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Abstract


The advancement of onshore and offshore wind turbines depends on the experimental validation of new technologies, novel component designs, and innovative concepts. However, full-scale models are typically very expensive, have limited functionality, and are difficult to adapt to diverse research needs. To address this shortcoming, this article presents the design of a low-cost, modular 3D-printed small prototype of a wind turbine. It includes a multi-hollow platform for marine environments configuration and stabilization, the turbine tower, and three blades with active pitch control, not always included in wind turbine prototypes. The modular tower design allows for easy height extensions, while the rotor incorporates custom blades optimized for the prototype geometry and experimental setup. Tests were conducted to evaluate the system’s operational response and verify the proper functioning of the assembled components at various wind speeds and blade pitch angles. The results confirm that the rotor speed with the prototype’s onshore configuration is highly pitch-dependent, reaching a maximum efficiency of approximately 5°. The tower displacement, measured with an IMU, remained within a narrow range, oscillating around 2° and reaching up to 4° at higher wind speeds due to elastic deflections of the PLA structure. These results, consistent with the prototype scale, validate its usefulness in capturing essential aerodynamic and structural behaviors of the wind turbine. They also demonstrate its relevance as a new tool for experimental studies of wind turbines and open up new research, validation, and control possibilities not considered in previous developments by incorporating blade pitch control.
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1. Introduction


The planet is immersed in a continuous process of evolution, and global energy generation is one of them. Energy demand is constantly increasing due to rising human needs, population expansion, industrialization, and technological progress. Meeting these needs has become a priority and a challenge, placing great importance on sustainable solutions as viable alternatives. Fossil fuels, primarily coal and natural gas, have been the main sources of energy until recently, but they produce adverse effects as they contribute to greenhouse gas emissions and climate change, causing serious environmental impacts such as air and water pollution and biodiversity loss [1,2].



To address these challenges, renewable energy sources such as wind, solar, hydroelectric, and geothermal energy are used, and these solutions have experienced significant expansion in recent decades. Using these natural resources presents notable advantages, as they are abundant on the planet and produce few or no emissions during operation [3]. Due to these characteristics, they can help mitigate the negative effects that polluting procedures have on life and the planet. Furthermore, they are less expensive and competitive compared to fossil fuels. Recent data shows that most new renewable energy generation projects are now cheaper than traditional alternatives [4,5].



The growing need for renewable energy sources has driven the development of more efficient and adaptable technologies. Among them, wind energy has proven to be a suitable option due to advances in turbine design, improved control systems [6] and thanks to the reduction in manufacturing, installation and maintenance costs [7]. All this has made wind energy today one of the largest sources of renewable energy [8]. In search of the best locations for wind turbines, production has shifted to marine areas, both on the coast (bottom offshore wind turbines) and offshore (floating offshore wind turbines, FOWT). The latter find better conditions in deep waters, with more consistent and stronger wind flows, more available space, and less visual and noise impact [9,10].



These systems have experienced massive expansion in installed capacity over the past few decades [11]. By the end of 2024, the cumulative global installed wind power capacity reached approximately 1136 GW, of which 83 GW corresponded to offshore wind. Figure 1 shows the percentage distribution of this cumulative offshore capacity by country, with China, the UK, and Germany together accounting for 80.4%. In terms of annual additions during 2024, approximately 109 GW of new onshore wind and 8 GW of new offshore wind were installed [12]. Offshore deployments are expected to increase, with predictions exceeding 500 GW by 2050, reflecting the maturity of floating offshore wind turbines (FOWTs) [13].



Marine wind turbines are classified into two groups according to their foundation type: anchored to the seabed and floating ones. This categorization has implications for the water depth and distance from the coast where they can be installed [14]. The first group is located in shallow waters, with fixed-bottom foundations up to approximately 60 m deep. These structures commonly include monopile foundations, which consist of large steel tubes inserted into the seabed, and jacket structures, which consist of grid structures supported by several piles.



On the other hand, floating offshore wind turbines (FOWTs) are installed in deeper waters (more than 60 m), where fixed foundations cannot be installed due to the coastal slope. According to the structure of these turbines, which are anchored to the seabed by mooring lines to prevent drift, three types can be identified. The spar buoy platform is characterized by a long, cylindrical tower, which provides stability by ballast and is connected to the seabed [15]. The second group corresponds to Tension Leg Platforms (TLPs), which are designed as structures with reduced vertical movement achieved with tensioned tendons anchored to the seabed [16]. In the third category are semi-submersible platforms as well as barge-type platforms, popular designs that present greater stability in different marine conditions and are suitable for large wind turbines (LOWT) with high production capacity [17].



The large size of FOWTs and the harsh environment in which they operate have prompted research into electrical stability and grid connection, energy tracking and pitch control strategies, platform stabilization, wind prediction, and vibration reduction [18,19,20]. Another important aspect to consider is the design of the components of these large turbines [21]. The structure provides the support and functionality necessary for the device’s normal operation.



For the process of perfecting the various parts of a wind energy device, simulations, isolated tests, and more complete representations of this device in software are usually run. While numerical simulations for refining the design remain indispensable, it is necessary to advance in the analysis and study of the wind turbine in physical models that integrate elements of reality. The use of pilot wind turbines for testing, demonstrations, or research is a necessary step to bring solutions closer to commercialization [22]. The use of small-scale prototypes allows not only the structural representation of the wind turbine, but also the incorporation of the corresponding electronics and control systems, and the testing of the operation of these devices.



Recent works have addressed these gaps by using experimental setups with wave-tank [23], additive manufacturing [24], and modular platforms [25]. Although these approaches are highly relevant, some challenges are associated with scaling and cost in wave-tank testing, reduced mechanical strength of 3D-printed parts, and structural integrity challenges in modular platforms. For example, Bianchini et al. [26] reviewed the current status of small wind turbine prototypes, discussing some of the limitations. One of the most crucial ones is the lack of active pitch implementation due to its complexity, something that we address in this study. In [27], the research highlights the viability of low-scale wind turbines to be integrated into buildings for energy production, taking advantage of its modularity, reduced cost and simple structure.



Similarly, several studies [28,29,30] have shown that computer-aided design (CAD) software and 3D printing can be successfully used for prototyping wind turbine blades and other small-scale components of wind turbines. The use of these tools also facilitates aerodynamic model analysis, design refinement, and experimental testing. In this regard, most of the work is conducted in the laboratory or on a small scale, but it offers promising results that can be extrapolated to other levels to improve the mechanical performance and structural design of commercial wind devices.



Some small-scale wind turbine prototypes are reported in the literature, generally focusing on stall or yaw control. In addition to the limitations of all pilot wind turbines, such as high manufacturing costs, lack of modularity, and insufficient functionalities, they are rarely built to allow active pitch control due to the complexity of the elements required for their implementation [26,31,32]. This limitation restricts their ability to reproduce the aerodynamic and operational characteristics of large-scale wind turbines.



To address the need to optimize the design and configuration and improve the performance and functionality of the wind system, this work aims to design a small-scale wind turbine that is compact and easily modifiable so that the analysis of its operation allows the transfer of study conclusions to real turbines.



To this end, the mechanical design of a prototype onshore/offshore wind turbine was performed, focusing on its structural topology and geometry, prioritizing the versatility of the system for modular modifications. Furthermore, the prototype addresses a common limitation in small-scale wind turbine models by incorporating blade pitch control as an additional degree of freedom. CAD software (FreeCAD 1.0) was used for geometric modeling of the device, while manufacturing was achieved using 3D printing.



The main contributions of this work can be summarized as follows:




	-

	
Design of a small-scale land-based/floating wind turbine prototype, composed of mechanically coupled parts, suitable for laboratory experimentation.




	-

	
Development of a modular system that facilitates reconfiguration and resizing. This modularity allows for rapid assembly, disassembly, and replacement of parts, without the need to redesign the entire structure.




	-

	
Integration of blade pitch motion into the prototype, something not very common, allowing for the implementation of pitch control strategies in addition to rotor speed regulation.




	-

	
The design allows for the adaptation of two motor/generators of different sizes and capacities, allowing the assembly to be used as systems with different power ratings (capacities).




	-

	
Experimental study of the modular prototype by acquiring key operational variables, including voltage, rotor speed, and tower pitch angle, the latter serving as an indicator of structural vibrations.









The manuscript is organized into different sections that describe the mechanical design proposed in this work. Section 2 presents the methodological approach used in the development of the wind turbine prototype. Section 3 details the design of each component of the wind device, considering both the geometry of the parts and their assembly feasibility. Section 4 presents the model validation based on data acquired from the prototype. Finally, Section 5 summarizes the main conclusions and potential directions for future research.




2. Methodology


The wind turbine prototype design was developed using a component-based, modular approach, aiming to ensure scalability, reconfigurability, and flexibility. Each component was designed as an independent module to facilitate rapid replacement and allow modification and experimentation with different configurations and geometries, without requiring a complete turbine redesign.



The methodology used in this study aligns with a systematic process often applied in physical system design. Initially, background research was performed and essential operational requirements for the system were defined, followed by the conceptual design stage and CAD modeling of each component. Then, the models were then fabricated using 3D printing technology and assembled to evaluate modularity, compatibility, and functionality, checking how well the parts fit together and how easily the system could be reconfigured. Finally, experimental validation was performed to assess the operational behavior of the prototype under controlled wind conditions. This approach enabled iterative improvements and is consistent with conceptual design methodologies for mechatronic systems, particularly those applied to wind turbine prototypes [33].



The modules designed for the small-scale wind turbine model are described below:




	
Blades: Three blades spaced 120° apart are integrated into the horizontal axis of the wind turbine. The three-blade geometry features a 15° curvature along its length to allow for different angles of attack as the blade changes its pitch motion. The choice was based on the aerodynamic behavior of small-scale turbines at low Reynolds numbers, where blade curvature improves the lift-to-drag ratio and compensates for the lower aerodynamic efficiency [34].



	
Tower: A segmented tower was implemented to allow height adjustments and facilitate transport and reconfiguration, consistent with recent reviews highlighting modular architectures as effective for exploring structural adaptability in offshore wind turbine prototypes [35].



	
Platform: The barge platform is a component where the tower is attached and allows the wind turbine to be adapted to an offshore configuration. Additionally, hollows have been implemented in the platform to simulate aspects of flotation and conduct stability experiments when necessary.



	
Connection system: A bayonet-type connector was selected to join the tower segments, as it provides torsional rigidity and ease of assembly/disassembly.








The prototype was developed with a focus on modularity in key elements such as the blades, rotor, and tower. Three-dimensional representations of these geometric components were created using CAD software (FreeCAD 1.0) to allow for the evaluation of different configurations.



From the digital model, two physical prototypes were manufactured using fused deposition 3D printing (FDM). Printing was carried out on a Bambu Lab X1C printer (Bambu Lab, Shenzhen, China) using generic 1.75 mm PLA material. This filament was chosen due to its availability, low cost and environmental friendliness, as well as its good dimensional accuracy under optimized 3D printing parameters, making it suitable for iterative prototyping [36].



Indeed, PLA has proven to be an ideal material for the initial phase of prototyping, thanks to its easy and stable printing, as it does not warp upon cooling, allowing for highly detailed parts with good surface finishes from the first attempt. Its low cost and biodegradability make it suitable for rapid iteration in research environments. However, it has some mechanical limitations, such as fragility and low impact resistance, which can lead to cracking under sudden stress or continuous tension. It also has low thermal resistance (softening around 60 °C). Nevertheless, under the operating conditions of this study and the proposed future research, these conditions, which might deform the model, are not expected to occur.



Some printing parameters used for this work were:




	-

	
Nozzle temperature: 220°




	-

	
Bed temperature: 55°




	-

	
Layer height: 0.2 mm




	-

	
Infill density: 15%




	-

	
Print speed: 100%




	-

	
Assembled parts were designed with a dimensional tolerance of   ±  0.25 mm, enough to ensure proper fitting of bayonet connectors, blades, tower and motor housing.









The modular components are assembled manually to verify ease of construction and compatibility with the electrical components integrated into the prototype.



The two small-scale models assembled are one with a 502 mm diameter rotor and the other with a 438 mm diameter, with the tower segments being changed for each device.



The smaller model was used for initial experimentation. Variables such as voltage, rotor speed, and tower angular displacement were measured in a fixed-base configuration.



The prototype is equipped with sensors to capture data and a microcontroller, an Arduino NANO board (Arduino, Somerville, MA, USA), to compile it. The Arduino device is located on the tower, ensuring that the integrated optical sensor points to the plane of the blades swept area to measure their intersection and calculate the rotational speed. In addition, an Inertial Measurement Unit (IMU) mounted on top of the tower is used to detect tower movement while the wind turbine is operating. During the experiments, ambient conditions were also monitored, including airflow (measured with an anemometer) and temperature.



The electromechanical system includes a small DC motor connected directly to the rotor. No external loads were applied during this testing phase, as the objective was to observe the system’s natural response and verify component assembly, rather than optimize power output. Testing focused solely on structural response and functionality, not power optimization or full aerodynamic characterization.



The experiments were conducted in a laboratory environment at 26 °C, with steady wind speeds of 3.7 to 5.5 m/s.



The design and testing strategy adopted in this work follows the rationale of recent experimental methodologies for floating offshore wind turbines, which emphasize the importance of scaled physical models to validate structural responses before advancing to more complex environments [37].




3. Component Topology and Geometry


3.1. Rotor Blades


A customized NACA 4412 airfoil was used as a basis for designing the blade geometry. This choice was motivated by the widespread use of airfoils from this series in small-scale wind turbine research, as they provide reliable aerodynamic performance at low wind speeds with acceptable lift-to-drag characteristics [38]. The blade design incorporates a geometric twist that progressively decreases from 15° to 0° from root to tip, improving aerodynamic response across the span by locally adjusting the angle of attack.



The blades were designed to attach to the hub with adequate clearance from the tower, facilitating their replacement without the need for specialized tools.



Two sets of blades were manufactured. The first extends 231 mm from the blade root connection hole to the tip (Figure 2a). For the second, smaller configuration, the blades have a length of 199 mm (Figure 2b). The second configuration, assembled with the remaining wind turbine components described below, was designed considering the spatial constraints of the experimental facilities. In particular, this configuration was sized to fit into a wind tunnel and wave tank (0.65 m high and 0.55 m wide) [21], while maintaining geometric consistency with the rotor and the overall system. This ensures compatibility with future experimental work. It should be noted that the blades were not aerodynamically optimized; the goal was to reproduce a representative rotor geometry on a small scale suitable for modular prototyping.




3.2. Nacelle and Supports


The nacelle incorporates a prefabricated 90° bevel gear system, which acts as the main mechanical transmission of motion between the rotor and the generator. The horizontal shaft, aligned with the rotor axis, transfers rotational motion through the bevel gears to a perpendicular vertical shaft connected to the generator. The gear system maintains a 1:1 transmission ratio, directly connecting both gearbox shafts without altering the angular velocity. This system was chosen to preserve the kinematic behavior of the rotor, maintaining the mechanical simplicity and robustness necessary for small-scale operation in a laboratory. Bevel gears are commonly used in wind turbines and industrial systems for their ability to transfer motion between perpendicular shafts while maintaining efficient compactness [39].



This mechanism connects to the blade connecting piece through the blade-hub connector, which also allows blade pitch adjustment. This arrangement allows the angular position of the blades to be modified with a simple actuating lever, facilitating preliminary studies of pitch variation. Figure 3 illustrates the transmission mechanism, showing both the front (a) and side (b) views, which constitute the central component of the nacelle.



To visualize the integration of the blades, Figure 4 presents a CAD model of the three-blade rotor mounted on a simplified representation of the hub. This highlights the modular design strategy, which facilitates assembly, disassembly, and possible reconfiguration of the rotor system without the need to redesign the hub.




3.3. Modular Tower


The tower was designed as a segmented modular structure, composed of tubular sections connected by a quarter-turn bayonet mechanism, reinforced with a 3D-printed pressure coupling ring. This configuration allows the height to be modified by replacing the top segment, adapting the structure to different experimental scenarios, or using a different wind turbine model. Modular tower concepts have also been addressed in the literature; for example, in [9], the authors review advances in tower design, including segmented architectures, emphasizing structural integrity, scalability, and adaptability in offshore and onshore towers.



The use of bayonet connectors was due to their ability to provide torsional rigidity while ensuring rapid assembly and disassembly. The lower tower segment is designed to fit onto the platform and accommodate a commercial 36 mm diameter direct current (DC) motor. Its geometry is shown in Figure 5. The height is set at 117.5 mm with an outer diameter of 13 mm. The tower segment mounting mechanism is located at the top, where the internal path of the quarter-turn hole and the external rail for the connecting ring can be identified. The tower base therefore features an adjustable system that allows it to be attached to different test stands, such as floating platforms or onshore wind energy benches. The top section features a connection system to other segments to modify the overall tower height.



To complete the tower assembly, the upper section is connected. This segment extends the tower’s height and can be designed with different geometries to modify the wind turbine’s topology and allow for the coupling of components using other arrangements, thus creating a unique model.



In this paper, two wind turbine model configurations of different tower heights and blade sets were designed to demonstrate the flexibility of this approach.



In the first wind turbine configuration, the prototype was built with a taller tower and 231 mm blades. In this case, the top section (Figure 6) directly connects the vertical drive shaft to the motor using an aluminum bar inside the tower to transfer angular rotation from the gear shaft.



In the second WT configuration, the prototype employed a shorter tower and 199 mm blades. Here, the upper segment (Figure 7) was designed as an extension that incorporates a motor housing on top of the tower, allowing direct coupling to the gearbox. This new design reduces shaft alignment limitations and provides greater flexibility for testing a smaller motor-generator in the nacelle area.



The structure that houses the motor and connects to the gearbox mechanism is shown in Figure 8a,b. This module was designed to attach a generic 5 V DC motor to the top of the tower and connect to the mechanical transmission module that supports the rotating parts of the wind turbine. Additionally, a top bracket was included to locate and attach a servomotor used to control the blade pitch angle. The gearbox and generator are coupled by a 3D-printed shaft (Figure 8c,d), which transmits rotational motion. This component was printed in PLA with a fine mesh structure and 80% infill, providing adequate strength to withstand the stresses that may arise during normal wind turbine operation.



The two tower segments (base and top) are joined by a quarter-turn bayonet joint (Figure 9a), where the bottom of the upper tower segment is attached to the top of the lower segment by a connecting ring (Figure 9b). This system was selected to strengthen the connection between the two segments and provide rigidity to the tower structure.




3.4. Base Platform


The platform is designed as a robust barge that provides stable support for the tower. The WT platform design is intended to be suitable for future studies of both onshore and floating turbines, so it has been equipped with features that can facilitate the analysis of both its stability and hydrodynamics.



Two key factors were taken into account when defining the platform size. First, the limitations of the facilities where the prototype will be experimentally tested, and second, the height of the platform to ensure its buoyancy. Based on these criteria, the platform geometry shown in Figure 10 was constructed, in which some of its main dimensions are specified. It is a rectangular barge-platform measuring 240 × 310 × 60 mm. The vertical length was set at 60 mm, based on the total mass of the wind turbine, to ensure that submersion does not exceed 30 mm. It also includes a space to securely house the electronic components inside.



It has eight 30 mm long square moonpools or hollows, evenly distributed at the front and rear. These hollows are designed to regulate wave-induced forces, thereby reducing wave thrust on the structure and contributing to the platform’s overall stability. While the hydrodynamics of a platform with these hollow sections is a complex problem requiring specific analysis, previous studies have shown that they can effectively mitigate wave-induced motions on floating structures [40].



After all the components of the wind turbine prototypes were designed, they were assembled. The fully assembled wind system, including all its subsystems, is shown in Figure 11a. For a better understanding of the overall structure, an exploded view of the elements is presented in Figure 11b. This illustration helps visualize how the subsystems and individual parts are organized and integrated into the final assembly. Using the different component configurations designed, such as smaller or larger blades, and the upper tower section to house the generator above or below the structure, two different wind turbine models can be built.



The dimensions of the assembled physical models are summarized in Table 1 for each wind turbine version designed. It can be seen that the size and configuration can be varied to easily create different models with the modular structure.





4. Results from Experimental Tests


The experimental evaluation focused on verifying the operational capability of the prototype wind turbine (using the second tower configuration) under controlled wind conditions. Available sensors were used for data acquisition to assess its performance, focusing on voltage/power generation. The experiments were conducted using a land-based wind turbine with a fixed platform. Data were captured in real time for visualization and analysis, with wind speeds as the external input to the system. The purpose of this initial study is to validate the design and integration of the subsystems (rotor, pitch mechanism, sensors, and modular tower) and assess whether the prototype reproduces the expected aerodynamic trends.



The physical specifications of the system are shown in Table 2. In addition, Figure 12 provides a real view of the assembled prototype with a length scale, illustrating its main dimensions and proportions.



In these experiments, the wind speed and blade pitch angle are varied over a range of values. Specifically, three wind speeds and five angular positions are combined:




	
Wind speeds = [3.70, 4.50, 5.50] m/s



	
Pitch angles: = [0, 5, 10, 15, 20] degrees








The variables measured during the experimental tests include rotor speed and generated voltage, both related to power generation, as well as the tower’s pitch motion, which can serve as an indicator of structural deflection and vibrations.



The generated, measured and filtered voltage from the pilot wind turbine is shown in Figure 13. This variable is considered equivalent to the power produced by the WT prototype for this initial analysis.



The color code in Figure 13 and following corresponds to wind speeds of 3.70 m/s (blue line), 4.50 m/s (red line), and 5.50 m/s (orange line) for pitch angles of 0, 5, 10, 15, and 20 degrees (from top to bottom). The average value of each signal is presented in Table 3, where the maximum energy obtained with the prototype is 51.06 mV, with a wind speed of 5.50 m/s and a pitch angle of 5 degrees, indicating the approximate position of the blade for maximum wind energy capture.



The results in Figure 13 confirm how power generation varies according to wind speed and blade pitch angle, as expected, obtaining reasonable and relatively stable values. As is well known, adjusting the pitch angle is crucial as it modifies the angle of attack of the blades with respect to the incoming wind. This variation directly influences the aerodynamic lift and drag forces acting on the blades and affects the torque produced on the rotor and, thus, the amount of wind energy extracted by the turbine [41].



Similarly, Figure 14 shows the rotor speed for the same wind speed and pitch angle scenarios (the average speeds are presented in Table 3). When pitch angles are set too low, the effective angle of attack is reduced, limiting the lift effect and, therefore, the torque on the rotor. On the other hand, at higher pitch angles, the angle of attack is excessive, increasing the drag force and reducing aerodynamic efficiency.



While this small-scale prototype is not designed to replicate the full aerodynamic complexity of a commercial wind turbine, the results confirm the expected trend: higher wind speeds, combined with an appropriate pitch angle, generally produce higher rotational speeds and greater energy extraction.



It is important to note that, in a full-scale turbine, the actual power output depends not only on the rotor speed, but also on the torque generated by the blades and the characteristics of the generator and control system. Under the test conditions, the maximum rotor speed for the designed prototype occurred with a blade pitch angle of approximately 5°, which was the best configuration within the limits of the experimental setup, reproducing the general aerodynamic trends reported in the literature for small-scale wind turbines.



On the other hand, it was possible to measure a variable that provides information about the structure’s deflection, specifically the tower’s angular displacement. In each test, data were collected on the tilt angle at the top of the tower. Figure 15 represents this angle (°) under different wind conditions. They are quite similar for all experiments with different blade pitches. The value of this metric has an average amplitude of approximately 0.5°, reaching a maximum of 4° when the rotor operates at maximum speed, a condition in which the system experiences significant dynamic behavior.



These measurements correspond to the elastic deflection of the PLA tower during tests with the platform fixed and are therefore not related to the platform’s motion. The slight inclination it experiences is due to the prototype’s structural flexibility under the nacelle and rotor loads and shows that the structure is sufficiently stable for aerodynamic testing.



It is important to emphasize that, while the PLA prototype proved to be structurally suitable for testing at this scale, the structural deflection results are not directly scalable to full-size turbines or even larger wind tunnel models because stiffness does not follow linear scaling law. Future work should explore alternative composite materials or manufacturing techniques for studies requiring dynamic structural similarity.



Beyond these structural considerations, evaluating the floating platform is essential for offshore adaptation. As a first approximation of the floating wind turbine configuration, a simple buoyancy test was performed with the platform. For this purpose, the prototype was placed in a water tank.



The mass of the designed platform is 1.250 kg, and the mass of the wind turbine for the tested configuration is 0.260 kg. The density of water,     ρ   w a t e r    , is 1000 kg/m3. Therefore, according to the buoyancy principle, the weight (    W   W T   )   of the system and the buoyancy force (    F   b   )   must be equivalent to ensure buoyancy:


    F   b     =     W   W T    



(1)






    ρ   w a t e r   · V · g =   m   w t   · g  



(2)






  V =      m   w t       ρ   w a t e r       



(3)




where     m   w t     (Kg) is the mass of the whole device and   g   (m/s2) is the gravity. Using this expression, the volume of water displaced by the system,   V       ( m   3   )  , can be obtained as follows:


  V   =        m   w t       ρ   w a t e r      =    1.510   K g   1000   K g     m   3        = 0.00151     m   3    



(4)







The buoyancy force,     F   b   ( N w )  , acting on the wind turbine is:


    F   b     =   ρ   w a t e r   · V · g = 1000    K g     m   3      · 0.00151     m   3   · 9.81    m     s   2      = 14.81   N w  



(5)







Based on this volume and the geometry of the platform containing the voids, the draft   h   (  m )   of the submerged part of the platform is calculated as follows:


  V   =     V   s o l i d     −     V   m o o n p o o l    



(6)






   0.00151     m   3     = ( h · 0.31   m · 0.24   m ) − 8 · ( h · 0.03   m · 0.03   m )   



(7)






  h = 0.02247   m  



(8)




where     V   s o l i d     is the volume of the platform submerged in the water and     V   m o o n p o o l     is the volume of the eight open rectangular cavities.



The experimental results showed that the FOWT was submerged in water approximately 22.47 mm from the surface. This represents less than half the height of the platform, which is sufficient to demonstrate the buoyancy of the prototype design in a wave-free marine environment and provides sufficient headroom to add additional mass to the prototype, such as sensors or complementary components that can be used in more advanced tests.



It can be summarized that the experimentation has demonstrated the ability of the wind turbine scale model to adequately reflect the trends of some variables involved in the device’s operation. These data validate the possible integration of the platform for a FOWT, confirming the expected aerodynamic trends. They also demonstrate that the prototype is functional and meets the initial working requirements for future, more advanced tests, such as full characterization of the model or its implementation as a floating offshore wind turbine in more realistic conditions.



Versatility and Adaptation


Beyond the electrical and structural responses, the experiments confirmed the robustness of the modular design. The wind system allowed for safe assembly and disassembly of its components. Element replacement and reconfiguration were performed quickly, with assembly tests taking less than 5 min for tower and blade swaps. This demonstrates the feasibility of iterative prototyping.



This adaptability is crucial for scaling the prototype to different test facilities and wind turbine configurations. Therefore, this modularity facilitates device customization without the need to redesign the entire system to build a new model.



Furthermore, the printed structure can be easily scaled and modified using CAD software, allowing for deeper analysis of the parts and their behavior, as well as functional adaptation to specific geometric and mechanical requirements and experimental environments. In this way, the prototype provides a flexible research tool that can be adapted to future research on floating offshore wind turbines.





5. Conclusions


This work presents the design and initial validation of a small-scale modular offshore wind turbine prototype, developed using CAD tools and 3D printing. The modular approach proved effective for rapid assembly and reconfiguration, with the ability to replace components in less than five minutes. This highlights its suitability for laboratory testing and differentiates it from more rigid prototyping approaches. Furthermore, the elements for implementing pitch control are integrated, a lack in many wind turbine prototypes of the size proposed here.



The prototype was developed based on the geometric characteristics of a wind system, the coupling of components, and considering the physical characteristics associated with the standard layout of a general-purpose horizontal-axis wind turbine, without applying external loads or advanced control strategies.



Experimental results confirmed that the prototype reproduces the expected aerodynamic tendencies and operational behaviors of a wind device. The WT responded consistently to changes in wind speed and blade pitch angle, with maximum performance observed at a pitch of 5° and a wind speed of 5.5 m/s, reaching 335 RPM and an output of 51.06 mV, the configuration identified as having the maximum capacity of the model. Structural stability was also verified, as tower oscillations remained within a 4° range, consistent with the expected elastic behavior of PLA and validating the robustness of the modular joints. These results demonstrate that, although simplified, the prototype successfully captures the fundamental interactions between aerodynamics and structure in scaled-down wind turbines.



Therefore, the prototype is presented as a flexible experimental tool for analyzing wind turbine energy production and structural responses under controlled wind conditions. However, this study represents an initial stage of development, with successful tests focused on system integration and functional verification.



After confirming the prototype functionality, it is necessary to advance this line of development. Future work will focus on improving the model through detailed mechanical analysis of each component and the assembly to optimize the design. It is also necessary to characterize the prototype and design active control systems for optimal power generation. In this line, the electrical characterization of the wind turbine generator, encompassing voltage, current, and connection parameters, along with the power curve associated with the power coefficient (Cp), wind speed vs. power, and tip speed ratio (TSR) curves, will be determined in the next step. We plan to implement a measurement circuit with a known load to characterize the generator and this way, derive some characteristics such as the power coefficient. Similarly, when applying it to marine turbines, it is necessary to delve deeper into the hydrostatic stability and hydrodynamic responses of the floating platform, adapting the system to marine environments in wave tank experiments.
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Figure 1. Percentage distribution of worldwide cumulative offshore wind energy capacity by country (Data source: [12]). 
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Figure 2. CAD model of the blade with front, side, and section views: (a) First configuration; (b) Second configuration. 
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Figure 3. View of the motion transmission mechanism: (a) Frontal view; (b) Lateral view. 
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Figure 4. CAD model of the three-blade rotor. 
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Figure 5. Bottom section of the tower: (a) Drawing; (b) 3D isometric view. 
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Figure 6. Upper section of the tower for the first configuration: (a) Drawing and section view (A-A); (b) 3D isometric view. 
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Figure 7. Upper section of the tower for the second configuration: (a) Drawing and section view (A-A); (b) 3D isometric view. 
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Figure 8. Motor-gearbox housing structure for the second configuration: (a) Drawing; (b) 3D isometric view; (c) Drawing and section view (A-A) of the motor-gearbox connection axis; (d) 3D isometric view of the axis. 
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Figure 9. Junction system: (a) Quarter-turn bayonet system; (b) Connection ring. 
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Figure 10. Wind turbine platform design: (a) Drawing and section views (A-A, B-B, C-C); (b) 3D isometric view. 
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Figure 11. Design of the wind device: (a) Fully assembled floating offshore wind turbine prototype; (b) Exploded view showing the structural components. 
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Figure 12. Photograph of the assembled prototype with reference scale. 
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Figure 13. Generated voltage signals at different wind speeds and blade pitch angles. 
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Figure 14. Rotor speed signals at different wind speeds and blade pitch angles. 
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Figure 15. Tower pitch deflection at different wind speeds and blade pitch angles. 
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Table 1. Geometric dimensions of the wind turbine models.
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Characteristic

	
Value




	
Configuration 1

	
Configuration 2






	
Bounding x dimension (width)

	
502 mm

	
438 mm




	
Bounding y dimension (height)

	
610 mm

	
546 mm




	
Bounding z dimension (depth)

	
310 mm

	
310 mm




	
Platform to rotor center

	
300 mm

	
267 mm




	
Radius of the turbine

	
251 mm

	
219 mm




	
Platform width

	
240 mm

	
240 mm




	
Platform height

	
60 mm

	
60 mm




	
Platform depth

	
310 mm

	
310 mm




	
Pitch motor position

	
Platform level

	
Tower-top level




	
Power generator position

	
Under the tower

	
At the tower-top











 





Table 2. Technical specifications of the wind turbine model.
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	Label
	Value





	Number of blades
	3



	Maximum Voltage
	60 mV



	Maximum Power
	0.036 mW



	Rotor speed
	335 RPM



	Rotor diameter
	0.43800 m



	Sweep area
	0.15067 m2



	Center of mass
	(0, 0.02434, 0.23232) m from tower base



	Gearbox ratio
	1:1










 





Table 3. Voltage (mV) and speed (rpm) measured under different wind speeds and pitch angles.






Table 3. Voltage (mV) and speed (rpm) measured under different wind speeds and pitch angles.





	

	

	
Pitch Angle (deg)

	

	




	

	

	
0°

	
5°

	
10°

	
15°

	
20°






	
Wind speed (m/s)

	
3.70 m/s

	
21.39 mV

173.39 rpm

	
27.6 mV

229.28 rpm

	
25.75 mV

216.64 rpm

	
25.99 mV

172.32 rpm

	
19.97 mV

136.05 rpm




	
4.50 m/s

	
28.76 mV

222.75 rpm

	
40.8 mV

278.13 rpm

	
29.97 mV

226.07 rpm

	
29.8 mV

193.09 rpm

	
21.85 mV

146.58 rpm




	
5.50 m/s

	
34.25 mV

249.17 rpm

	
51.06 mV

290.99 rpm

	
34.69 mV

245.22 rpm

	
33.6 mV

202.44 rpm

	
25.27 mV

161.91 rpm
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