
 

12 X October 2024

https://doi.org/10.22214/ijraset.2024.64283



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 

                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538 

                                                                                                                Volume 12 Issue X Oct 2024- Available at www.ijraset.com 

     

123 © IJRASET: All Rights are Reserved |  SJ Impact Factor 7.538 |  ISRA Journal Impact Factor 7.894 |  

Optimizing Wing-In-Ground Effect UAVS for 

Enhanced Search and Rescue Operations: A 

Comprehensive Review 
 

M. Vijayan
1
, Ansh Pangoria

2
, Milan J Patel

3 

Department of Aeronautıcal Engıneerıng, School  of Mechan৻cal Eng৻neer৻ng, Sathyabama Inst৻tute of Sc৻ence and Technology, 
Chenna৻, Tam৻l Nadu, Ind৻a. 

 

Abstract: Wing-In-Ground Effect (WIG) Unmanned Aerial Vehicles (UAVs) represent a unique convergence of aerodynamic 

principles and unmanned systems technology, offering promising solutions for maritime operations. This paper explores the 

historical development, theoretical foundations, and potential applications of WIG UAVs. The phenomenon of ground effect, 

which enhances lift and reduces drag when flying close to water surfaces, has been observed since the early 20th century. Soviet 

engineer Rostislav Alexeyev's pioneering work on the Lun-class ekranoplan in the 1960s demonstrated the viability of WIG 

technology for military logistics. Advancements in materials science, propulsion systems, and computer-aided design have 

further refined WIG vehicle performance. The integration of autonomous capabilities has expanded the operational scope of 

WIG UAVs, enabling missions in challenging maritime environments. The aerodynamic investigation of WIG vehicles reveals 

the complex interplay between the vehicle's wings and the water surface, leading to enhanced lift-to-drag ratios and improved 

efficiency. Computational Fluid Dynamics (CFD) simulations and wind tunnel experiments have provided valuable insights into 

the optimization of WIG UAV designs. The potential applications of WIG UAVs span maritime surveillance, coastal patrolling, 

search and rescue operations, and cargo transportation. Their ability to collaborate with other unmanned systems, such as aerial 

drones and surface vessels, enhances overall mission effectiveness. As the demand for sophisticated maritime capabilities grows, 

the development of WIG UAVs presents a promising frontier for innovation, offering unique solutions to address evolving 

challenges in maritime security and operational effectiveness. 
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I. INTRODUCTION 

Wing-In-Ground Effect (WIG) vehicles represent an innovative convergence of aerodynamics and marine engineering, specifically 

designed to operate within a unique flight regime close to the surface of water bodies. This operational domain leverages the ground 

effect, a phenomenon where an aircraft experiences increased lift and reduced drag when flying close to a surface. The benefits of 

this phenomenon are maximized in WIG vehicles, which are purpose-built to maintain proximity to the water surface, allowing for 

efficient flight with reduced energy consumption [1].  

These vehicles have garnered significant interest for their potential in a wide range of maritime applications. For example, WIG 

UAVs are particularly advantageous in environments where traditional aerial vehicles might struggle due to fuel inefficiencies at 

low altitudes, or where marine vessels might face limitations in speed and manoeuvrability. The hybrid nature of WIG vehicles 

allows them to operate efficiently in both domains, making them invaluable assets in sectors like coastal surveillance, maritime 

logistics, and emergency response [2].  

The integration of advanced technologies, such as AI-driven autonomous navigation and state-of-the-art sensor systems, has further 

enhanced the capabilities of WIG UAVs. These advancements have enabled WIG UAVs to perform complex missions with minimal 

human intervention, ensuring operational efficiency even in challenging environments. This level of autonomy is crucial for 

applications where human safety is a concern, such as in disaster-stricken areas or hostile maritime regions [3]. Additionally, the 

potential for WIG UAVs to function in concert with other unmanned systems, such as drones and unmanned surface vessels (USVs), 

provides a comprehensive approach to maritime operations. This synergy allows for a broader operational scope, improving 

situational awareness and enabling more effective mission outcomes. As a result, WIG UAVs are increasingly being considered for 

roles that require both speed and precision in maritime contexts [4]. 
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II. HISTORICAL DEVELOPMENT 

The concept of Wing-In-Ground Effect (WIG) vehicles has a rich history that dates back to the early 20th century, with the first 

significant observations of ground effect occurring during World War I. Pilots noticed that aircraft performed better at lower 

altitudes, particularly in terms of lift and stability, which sparked interest in the aerodynamic principles underlying this 

phenomenon. However, it was not until the mid-20th century that focused engineering efforts were made to develop vehicles 

specifically designed to exploit ground effect [5]. Rostislav Alexeyev, a prominent Soviet engineer, played a pivotal role in 

advancing WIG technology during the 1960s. His work led to the creation of the Lun-class ekranoplan; a ground-effect vehicle 

designed for military use. The Lun-class was capable of carrying heavy payloads at high speeds just above the water surface, 

making it an effective tool for naval operations, particularly in regions where stealth and rapid deployment were critical [6]. Despite 

these advancements, the widespread adoption of WIG technology was hampered by several challenges. Regulatory issues, the 

complexity of the designs, and the limitations of technology at the time restricted the application of WIG vehicles to niche areas, 

primarily within military contexts. However, the late 20th century saw renewed interest in WIG vehicles, driven by advancements in 

materials science and computer-aided design (CAD), which allowed for more refined and efficient designs [7]. Entering the 21st 

century, WIG technology began to see applications beyond military use, particularly with the integration of unmanned systems. This 

shift has opened new possibilities for WIG vehicles in various civil and commercial sectors, such as maritime surveillance, search 

and rescue operations, and environmental monitoring. The development of autonomous WIG UAVs capable of performing complex 

missions without direct human control has further expanded the potential applications of this technology [8]. 

 

TABLE I 

 HISTORICAL DEVELOPMENT OF WING-IN-GROUND EFFECT VEHICLES 

Period Development Milestone Key Contributor Reference 

Early 20th 

Century 
Initial observations of ground effect during WWI Military Aviation Research 

Yun & Bliault (2012) 

[5] 

1960s Development of Lun-class ekranoplan Rostislav Alexeyev Nebylov (n.d.) [6] 

1970s - 1980s Experimental prototypes and design refinements Various Nations Priyanto et al. (n.d.) [7] 

Late 20th Century 
Reinvigoration of WIG research with advanced 

materials 

Global Aerospace 

Community 
Ahn et al. (n.d.) [8] 

Early 21st Century Integration of unmanned systems into WIG designs Research Institutions Ahn et al. (n.d.) [8] 

 

III. THEORETICAL FOUNDATIONS 

A. Aerodynamic Investigation of Wing-In-Ground Effect (WIG) Vehicles 

The aerodynamic behaviour of Wing-In-Ground Effect (WIG) vehicles is fundamentally influenced by their proximity to a surface, 

typically water. Ground effect is a well-documented phenomenon where an aircraft experiences an increase in lift and a decrease in 

drag when flying close to the ground. This occurs because the presence of the surface alters the pressure distribution around the 

wings, leading to increased lift and reduced induced drag [9]. For WIG vehicles, ground effect is not merely a beneficial side effect 

but a core design principle. When a WIG vehicle operates within one wingspan of the water surface, it can experience up to a 50% 

increase in lift compared to the same vehicle flying at higher altitudes. This significant increase in lift allows WIG vehicles to 

maintain stable flight at lower speeds, which is particularly useful for maritime applications where manoeuvrability and efficiency 

are paramount [10]. Computational Fluid Dynamics (CFD) simulations play a critical role in understanding and optimizing the 

aerodynamic performance of WIG vehicles. Engineers use CFD to model various flight conditions and to analyse how different 

wing configurations affect lift and drag. For instance, variations in wing camber, aspect ratio, and angle of attack can have profound 

effects on the aerodynamic efficiency of the vehicle. These simulations help in identifying the optimal design parameters that 

balance lift, drag, and stability [11]. Environmental factors, such as wind speed, direction, and wave conditions, also significantly 

influence the aerodynamic performance of WIG vehicles. In particular, crosswinds and turbulent airflows can disrupt the stable 

flight patterns of these vehicles, necessitating the development of adaptive control systems that can dynamically adjust the vehicle's 

flight parameters in real-time. The incorporation of such systems is crucial for ensuring the operational reliability of WIG UAVs in 

diverse and challenging maritime environments [12]. 
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TABLE II 

 AERODYNAMIC PROPERTIES OF WIG VEHICLES IN GROUND EFFECT 

Parameter Description Value Range or Impact Reference 

Lift Increase 
Percentage increase in lift due to ground 

effect 

Up to 50% compared to higher 

altitudes 
Lippisch (n.d.) [10] 

Drag Reduction 
Reduction in drag when operating near 

the surface 

Significant reduction in induced 

drag 

Mobassher Tofa et al. 

(2014) [9] 

Optimal Operating 

Height 

Height range for maximum ground effect 

benefits 
Within one wingspan of the surface Han et al. (n.d.) [11] 

Impact of Crosswinds Effect of crosswinds on stability Can cause significant instability Yang et al. (n.d.) [12] 

Angle of Attack 
Influence on lift and drag during ground 

effect 

Higher angles increase lift but risk 

stalling 
Han et al. (n.d.) [11] 

 

B. Structural Dynamics 

The structural dynamics of WIG vehicles are uniquely complex, involving the interaction of aerodynamic and hydrodynamic forces. 

The proximity of these vehicles to the water surface means that they are subjected to forces not typically encountered by traditional 

aircraft, including wave-induced vibrations and dynamic lift variations. Understanding these forces is essential for designing 

structures that can withstand the stresses of WIG operations without compromising performance [13]. Finite Element Analysis 

(FEA) is a critical tool in the structural design of WIG vehicles. FEA allows engineers to break down the vehicle into smaller 

elements, enabling detailed analysis of how each component responds to various forces. This method is particularly useful for 

identifying potential weak points in the structure and for optimizing the material distribution to enhance durability and reduce 

weight. For example, FEA can be used to simulate the stresses experienced by a WIG vehicle's wings during high-speed manoeuvres 

over choppy water, ensuring that the design can withstand these conditions without failure [14]. Material selection is another crucial 

aspect of structural dynamics. WIG vehicles typically use advanced composite materials, such as carbon fibre reinforced polymers 

(CFRP), which offer high strength-to-weight ratios and excellent fatigue resistance. These materials are ideal for WIG vehicles, 

which require both flexibilities to absorb dynamic loads and rigidity to maintain structural integrity under continuous operation. The 

damping characteristics of these materials also play a vital role in minimizing vibrations and enhancing the overall stability of the 

vehicle [15]. In addition to material considerations, engineers must account for the effects of environmental factors on the structural 

integrity of WIG vehicles. Wave motion, currents, and wind can all impact the vehicle's dynamic response, making it essential to 

conduct thorough simulations and tests to predict how the structure will perform in various conditions. The development of robust 

designs that can endure these external forces is key to ensuring the long-term reliability and safety of WIG UAVs [16]. 

 

TABLE 3: 

 Structural and Material Characteristics of WIG Vehicles 

Component Material Used Key Properties Reference 

Wing Structure 
Carbon Fiber Reinforced Polymer 

(CFRP) 

High strength-to-weight ratio, fatigue 

resistance 

Hufenbach et al. (n.d.) 

[15] 

Fuselage Lightweight Composite Materials Enhanced durability, lightweight Gonzalez (2020) [19] 

Control Surfaces Advanced Composite Materials 
Flexibility with rigidity for precision 

control 
Chung (n.d.) [16] 

Load-Bearing 

Elements 
High-Tensile Aluminium Alloys High tensile strength, low density Zhang et al. (n.d.) [14] 

Damping Materials Composite with High Loss Factor 
Vibration mitigation, reduced fatigue 

failure 
Chung (n.d.) [16] 
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IV. DESIGN CONSIDERATIONS 

A. Airframe Design 

The airframe design of Wing-In-Ground Effect (WIG) UAVs is central to their performance, particularly due to the unique 

aerodynamic properties associated with operating in ground effect. A high aspect ratio wing design is typically favoured in WIG 

vehicles, as it enhances lift generation and reduces drag when operating close to the water surface. The aspect ratio, defined as the 

ratio of the wingspan to the mean chord, significantly influences the lift and drag characteristics of the vehicle, making it a critical 

parameter in the design process [17]. The use of lightweight composite materials in the construction of the airframe is also essential 

for maximizing the vehicle's performance. Materials such as carbon fibre composites offer the strength needed to withstand the 

stresses of flight while minimizing the overall weight of the vehicle. This reduction in weight not only improves fuel efficiency but 

also enhances the vehicle's operational range, allowing it to cover greater distances without the need for frequent refuelling [18]. 

The structural integrity of the airframe must be meticulously engineered to handle the dynamic loads encountered during WIG 

operations. These loads can vary significantly depending on environmental conditions, such as wind and wave turbulence. To ensure 

that the airframe can withstand these forces, engineers employ advanced computational methods and simulations during the design 

phase. These tools allow for the prediction of performance under a wide range of conditions, ensuring that the vehicle can operate 

safely and efficiently in real-world scenarios [19]. 

 

B. Propulsion System 

The propulsion system is a critical component of WIG UAVs, responsible for providing the necessary thrust to achieve and maintain 

flight in ground effect. The design of the propulsion system must consider both the high-speed capabilities of the vehicle and the 

need for efficient fuel consumption. Hybrid propulsion systems, which combine traditional engines with electric motors, are 

increasingly being explored as a solution to meet these requirements [20]. Hybrid systems offer the flexibility to optimize 

performance across different flight phases. For example, electric motors can be used during take-off and landing, where precise 

control and low-speed thrust are essential. Once the vehicle is airborne and in ground effect, the traditional engine can take over, 

providing the power needed for high-speed travel over water. This combination not only enhances fuel efficiency but also reduces 

the vehicle's environmental impact by lowering emissions [21]. Advanced propulsion technologies, such as variable-pitch propellers 

and ducted fans, are also being integrated into WIG UAVs to improve thrust control and adaptability. These technologies allow for 

real-time adjustments to the thrust output, which is particularly important in dynamic maritime environments where conditions can 

change rapidly. The ability to fine-tune thrust in response to environmental factors is crucial for maintaining the operational 

capabilities of WIG UAVs [22]. 

TABLE 4 

 Propulsion Systems in WIG UAVs 

Propulsion Type Advantages Application Scenario Reference 

Traditional Engines High power output, reliable High-speed cruising over water surfaces 
Graham (2016) 

[21] 

Hybrid Propulsion 

Systems 
Fuel efficiency, lower emissions 

Long-duration missions with varying speed 

requirements 

Said et al. (n.d.) 

[22] 

Electric Motors Precision control, zero emissions 
Take off and landing phases, low-speed 

operations 

Said et al. (n.d.) 

[22] 

Variable-Pitch 

Propellers 

Thrust adaptability, improved 

manoeuvrability 
Dynamic maritime environments 

Graham (2016) 

[21] 

Ducted Fans 
Enhanced thrust efficiency, noise 

reduction 

Operations in populated or environmentally 

sensitive areas 

Said et al. (n.d.) 

[22] 

 

C. Control System 

The control system of WIG UAVs plays a vital role in ensuring stability and manoeuvrability, particularly in the challenging 

conditions of maritime environments. The unique aerodynamic characteristics of WIG vehicles, which are influenced by their 

proximity to the water surface, require a control system that can respond rapidly to changes in environmental conditions, such as 

crosswinds and wave-induced turbulence [23].  
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Advanced flight control algorithms, such as adaptive and predictive control systems, are essential for managing the dynamic flight 

parameters of WIG UAVs. These algorithms enable the vehicle to maintain optimal flight trajectories and stability by making real-

time adjustments to control surfaces based on sensor input. The integration of sophisticated sensor technologies, including LIDAR, 

radar, and GPS, provides the data needed for these algorithms to function effectively [24]. One of the key challenges in control 

system design is ensuring that the vehicle can maintain stable flight in varying conditions without compromising performance. This 

requires the development of robust algorithms that can handle the complex interactions between the vehicle's aerodynamic 

properties and the external environment. The successful implementation of these systems is critical for the safe and efficient 

operation of WIG UAVs in diverse maritime scenarios [25]. 

 

TABLE 5 

 Control System Technologies in WIG UAVs 

Control System Type Functionality Implementation Challenges Reference 

Adaptive Control 

Systems 

Real-time adjustment to flight 

conditions 

Requires advanced sensors and real-

time processing 
Gonzalez et al. (n.d.) [25] 

Predictive Control 

Systems 

Anticipates future states based on 

current data 

High computational demand, complex 

algorithms 
Gonzalez et al. (n.d.) [25] 

Sensor Integration 
Uses LIDAR, radar, and GPS for real-

time data 

Ensuring sensor accuracy and 

reliability 
Davila (n.d.) [24] 

Autonomous 

Navigation 

Enables UAVs to operate with 

minimal human input 

Integration with existing control 

systems 

Huntsberger & Woodward 

(n.d.) [2] 

Redundant Control 

Systems 

Ensures operational safety in case of 

system failure 
Increased weight and complexity Lee et al. (n.d.) [23] 

 

D. Payload Capabilities 

The payload capabilities of WIG UAVs are a crucial consideration in their design, as these vehicles are employed in a variety of 

applications that require different types of equipment and cargo. The airframe design must be optimized to provide sufficient 

volume and weight capacity for the intended payloads without compromising the overall performance of the UAV [26]. One 

approach to enhancing the payload capabilities of WIG UAVs is the use of modular payload configurations. This design strategy 

allows for the rapid adaptation of the vehicle to different mission requirements, making it a flexible tool for a wide range of 

applications. For example, a WIG UAV could be equipped with surveillance equipment for one mission and then quickly 

reconfigured to carry medical supplies or disaster relief materials for another [27]. The integration of payload systems with the 

UAV's operational framework is also essential for efficient communication and data processing during missions. This involves 

ensuring that the payload can interact seamlessly with the UAV's control systems and that data collected by the payload is 

transmitted in real-time to operators. This capability is particularly important in applications like environmental monitoring or 

search and rescue, where timely information is critical for mission success [28]. 

 

V. PROTOTYPE DEVELOPMENT 

A. Conceptual Design and Simulation 

The development of a WIG UAV prototype begins with the creation of detailed computer-aided design (CAD) models, which serve 

as the foundation for the vehicle's design. These models are used to simulate the vehicle's performance across various flight 

scenarios, allowing engineers to optimize key parameters such as lift-to-drag ratio, weight distribution, and stability. Theoretical 

calculations, combined with advanced simulation tools, help in refining the design to ensure that the prototype meets the desired 

performance criteria [29].  

One of the primary goals of the simulation phase is to maximize the aerodynamic efficiency of the vehicle. This involves analysing 

how different wing shapes, aspect ratios, and angles of attack affect the lift and drag characteristics of the WIG UAV. By optimizing 

these factors, engineers can ensure that the vehicle performs well in the ground effect zone while maintaining stability and control 

[30]. 
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B. Material Selection and Prototype Construction 

The construction of a WIG UAV prototype involves careful material selection to ensure that the vehicle can withstand the unique 

aerodynamic and hydrodynamic forces encountered during operation. Lightweight composite materials, such as carbon fibre 

reinforced polymers (CFRP), are often chosen for their high strength-to-weight ratios and durability. These materials are essential 

for constructing a vehicle that is both robust and efficient, minimizing fuel consumption while maximizing performance [31]. The 

prototype construction process also involves the integration of essential systems for navigation, control, and communication. These 

systems must be designed to operate effectively in complex maritime environments, where conditions can be unpredictable and 

challenging. Ensuring that these systems are robust and reliable is critical for the success of the prototype in real-world testing [32]. 

 

C. Testing Methodologies 

Testing is a vital component of prototype development, beginning with controlled evaluations in wind tunnels to assess aerodynamic 

performance. Wind tunnel testing allows engineers to measure key parameters such as lift, drag, and stability under various 

conditions. The Reynolds number, a dimensionless quantity used to predict flow patterns in different fluid flow situations, is often 

calculated to characterize the flow over the prototype. This information is crucial for understanding how the vehicle will perform in 

real-world conditions [33]. Following successful wind tunnel tests, the prototype undergoes water surface evaluations to assess its 

performance under actual operational conditions. These evaluations are essential for understanding how the vehicle interacts with 

waves, currents, and other environmental factors that can influence its performance. The data collected from these tests is used to 

refine the design and improve the prototype's capabilities [34]. 

 

D. Iterative Design Process 

The development of a WIG UAV prototype is an iterative process, involving continuous feedback from testing and refinement of the 

design. Engineers conduct multiple rounds of testing and modification, using the data collected to enhance the vehicle's performance 

and reliability. This iterative approach not only improves the prototype but also informs the development of subsequent models, 

fostering innovation and advancing WIG technology [35]. The iterative design process is crucial for identifying and addressing 

potential issues that may arise during testing. By continuously refining the design based on real-world data, engineers can ensure 

that the final prototype meets all performance criteria and is ready for deployment in operational environments [36]. 

 

VI. INTEGRATION OF SYNTHETIC APERTURE RADAR (SAR) EQUIPMENT 

The integration of Synthetic Aperture Radar (SAR) technology into WIG UAVs represents a significant advancement in their 

operational capabilities. SAR systems provide high-resolution imaging of the surface, making them invaluable for maritime 

surveillance, search and rescue operations, and environmental monitoring. The incorporation of SAR technology enables real-time 

data collection and analysis, which enhances situational awareness and operational effectiveness [37]. One of the primary 

considerations in integrating SAR equipment into WIG UAVs is the weight and balance of the vehicle. SAR systems are typically 

heavy, and their addition can affect the vehicle's flight characteristics if not properly accounted for in the design. Engineers must 

carefully evaluate the placement of radar equipment to minimize aerodynamic interference while ensuring effective surface 

scanning [38]. In addition to physical integration, the development of specialized software for data processing is essential for the 

effective use of SAR systems. This software must be capable of efficiently filtering and analysing the vast amounts of data 

generated by SAR systems, providing operators with actionable intelligence in real-time. The ability to quickly process and interpret 

SAR data is critical for missions that require immediate responses, such as search and rescue operations or environmental 

monitoring [39]. 

 

VII. CASE STUDIES AND APPLICATIONS 

A. Maritime Surveillance 

WIG UAVs are particularly well-suited for maritime surveillance due to their ability to operate at low altitudes, just above the water 

surface. This capability allows them to monitor shipping lanes, detect illegal activities such as unauthorized fishing or smuggling, 

and provide real-time data to maritime authorities. For example, the deployment of WIG UAVs in the Black Sea region has 

significantly enhanced the ability to monitor and secure strategic maritime areas [40]. The integration of SAR technology into WIG 

UAVs further enhances their effectiveness in maritime surveillance. SAR systems provide high-resolution images that can be used to 

identify and track vessels, even in poor weather conditions or at night. This capability is particularly valuable in regions with high 

levels of maritime traffic, where maintaining situational awareness is critical for security and safety [41]. 
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B. Search and Rescue Operations 

WIG UAVs have proven to be invaluable assets in search and rescue operations, especially in environments where traditional 

aircraft may be limited. Their ability to skim over water surfaces allows them to quickly reach remote or inaccessible areas, 

providing critical assistance in locating and rescuing stranded individuals. For example, during Hurricane Harvey in 2017, WIG 

UAVs were deployed to assess damage and locate survivors in flooded areas of Texas, demonstrating their effectiveness in disaster 

response [42]. The combination of SAR technology and autonomous navigation systems further enhances the capabilities of WIG 

UAVs in search and rescue missions. These vehicles can autonomously scan large areas for signs of life, using SAR data to pinpoint 

the locations of individuals in need of rescue. This capability not only speeds up the rescue process but also reduces the risks 

associated with manned missions in hazardous environments [43]. 

 

C. Environmental Monitoring 

Environmental monitoring is another area where WIG UAVs have demonstrated significant potential. Equipped with advanced 

sensor technologies, including SAR, these vehicles can capture detailed images of coastal and marine environments, track changes 

in ecosystems, and monitor environmental hazards such as oil spills or illegal dumping. WIG UAVs have become essential tools in 

conservation efforts, providing valuable data that supports the preservation of marine habitats and the protection of biodiversity 

[44]. The ability to operate at low altitudes while maintaining stability makes WIG UAVs ideal for non-invasive environmental 

monitoring. This is particularly important in sensitive ecosystems where traditional monitoring methods might cause disruption or 

harm. By providing high-resolution data from a safe distance, WIG UAVs contribute to more effective and sustainable 

environmental management practices [45]. 

 

VIII. COMPARATIVE ANALYSIS 

A. Operational Efficiency 

In a comparative analysis with traditional aerial platforms, WIG UAVs offer distinct advantages in operational efficiency, 

particularly in maritime environments. While fixed-wing aircraft are capable of covering large distances, they do so at higher 

altitudes where the benefits of ground effect are not applicable. In contrast, WIG UAVs operate close to the water surface, where 

they can exploit ground effect to achieve higher lift-to-drag ratios, resulting in better fuel efficiency and extended operational range 

[46]. The use of hybrid propulsion systems further enhances the operational efficiency of WIG UAVs. By combining traditional 

engines with electric motors, these vehicles can optimize fuel consumption across different flight phases, reducing overall operating 

costs. This makes WIG UAVs a more sustainable option for long-range maritime missions, where fuel efficiency is a critical concern 

[47]. 

 

B. Speed and Manoeuvrability 

Compared to conventional unmanned surface vessels (USVs), WIG UAVs demonstrate superior speed and manoeuvrability. USVs 

are limited by water currents and wave conditions, which can impede their progress and reduce their effectiveness in certain 

scenarios. In contrast, WIG UAVs can quickly navigate over water surfaces, providing real-time reconnaissance and surveillance 

capabilities that are crucial for dynamic maritime operations [48]. The ability of WIG UAVs to rapidly change direction and altitude 

in response to environmental conditions also contributes to their superior manoeuvrability. This agility is particularly advantageous 

in military applications, where the ability to respond quickly to emerging threats can make a significant difference in mission 

success [49]. 

 

C.  Cost-Effectiveness 

The cost-effectiveness of WIG UAVs is another major advantage, particularly when compared to traditional manned aircraft. The 

absence of a need for onboard crew not only reduces operational costs but also minimizes the risks associated with human error and 

exposure to dangerous environments. Additionally, the ability to perform complex missions autonomously further reduces the need 

for expensive support infrastructure, making WIG UAVs an economically attractive option for both military and civilian 

applications [50]. Moreover, the use of advanced materials and hybrid propulsion systems contributes to the long-term cost savings 

of WIG UAVs by reducing maintenance requirements and extending the operational lifespan of the vehicle. These factors make 

WIG UAVs a cost-effective solution for a wide range of maritime operations, from surveillance to logistics and beyond [51]. 
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IX. CHALLENGES AND LIMITATIONS OF WIG UAVS 

A. Technical Challenges 

The development and deployment of Wing-In-Ground Effect (WIG) UAVs face several technical challenges, particularly in the 

areas of aerodynamics, control systems, and structural integrity. The ground effect, while beneficial for lift and drag reduction, also 

introduces sensitivities to environmental conditions such as wind speed and wave patterns. These factors can significantly impact 

the stability and control of WIG UAVs, requiring the development of advanced control systems that can dynamically adapt to 

changing conditions [52]. Structural integrity is another critical challenge, as WIG UAVs must be designed to withstand the unique 

combination of aerodynamic and hydrodynamic forces encountered during operation. The resonance phenomenon, where vibrations 

occur at specific frequencies, can pose a significant risk to the structural stability of the vehicle. Engineers must conduct rigorous 

finite element analyses and simulations to predict and mitigate these risks, ensuring that the vehicle remains reliable and safe under 

operational stresses [53]. The integration of advanced technologies, such as Synthetic Aperture Radar (SAR) systems, introduces 

additional complexities. The weight and balance of the vehicle must be carefully managed to avoid compromising flight 

performance. Furthermore, the development of sophisticated software for data processing and interpretation is resource-intensive 

and requires continuous updates to keep pace with technological advancements [54]. 

 

B. Regulatory and Operational Challenges 

In addition to technical challenges, WIG UAVs face significant regulatory and operational hurdles. The regulatory landscape for 

unmanned systems is highly variable across different jurisdictions, creating uncertainty for developers and operators. Navigating 

these complex regulatory frameworks can be time-consuming and costly, particularly in regions where strict airspace and maritime 

regulations apply [55]. Operationally, WIG UAVs are limited by their reliance on calm water surfaces for optimal performance. 

While they excel in stable conditions, their effectiveness can be compromised in rough seas or adverse weather, limiting their 

operational envelope. This constraint poses challenges for deployment in emergency situations where conditions may not be ideal 

for WIG operations [56]. Logistical challenges also arise in the integration of WIG UAVs into existing maritime operations. 

Coordinating with other unmanned systems and manned vessels requires comprehensive communication and data-sharing protocols 

to ensure safety and efficiency. The absence of standardized procedures for WIG UAV operations can lead to confusion and 

inefficiencies, complicating their integration into broader maritime frameworks [57]. Public perception and acceptance of WIG 

UAVs can also pose significant challenges. Concerns about privacy, safety, and environmental impact may affect public support for 

their deployment. Engaging with stakeholders and addressing these concerns through transparent communication and effective 

policy development will be crucial for the successful adoption of WIG UAV technology [58]. 

 

X. FUTURE DIRECTIONS 

A. Technological Advancements 

The future of Wing-In-Ground Effect (WIG) UAVs is poised for significant advancements, driven by rapid developments in 

autonomous navigation systems, sensor technologies, and propulsion systems. The integration of artificial intelligence (AI) and 

machine learning technologies will enable WIG UAVs to navigate complex maritime environments with greater efficiency and 

safety. These advancements will allow WIG UAVs to undertake missions in challenging conditions, such as adverse weather or 

turbulent seas, significantly broadening their operational scope [59]. Sensor technologies, such as multi-spectral and hyperspectral 

imaging systems, will enhance the situational awareness and data collection capabilities of WIG UAVs. These sensors will be 

instrumental in a variety of applications, including environmental monitoring, maritime surveillance, and disaster response 

operations. The ability to capture detailed, high-resolution information about the surrounding environment will provide valuable 

insights for decision-making and mission planning [60]. Advancements in propulsion systems, particularly the development of 

hybrid technologies that combine traditional engines with electric motors, will play a crucial role in shaping the future of WIG 

UAVs. These systems offer the potential for significant improvements in fuel efficiency and reductions in emissions, aligning with 

global sustainability goals. As battery technologies continue to evolve, the feasibility of fully electric or hybrid-electric WIG UAVs 

becomes increasingly plausible, paving the way for greener maritime operations [61]. 

 

B. Potential Applications Beyond SAR 

While search and rescue (SAR) operations have traditionally been a primary focus for WIG UAVs, their potential applications 

extend far beyond this critical domain. One of the most promising areas for future utilization lies in maritime logistics and cargo 

transport.  
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The unique ability of WIG UAVs to skim over water surfaces at high speeds makes them ideal candidates for transporting goods 

across short to medium distances, particularly in regions where traditional transport methods are hampered by infrastructural 

challenges [62]. In addition, WIG UAVs possess significant potential in environmental monitoring and conservation efforts. When 

outfitted with advanced sensor technologies, these vehicles can perform comprehensive assessments of marine ecosystems, monitor 

wildlife populations, and track alterations in coastal habitats. Their capacity to operate at low altitudes while maintaining stability is 

crucial for non-invasive data collection, which is essential for the preservation of sensitive environments [63]. The incorporation of 

WIG UAVs into military operations also presents promising opportunities for reconnaissance and surveillance missions. Their 

distinctive flight characteristics enable them to traverse vast maritime areas swiftly while remaining below the detection thresholds 

of conventional radar systems. This capability can provide military forces with enhanced situational awareness and intelligence-

gathering capabilities, particularly in coastal and littoral zones where traditional aircraft may encounter operational limitations [64]. 

 

XI. CONCLUSION 

The exploration and development of Wing-In-Ground Effect (WIG) Unmanned Aerial Vehicles (UAVs) represent a significant 

advancement in aerodynamics and maritime operations. By leveraging the ground effect, these vehicles achieve remarkable lift and 

operational efficiency, making them highly effective for a wide range of applications. From maritime surveillance and search and 

rescue to environmental monitoring and military reconnaissance, WIG UAVs offer a versatile and cost-effective solution to modern 

challenges. However, the development and deployment of WIG UAVs are not without challenges. Technical, regulatory, and 

operational hurdles must be addressed to fully realize the potential of this technology. Future advancements in autonomous systems, 

sensor technologies, and propulsion systems will play a crucial role in overcoming these challenges and expanding the capabilities 

of WIG UAVs. As research and development in this field continue to evolve, WIG UAVs are poised to transform maritime 

operations, offering innovative solutions to some of the most pressing challenges in maritime security, environmental protection, 

and beyond. 
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