed various
vertical surfaces
Aerial Wall-Climbing Robot
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings

Bird-perching quadcopter drone

Reliable perching on different

SNAG [221] with claws branches in less than 50 ms
- Robotic insect that can land and climb ~ _ Flying to climbing in 0.4 s and
[222] off vertical surfaces using flapping vice versa in 0.7 s
wings and wheels
- Avian-inspired claw mechanism for )
UAVs of quadcopter setup with - Claws held the UAV at tilt angle
[223] of 19.4 degrees before slipping

soft claws
Weight of 700 g
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Triphibian Drones
Drone [Ref] Schematic Design Purpose and Configuration Performance and Findings
- Swan-inspired triphibian drone design - Lift-to-drag ratio of 30-35 with
[224] with quadcopter aerofoil chassis and 3-5 degrees angle of attack and
paddle wheels operation in all three modes
- Basilisk lizard-inspired triphibian with
foldable quadcopter with thrusters for ~ _ Crawling speed is 3.6 m/s and
AmphiSTAR [225] all modes aerial gliding speed is 1.5 m/s
- Weightof246 g
- Dimensions: 245 mm x 260 mm
- Design of propeller clutch unit for ) fost;l t:;??si:éz:l l?iz;l*rhwi th
3DTR [226] triphibian with spherical design with y y

voltage increase with a rate of

legged thrusters 831 rev/V

Hybrid tri-modal designs provide the ability to expand the operating conditions
even further. Triphibian drones come in many forms, such as legged spherical designs,
for effective operations in all environmental mediums. These designs provide improved
flexibility and adaptability in comparison to other solutions. Be that as it may, these designs
also do not have mechanisms for close-range operations. Consequently, common AWCR
drones involve UAV designs with legs or wheels with adhesive mechanisms. This allows
for simplified control by using UAV control for flight with more flexible perching and
terrestrial locomotion using legs and claws. On the other hand, mechanical perching
mechanisms can harm wind turbine structures and are not suitable for different scales
of operation.

5. Locomotion Mechanisms and Selection Optimisation
5.1. Overview

One big factor that contributes to the design process is to choose the correct actuation
methods for the locomotion required, hence ensuring that the drone can effectively operate
in the required environments. In this section, various actuation methods are evaluated and
discussed in the context of their suitability for wind turbine inspections. As these drones
are expected to operate both onshore and offshore, we considered climbing locomotion for
close-range inspections, aerial locomotion for long-range inspections, terrestrial locomotion
for transportation and land operations and aquatic locomotion for underwater inspections.

5.2. Climbing Locomotion

Climbing locomotion is essential for wind turbine inspection drones in situations
that require proximity for close-range sensors to operate effectively. However, without a
method of stabilising and attaching the drone to the surface, the drone would either slip off
the surface or consume a large amount of energy to sustain its position on top of the blade.
There are many diverse types of actuators that can be used to allow the drone to stick onto
the surface (illustrated in Figure 15), such that the drone can operate in unconventional
modes, including vertical or upside-down motions (as demonstrated in Figure 7a).
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Figure 15. Different methods of attachment adopted within climbing drones.

There have been many studies outlining the effectiveness of different modes of ad-
hesion and perching for drones. In their thorough examination of gripping devices for
industrial robots (IRs), Mykhailyshyn et al. [227] emphasised the significance of grip-
per design optimisation for a range of tasks and environments, emphasising efficiency
and adaptability. One example method for this is flexible vacuum-combined pneumatic
gripping devices (CPGDs), which enable access to geometrically constrained areas with
conventional wheeled or tracked systems whilst using pneumatic adhesion methods. An-
other adhesive method is that of the contactless Bernoulli Gripping Device (BGD) for
manipulating objects with displaced centres of mass [228,229]. Tomar et al. [230] clarified
the power—shear relationship essential for Bernoulli pad equilibrium. In fact, the use of
Bernoulli pads presents a viable approach as an adhesive pad for wall-climbing drones
since they can produce enough shear forces for efficient adhesion and cleaning while
simultaneously reducing the total weight of the robotic system.

Other types of adhesive systems include the use of gas-lubricated vibration-based
adhesion in order to achieve high specific normal adhesive stress, maintaining adhesion on
a range of surfaces including flat, curved and inverted orientations [231]. Venturi-vortex
grippers [232], on the other hand, demonstrate high grip performance, compactness and
versatility, offering stable and non-contact gripping. Finally, aerodynamic pressure methods
using drone propellers provide a good solution for pneumatic gripping. In spite of that,
these are not generally flexible and usually not suitable due to the need to transition from
aerial to vertical climbing modes, unless coupled with other modes of locomotion, such as
within multimodal drones [233].

In addition to pneumatic grippers, there are a multitude of other adhesive modes [234],
including magnets and electromagnets, which have very good performances on metallic
surfaces. Following this, rheological liquids may provide a means to be simultaneously
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used with magnets to further allow sticking onto non-magnetic surfaces, yet on smooth
surfaces, the performance can deteriorate and generally works best with legged drones [235].
Scarselli et al. [236] also showed that thermoplastics have very good performance, but if
the surface is dirty, the performance degrades, and if adhesion becomes too strong, then it
may damage the surface.

Methods that employ friction, such as rubber wheels, claws, wires and clamps, are also
promising approaches to this problem as they provide high flexibility and high adhesive
capabilities [37,237-239]. However, these methods are not sustainable long-term due to the
expected wearing of the material. Also, the friction contact has the potential to damage
the surface due to the high contact with the surface; as such, this approach may not be
very suitable for wind turbine inspections. Additionally, the demonstration of the idea of
tentacle grippers opens up an interesting possibility for robotic designs in wind turbine
inspections due to their adaptable and multidirectional gripping abilities [240]. Notably,
there is the bio-inspired solution proposed by Wang et al. [241], building on the adhesive
abilities and locomotion of Beaufortia kweichowensis, which uses paired girdle muscles
and two anisotropic suckers to enable it to crawl on vertical surfaces, both forwards and
backwards, while still adhering to the substrate.

Electrostatic adhesion is another method that relies on the principles of static electricity
with high voltage [242-244]. This can effectively attach to a surface as long as it can gather
static charge for a very high range of surfaces [245]. That said, this requires a high source of
voltage. Finally, the use of microstructures provides an almost passive method for adhesion
that provides a strong bond [211,246,247]. These provide particularly good insight into
future adhesion technologies; nonetheless, they may not be the most suitable due to their
design complexity. Overall, these designs are inspired by nature and, as such, demonstrate
remarkably high flexibility.

All the previously discussed methods of realising climbing locomotion are assessed
and contrasted in Table 7, highlighting the benefits and drawbacks of each approach within
the context of their suitability for the wind turbine inspection missions. In this table, all
concepts are ranked from very high (5) to very low (1), where average (3) is the median
rank, dependent on the level of the given category. Surface is only ranked as flexible or
limited due to limited ranking criteria.

Table 7. Assessment of the different climbing locomotion methods in the context of their suitability
for wind turbine inspection missions.

Type Strength Manoeuvrability Surface Repeatability Energy/Cost
Friction High Very High Flexible Average High
Ring High Average Limited High High
Claw High Low Limited High Average
Rope High Average Limited High High
Permanent Magnets Very High Low Limited Very High Very Low
Electromagnets Average High Limited Very High Very High
Rheological Liquids Average Average Flexible High Very High
Glues Average Very Low Flexible Very Low Very Low
Thermoplastics Very High Average Flexible Very Low Low
Active Vacuum High Very High Flexible High Very High
Passive Vacuum Very Low High Flexible High Very Low
Vortex Effect High Very High Flexible High Very High
Bernoulli Principle High Very High Flexible High Very High
Ae;(;;lsy;rlllizmc High Low Flexible High Very High
Microstructures High High Flexible High Average
Electrostatic High High Flexible High High
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Following the previous assessment, methods such as friction, active/passive vacuum,
vortex, Bernoulli, electrostatics and microstructures provide particularly good performance
due to their high adhesive strength, surface flexibility and repeatability. However, due
to the need for strong adhesion with high payloads, while minimising the damage to
the wind turbine surface, Bernoulli grippers and microstructures can be considered the
optimal candidates for the application in hand, depending on the scale and application of
the deployed drone.

5.3. Aerial Locomotion

Aerial locomotion is essential for long-range inspections, particularly when inspecting
the blades and upper sections of the tower. That said, it can be beneficial for some close-
range inspection scenarios such as acoustic sensing, which can be conducted with a UAV
when configured correctly [248]. Overall, there are three main types of aerial locomotion
(as seen in Figure 7b), including fixed-wing, rotary wing and flapping wing configurations.
Each of these configurations provides various benefits and drawbacks for wind turbine
inspections, which will be further touched upon in this section.

Fixed-wing drones provide an efficient method of forward flight for long distances
and high speeds due to their relatively low energy consumption They originally targeted
missions that involve surveillance, e.g., [249,250]; however, these missions are actually
not far, in terms of mission requirements, from long-range inspection missions. Fixed-
wing drones can come in many different configurations [251], and as highlighted by
Yayli et al. [252], Masood and Wei [253] and Qiao et al. [254], their operations include
different factors required to optimise aircraft designs while also considering the different
possible configurations of the system and the different mission profiles. While they provide
an efficient method for high-speed forward flight suitable for long-range inspections, most
wind turbine close-range inspections typically require low speeds with mostly hovering
flight, making them unsuitable for such inspection scenarios.

On the other hand, rotary wing drones provide a viable alternative for low-speed
and hovering flight. These can come in many different forms, such as helicopter and
multirotor configurations (such as quadcopters). That said, helicopter configurations are
considered more complex and expensive to realise at small form factors, even though they
are more stable and efficient [255]. On the other hand, the stability and responsiveness of
multirotor drones can be enhanced by applying various different control methods, such as
Proportional-Integral-Derivative (PID) and sliding mode control (SMC) [256-259]. These
drones are by far the most popular configuration, and by optimising various factors such
as the materials used and the propeller configurations, their performance can be further
improved. As such, these are very commonly used for the different wind turbine inspection
scenarios and can be considered the current state of the art [260,261].

Finally, flapping wing drones provide an innovative method for increased agility and
flexibility in difficult environments [262]. That said, their development has been limited
up to now, both because the biomechanics of flapping flight itself is complex and because
there has been limited industrial interest in both the simulation and construction of such
drones. That said, in recent years, we have witnessed significant efforts to enhance our
aerodynamic understanding of flapping flight, and the reader is referred to [263-267] for
more focused discussions. Moreover, several research attempts have had notable success in
demonstrating successful bird-like [262,268] and insect-like [269,270] prototypes that show
good promise for future implementations. In fact, by optimising various factors, such as
optimising the flapping profiles and wing geometries, flapping wing flights can be further
improved for more efficient locomotion [271-276]. This improved efficiency is crucial to
enable feasible and cost-effective wind turbine inspections, hence further developments
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in this direction are needed to ensure flapping wing designs are real contenders for wind
turbine inspection deployment.

Overall, rotary wing configurations are currently deemed the most suitable for wind
turbine inspection applications. While the energy consumption is lower during forward
flight in fixed-wing configurations, hovering flight is a completely different matter, and
this mode is deemed necessary for successful inspection capability. On the other hand,
flapping wing configurations can still be considered to be in the initial developmental stage
and currently need further work to improve their effectiveness and efficiency to be able to
compete with the currently more well-developed rotary platforms.

5.4. Terrestrial Locomotion

Terrestrial locomotion is useful and critical to the inspection of wind turbines when
considering transportation to and from the control station and between turbines. The
drone may also need to perch on the wind turbines, which is useful for close-range in-
spections of both the blades and the tower in a more thorough manner. In general, there
are many diverse types of terrestrial drones, and these can be generally classified into the
distinct categories illustrated in Figure 7c, detailing the mechanisms employed by each
type of locomotion.

Wheeled locomotion is the simplest method of terrestrial locomotion from both design
and control angles. Over the years, there have been many innovative drone designs involv-
ing wheels, such as the vibration-driven drone [277] and wheel-legged drones [278-280].
These designs demonstrate the low kinematic complexity of wheeled locomotion while
employing innovative mechanisms for more versatile motion. Another variant of wheeled
locomotion is that of tracked locomotion, which wraps a set of wheels in a tracked belt
for better performance in rough environments [281-283] (with the different tracked con-
figurations demonstrated in [284]). Other tracked solutions, including the designs by
Ben-Tzvi and Saab [285] and Nagatani et al. [286], illustrate how tracked solutions can
be used in innovative multimodal terrestrial solutions, such as hybrid tracked legged
locomotion to traverse complex environments and hybrid wheel-tracked systems for
multi-directional adaptability.

Other solutions involve using bioinspired mechanisms. One popular mechanism used
is that of legged locomotion, which demonstrates higher manoeuvrability and flexibility in
rough and unknown terrains [287]. Legged drone designs [288-290] illustrate the impor-
tance of the control system employed to traverse complex terrains due to the complexity
of the system. Other studies demonstrate the learning ability of legged drones and how
different algorithms can be used to improve the system [291,292]. Bioinspired solutions
also include multi-DOF locomotion, which demonstrates even higher manoeuvrability
for complex environments. Example designs include soft drones such as those developed
by Park and Cha [293], Chen et al. [294], and Shah et al. [295], demonstrating adaptable
motion using caterpillar motion at a small scale. Other examples include earthworm and
snake-like locomotion [296-298]. These demonstrate unparalleled flexibility; however, they
require more research to be used in practice.

Overall, it can be inferred that wheeled locomotion would be the most suitable for
the application at hand. While the other solutions are either more robust or more flexible,
which are important considerations for the current application, the complexity, energy
consumption and potential effect on the blade surface make them a less desirable choice
for long and cost-effective deployments.
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5.5. Aquatic Locomotion

Aquatic locomotion is essential to the complete inspection of offshore wind turbines
as a good portion of the tower and the system is typically buried underwater. Robotic
navigation in such environments is difficult due to the need to navigate a denser fluid
than air and the need to be sufficiently waterproofed and robust. Many diverse types of
aquatic locomotion can be used, and these can be split into three categories, as illustrated
in Figure 7d. These all have their respective advantages and disadvantages, and in this
section, these will be highlighted and addressed in terms of wind turbine inspections.

Rotor-based locomotion is the simplest approach to underwater locomotion. This
uses rotors to propel the drone underwater and can be classified into multiple sub-
categories [299]. Example ROV designs can be found in the studies conducted by
Ray et al. [300], Aguirre-Castro et al. [301], and Zulkarnain et al. [302], which were de-
signed to be remotely controlled from a distance. This is in contrast to AUV designs [303],
which are designed to operate autonomously without operator intervention. Other novel
strategies include the Variable Buoyancy System (VBS) [304], which provides a lightweight
and compact buoyancy control system that allows vehicles to function well in both air and
water without sacrificing performance.

Bio-inspired locomotion can provide more flexible and adaptable locomotion that
can be used in different applications. A popular inspiration in this direction is that of
aquatic legs, such as those used by ducks, frogs and mudskippers, allowing for amphibious
locomotion [305-308], as well as other designs using turtle flipper configurations for more
versatile kinematics [309-311]. While these designs provide increased manoeuvrability,
there are other designs that do not require legs, providing even more flexibility in different
environments by imitating fish in nature [312-316].

Opverall, based on the above discussions, it seems that rotor locomotion is currently the
most suitable for the application at hand, as while the other solutions may be more flexible,
which is important, their complexity and energy consumption make them less suitable for
long and cost-effective deployments.

6. Control and Navigation Considerations
6.1. Overview

In this section, different control/navigation aspects involved in multimodal drones
will be briefly highlighted. Our discussions will focus on three main aspects: control
platforms, control strategies and navigation and autonomy.

6.2. Control Platforms

To control the locomotion of multimodal drones, an appropriate control platform is
needed that is powerful enough while optimising costs and the simplicity of the system.
There are several options for such a platform; however, the most common types include:

o  Off-the-shelf solutions (e.g., Pixhawk PX4).

e  Microcontroller (e.g., Arduino Nano/Uno/Mega).

e  Microprocessor (e.g., Raspberry Pi 5).

e  Remote computation with (e.g., Host PC with Robot Operating System).

All these options have been used previously on different drones within different
applications, with each of these solutions having different trade-offs.

Off-the-shelf solutions are the simplest methods to control a drone. This is due to the
little software programming required and the limited hardware ports available [317,318].
These platforms typically abstract the control of the system, which is ideal for users who
want a quick solution that just works. However, the main issue with such systems is the
lack of versatility, i.e., if the controller is not fit for purpose, then this system cannot be
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used standalone. This type of system has been used within a multitude of drones for
different modes of locomotion, including aerial, terrestrial and aquatic modes individually,
e.g. [319-324].

Microcontrollers, on the other hand, are far more versatile and allow for much more
low-level programming [325-328]. These platforms are usually reasonably cheap, which
makes them a popular choice. However, these platforms are usually not very powerful
and cannot handle very complex computations. As such, microcontrollers are usually
used for small-scale systems, making them a less useful option as a standalone solution.
There are more powerful microcontroller solutions; however, for these, the price increases
significantly. There have been many drone designs that have been presented using micro-
controllers, including many simple terrestrial, aerial and aquatic drones, e.g. [329-335].

Microprocessors provide another method for controlling drones using an operating
system while still allowing for hardware interactions [336,337]. This method has more
power and memory than microcontrollers while still allowing for significant low-level
hardware interactions. Microprocessors also allow for on-board communication, such as
WiFi and Bluetooth, which are needed for data communication. As such, they provide a
reasonable compromise between a low-power microcontroller and an expensive processor.
As such, for systems that are not too computationally demanding but require reasonable
performance, this solution provides a good compromise. It is therefore not surprising to
see a multitude of designs currently relying on this controller platform, e.g. [301,338-343].

Finally, remote computation with a Robot Operating System (ROS) provides a power-
ful control solution [344,345]. By running all the computationally demanding algorithms
on a separate powerful machine, the actual robot can have a low power board in return,
which thereby lowers energy consumption. However, this requires a very strong and robust
communication link between the drone and the host computer, leading to an easy point of
failure for the system. As such, in some cases, a custom processor board is made to provide
the required processing power while minimising the complexity as much as possible. How-
ever, this requires much more time beforehand to set up the system. These solutions are
also used extensively with a multitude of drones of different types, e.g. [346-352].

Based on the above and depending on the application, different systems can be
used. As multimodal drones are reasonably complex systems that typically require a
more complex level of control, microcontrollers may not be ideal in such cases. Also, as
inspection tasks need to be as robust as possible, remote computation may not be ideal.
However, more complex sensor computations can be analysed on a remote computer to
reduce the power usage of the multimodal drone. As such, the remaining options are
off-the-shelf solutions and microprocessors. Both provide sensible solutions; however, for
custom drones that need proprietary controllers, microprocessors (such as the Raspberry Pi
5) provide a viable solution due to their versatility and reasonable computation power.

6.3. Controller Strategies

Another important aspect is the control strategy itself for each of the previously
discussed locomotion methods to ensure stable and effective operation. There are many
different algorithms to deploy such a strategy, as summarised in Table 8. These can be
classified as basic-level control algorithms and more advanced methods. There are many
designs in which basic control algorithms are all that are needed to control the system.
However, for more complex multimodal systems that have many mechanisms and complex
chassis designs, more advanced systems would seem to be more appropriate. For more
information on advanced control systems, the reader is referred to [353].
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Table 8. Comparison of different control strategies.

Controller Block Diagram Advantages Disadvantages
Basic
Input Output Low complexity and . .
Open Loo —>‘ Contolior }-" Siant }—> . Sensitive to disturbances
P P remarkably simple
Input error Output
() Simple to implement with fast . .
Bang-Bang . Not suitable for fine control
response time
PID Stable and accurate with a wide Parameter tuning is
range of uses more complex
Advanced
Adaptive Real time parameter adjustments More complex and requires
P EEN p ) detailed data
Output 1
S Can control systems with Complex to design and
Multivariable output 2 L. Y prex 5 .
multiple inputs and outputs computationally intensive
Controller
Fuzzy c Output
Fuzz Rues | —— Non-linear and complex systems, Tuning subjective and
y and robust to noise time consuming
Plant
Optimises over future horizon Requires accurate model of
Model Predictive and has excellent performance for system and is
complex systems computationally intensive
Maintains performance Requires extensive trainin
Robust P d &

despite uncertainties and validation

Setpoint

Input [~ Neural Output
> Network HComDaraiorHComparator}j_p

T

Requires large amount of
training data

Models’ complex systems while

Neural Network . . . ..
improving with training

Backwards Propagation

Input Output

Minimises cost-function for
better performance

Requires accurate system
model and overly complex

Controller

Optimal

Based on the comparison shown in Table 8, PID as a controller would provide better
results than open loop or bang-bang due to its accuracy and stability. On the other hand,
if the system to control is non-linear and/or may need to be re-tuned constantly, more
advanced control is needed. In such cases, fuzzy and adaptive controllers should be
considered as these better suit non-linear systems and minimise noise while adjusting
control parameters in real time.
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6.4. Navigation and Autonomy

Autonomy is the act of allowing the system to operate without the need for human
intervention. This can come at multiple levels, ranging from no autonomy to full autonomy,
as illustrated in Figure 16.

Single Specific All actions Fully Fully
automated tasks using are automated autonomous autonomous
Completely system data from but human without human  with no human
teleoperated without data environment operator intervention, intervention
manual control from with human available for in limited inall
environmemt supervision safety applications environments

Figure 16. Illustration of the different levels of autonomy.

For typical wind turbine inspection tasks, the aim is usually to have a drone that can
operate with conditional or high-level automation at levels 3 or 4. This is to ensure that
personnel are minimally required for drone deployments, as well as to maintain the safety
of the system. To achieve this, the drone must be aware of its own location, as well as its
surroundings. There are multiple methods that can be used to achieve this, using different
types of sensors. These can be classed as proprioceptive or exteroceptive sensors, respec-
tively, and will be briefly highlighted together with the different navigation techniques.

The first type of sensor used for localisation and autonomy is the proprioceptive
sensor, such as an accelerometer or encoder. These can be used to position the drone using
odometry and feedback control systems to estimate the errors induced by the drone using
methods, such as dead-reckoning [354]. The second type of sensor, typically used for sensor
fusion and mapping, is the exteroceptive sensor, such as sonar and LiDAR. These can
be used to map out the environment or use the obstacles in the environment to correct
the position data of the drone, providing a more accurate estimation and, hence, a more
accurate navigation result. Example navigation methods include LiDAR SLAM, Visual
SLAM, GPS and bug algorithms. These all come with their advantages and disadvantages,
as summarised in Table 9.

A combination of proprioceptive and exteroceptive sensors is typically needed to
ensure that the drone can navigate effectively. From Table 9, it can be inferred that GPS is
the preferred localisation method in wind turbine environments, with LIDAR SLAM used
as a backup when the system fails or when the drone is deployed in other applications, such
as in confined spaces. Moreover, sensor fusion can provide optimal results for autonomous
navigation. Examples of this can be performed with Kalman filters for linear data and
extended Kalman filters or particle filters for non-linear data [354]. It is useful to note that
sensor fusion can be used to combine proprioceptive sensors with exteroceptive sensors for
accurate validation between inertial data and environmental data. However, sensor fusion
can also be used to merge different methods of navigation, such as GPS and LiDAR SLAM.
By gathering data from both sensors, the drone can gain a better-informed position of where
it is in space and where the structures are. By combining these algorithms together while
utilising the onboard inspection sensors, the navigation accuracy is improved significantly
without the need for additional electronics, leading to a more effective autonomous system.
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Table 9. A comparison of different navigation methods using exteroceptive sensors.

Method Sensors and Method Advantages Disadvantages
- Fusion between LiDAR for . . ) E?q:)?nswe.
. High-resolution. - Limited range, and some
environment data and IMU No prior knowledge of the weather conditions can
LIDAR SLAM for drone data. prior 8 )
- surroundings needed. impact performance.
[355] - Map of environment used . . . .
- Can be used in a variety of - Computationally demanding.
for accurate navigation . .
. different environments. - Struggles to detect
of surroundings. ;
transparent materials.
- Fusion between camera for Accurate. - Small field of view.
. environment data and IMU Real-time operation. - Accuracy affected by lighting.
Visual SLAM . . .
[356] for drone data. Comparatively cheap. - Computationally expensive.
Map of environment used Can be implemented on a - Sensor calibration can be
for accurate navigation variety of platforms. difficult and time-consuming.
- Structures can block radar.
- Inaccuracy due to building
- Global Satellites Can navigate on a reflections or weak
triangulate position. global scale. satellite coverage.
GPS [357] - Needs at least 4 satellites to Receivers are accessible and - Electromagnetic interference.
operate in three dimensions. reasonably priced. - Limited vertical accuracy.
More user-friendly. - Can use a lot of battery power.
- Location accurate to within a
few meters.
) S(?nar or Laser Easy-to-implement - Estimation errors can result in
Distance Sensor S .
. ) Drone can go across navigational mistakes.
Bug Algorithm - Obstacle avoidance complicated surroundings - Does not ensure optimal path
[358] algorithm where drone p & P path.

continuously adjusts
direction to goal optimally

with few collisions
Moves the drone efficiently

Limited performance in
complex situations.

It is also useful to note that the sensors used for autonomy and navigation can be re-
used for inspection purposes simultaneously. Examples of this include using LiDAR scans
for both SLAM navigation and 3D laser scanning (which utilises the same 3D map) and
ultrasound sensors for both ultrasound inspection and bug algorithms for navigation using
distance measurements. As such, these sensors can be re-used and utilised concurrently to
ensure that their potential is maximised and the payload is optimised effectively. This can
significantly reduce the system costs and payloads by selecting the payload sensors such
that they can be reused for both inspections and navigation.

6.5. Mode Transitions
Based on our earlier analysis, the following locomotion modes seem to be good starting
design selections for a multimodal design:

Bernoulli Pad and Gecko Gripper for Climbing.
Quadrotor for Aerial.
Wheels for Terrestrial.

Reconfigurable Quadrotor for Aquatic.

For any multimodal drone, mode transitions are critical to the operation of the drone.
As such, effective transition mechanisms are required to optimise the new operation
effectively. Table 10 briefly mentions a few strategies to transition from each environment
to the next for the above-selected configurations.
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Table 10. Methods of transition from different operating modes.
Involved Modes
A B AtoB Bto A
Land Air Lift off from ground using propellers Land carefully on ground landing on wheels
Land Water Drive carefully into water and deploy Variable Use propellers and VBS to reach water surface
Buoyancy System (VBS) system to go underwater then use wheels to reach land
Land Climbing Change orientation then attach to surface Touch Ground, d?tach .from surface and change
orientation safely
. Land in water using propellers and then use VBSto  Use propellers to generate enough lift to exit the
Air Water . .
go underwater water—air barrier
Air Climbin Land on target, while using propellers for stability =~ Deploy propellers for safety, de-attach adhesion
8 until adhesion mechanism deployed and then fly off
oo Swim to correct orientation and then attach De-attach from surface and then deploy
Water Climbing . )
accordingly to surface underwater locomotion

7. Overall Discussions and Conclusions
7.1. Drone Features and Design Decisions

There are many designs that are currently being used for wind turbine inspections.
However, these drones mostly operate in a single-mode configuration on a single wind
turbine, completing a single type of inspection. For long-range deployments, aerial drones
are usually used due to their unmatched coverage capabilities. These aerial drones can
thus provide an overview of the issues identified on wind turbine blades, as well as other
structures, allowing for reduced costs and downtime. Even so, this approach can be
prone to errors from factors such as weather or low-quality imaging. Also, the depth
of scanning is not always optimised and, as such, close-range inspections are usually
employed in parallel.

Notably, ring-climbing drone designs, while effective in their operation for wind
turbine towers and blades, must maintain contact with the tower whether by using wheels
or wires, each providing its own set of advantages and disadvantages. The main advantage
of these approaches is their robustness and ability to operate successfully on a single turbine
with high payloads. Despite that, these designs can cause additional wear to the turbine
towers due to the constant friction from the wheels or the tension in the cables. Also, these
drones have no way of being transferred from one turbine to the next without significant
work from the operators; as such, for effective operations, these drones would have to
be designed in exceedingly high quantities, which can be costly and inefficient. Other
approaches to close-range inspections include walking drones, which are more flexible and
retrievable. In contrast, legged drones are complex in terms of control and design while
having high power consumption and being slower than other alternatives. As such, for
long deployments, legged drones may not be the best option. As such, a solution that can
combine the robustness and high payloads of ring solutions while being reusable from
turbine to turbine would be ideal. One method to achieve this includes drones that can
attach to the required structure with a strong and efficient adhesive, such as PWCRs. These
have the potential to achieve reasonably high payloads while allowing the drone to be used
on multiple structures with less complexity.

For offshore environments, there is an additional need for aquatic inspections of
the submerged tower components and the mooring system. This is essential for the
continued upkeep of the wind turbine. However, conventional methods cannot traverse
these environments; hence, aquatic drones provide an interesting challenge to the field.
There have been many successful designs and simulations in this direction, yet these drones
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have many challenges to improve upon including waterproofing, drag reduction and,
hence, better power economy, as well as sensing/navigation technology challenges.

Finally, while terrestrial drones are not used in the field of wind turbine inspections
due to being out of range for most of the important components, these drones have shown
promise in many different fields such as bridge and object inspections. Also, terrestrial
drones have been shown to be excellent for the transportation of many different systems
and personnel and, as such, is an important direction to consider when observing this
ever-changing field.

It goes without saying that adequate and efficient methods for actuation are key to
the success of robotic deployments. For climbing locomotion, Bernoulli pads and gecko
pads can be considered the best choices due to Bernoulli pads being highly effective and
offering non-contact, therefore not affecting the inspection surface. Regardless, for the
deployable sensor package, a strong passive contact adhesive is required for low energy and
longevity. As such, gecko grippers fit the sensor package need, potentially via a microrobot.
For terrestrial locomotion, wheeled actuation offers simplicity and energy efficiency in
comparison to other methods. As for aerial locomotion, quadcopter locomotion is currently
the most suitable mainly due to reasonable performance during hovering, which is key for
this application. However, future advancements in flapping wing robotics hold promise
to create a step change in the field, not because they are better hoverers but rather due
to the additional features of agility and versatility that they can potentially offer. Finally,
like aerial locomotion, rotor-based actuation is likely the best current option for aquatic
locomotion due to its simplicity and low cost (as well as the potential of re-using current
quadcopter hardware). That said, there is a notable rise in the design and deployment
of ever-improving bio-inspired configurations, which have future potential to change the
current inspection practices.

7.2. Collaborative and Multimodal Drone Designs

Single-mode drones operate independently and this is inefficient not only in terms
of resources and energy but also the high number of personnel needed to deploy these
systems. This is exemplified in Table 3, where climbing drones are configured as ring
climbers as well as other configurations that are difficult to deploy. This increases the
inspection interval required for more thorough inspections, which means that low levels
of damage are likely not detected early, allowing them to evolve further. Collaborative
and multimodal drones are showing ever-increasing promise in this field to improve and
optimise wind turbine inspections by lowering the number of individual drones required
and the communication required for the system’s effective operation, thereby lowering
the costs and the required personnel needed to deploy, monitor, operate and inspect these
drones. Collaborative drones have been demonstrated in recent years, providing a good
way to inspect different parts of wind turbines and transfer one drone from one turbine
to the next. This is also exemplified in Table 3, showing how collaborative drones have
been seen to deploy modular climbing solutions, such as the Goliath and Bladebug [88,89].
These solutions reduce the time and difficulty required to deploy climbing drones, which
contributes to lower maintenance costs. However, this does not resolve the matter of
having many different drones, each with its own costs and required personnel. That said,
collaborative drones do provide insight into inspecting multiple parts of the wind turbine in
different ways during the same deployment. As such, multimodal drones provide another
approach to tackle this problem. Fit-to-purpose examples include PWCRs, which are drones
that can climb on wall-like structures using pneumatics. On the other hand, these designs
have not been tested in wind turbine locations and may consume large amounts of energy,
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yet still less energy than a multitude of separate drones. Hence, this provides an interesting
venture in the field of wind turbine inspections.

A hybrid approach to multimodal drones can be beneficial to achieving the required
outcome with the lowest possible complexity, while also maximising the efficiency of
the design. These drones combine the best features of both rotor-based and bio-inspired
actuation to achieve the required task in an optimal fashion. Examples of this include
multi-rotor wheels that have additional joints, allowing them to operate as legs for un-
conventional environments, as well as wall-climbing drones that use wheeled locomotion
with bio-inspired microspine adhesive techniques. These examples indeed demonstrate
the benefits of combining various methods of locomotion. Notably, we illustrate here that
rotor-based designs lead to simple configurations with very few complexities, such as
wheeled quadcopters and magnetic wheeled WCRs. However, these cannot be applied to
varying environments and are limited in how they are used. Consequently, bio-inspired
designs allow for a greater range of motion by imitating kinematic mechanisms seen in
nature, such as those seen in duck and turtle mechanisms for swimming and bird-perching
mechanisms using claws and winged aerial flight.

While these designs and sensing selections provide useful insights, they require further
research to enhance their stability, control and energy efficiency. As such, when considering
wind turbine inspections, these factors should be optimised for effective close-range, long-
range and aquatic inspections.

7.3. Final Comments

Based on the environment in which wind turbines are deployed and their design, the
designed drone should be able to inspect all aspects of the turbine blade, which could
involve locomotion at a 90° angle or even upside down. Such a drone will typically also
need to be able to carry a significant payload, containing the sensors required to conduct
the inspections and the core electronics and mechanics for the system. Therefore, the
optimisation of payload configuration and weight can have a drastic impact on the whole
drone’s design, especially when considering cases requiring vertical and upside-down
inspections. In addition, this drone will be required to operate in harsh and turbulent
conditions so it must be able to withstand these conditions accordingly.

Overall, drones can significantly help in optimising the workflow involved with
wind turbine inspections, reducing the risk to human workers, reducing downtime and
increasing the efficiency of the inspection process. Bio-inspired drones can be seen to have
a greater adaptability to the environment with much smoother operations, and in certain
cases, they can have a lower energy consumption rate (as the actuation used by animals
saves unnecessary energy loss for different modes of operation). Finally, multimodal
drones can further improve the adaptability to the environment and enable more efficient
operations. Despite that, no design currently addresses this issue effectively for wind
turbine farm inspection in a multitude of modes of operation, including the deployment
phase, the long-range phase, the close-range phase, the retrieval phase and the underwater
inspection phase. As such, more research is needed to address this challenge, allowing
for an actuation system that can morph between these different modes of operation as
smoothly as possible.

As pointed out in this paper, we believe that an ideal multimodal drone should
effectively combine relevant rotor-based and bio-inspired methods to achieve streamlined
performance. An example of how this can be achieved is to use a multi-rotor setup for
aerial and aquatic locomotion, wheeled locomotion for terrestrial locomotion and Bernoulli
or gecko grippers for climbing modes. However, as climbing is a complex task, other
bio-inspired techniques such as those inspired by caterpillar and snail locomotion should
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also be considered. This would allow effective locomotion that features adhesive strength
while conserving energy, which is a drawback of pneumatic adhesives. It should be noted
that the previous examples are just a few possible options and should not limit future
endeavours to come up with different proposals. That said, what we proposed is mainly a
result of the current advances in this vibrant field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/drones9010004/s1, Lists of studies used to create the histograms in
Figures 3, 8 and 10.
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