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Abstract 

The 3D printing technology used for small tidal and wind turbines has great potential to change and 

overcome certain weaknesses in traditional manufacturing techniques. In rural areas and isolated 

communities, small turbine systems could be locally fabricated and assembled by using additive 

manufacturing machines and also can be employed to decrease residential energy consumption. The 

objective of the paper is to study the thermomechanical performance of 3D printing of a small-scale 

tidal turbine blade and their process using Digimat-AM because more research efforts are needed in 

this area. In this work, the tidal turbine blade is printed by using the Selective Laser Sintering SLS 

method with Polyamide 12 (PA12) and Polyether ether ketone (PEEK) polymers reinforced by carbon 

beads (CB) and glass beads (GB). This research examines conceptual considerations of small tidal 

turbines including material properties and aerodynamic parameters. Once the finite element evaluation 

has been completed, the deflection, residual stresses, temperature distribution, and the deformed blade 

or warpage can be obtained. It is concluded that PA12-CB has warpage higher than PA12-GB by 

3.78%, and PEEK-CB has warpage lower than PEEK-GB by 8.4%. Also, the warpage of PA12-CB is 

lower than PEEK-CB by 10.31%, and the warpage of PA12-GB is lower than PEEK-GB by 20.95%. 

Therefore, the lowest warpage is observed for PA12-GB. Finally, the results showed that 3D printing 

presents an excellent opportunity in the design and development of tidal energy systems in the future. 

Keywords: 3D printing, Small tidal turbine, Selective Laser Sintering, Warpage, Deflection 
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1. Introduction 

To respond to the growing energy consumption, the world has come together to fight this problem by 

increasing the use of renewable energies and this led to the development of a new sector of energy in 

which ocean energy is used for energy production because oceans cover 70% of the world's surface 

[1]. Several studies have confirmed that tidal currents have great potential as a predictable sustainable 

resource for industrial scale production of electrical power [2, 3]. In this context, tidal current turbine 

(TCT) is used to harness energy from marine currents, especially small horizontal and vertical axis 

tidal turbine HATT or VATT, which can operate in less deep and less powerful currents [4]. Many 

types of tidal current turbine, based metal materials or composites, were considered and tested. A 

practice of composites in marine structures, particularly for offshore utilization, is appeared [5]. The 

importance of small tidal turbine is cheaper, easy and faster in manufacturing, which can help isolated 

communities in power production. Generally, the small tidal turbine can be manufactured using 3D 

printing technology. Additive manufacturing allows the automatic construction of 3D components by 

the accumulation of basic materials. 3D printing technology applied in the turbine fabrication sector 

faces many obstacles, such as inadequate space for construction, cost, engineering effort and time-

consuming, in addition to the lack of 3D models. Additive manufacturing is widely used in many 

areas, such as buildings [5–8], bridges [9], automobiles [10–12], sports and medical equipment [13–

15], wind turbines [16, 17], marine vehicles [18], engines [19–21], rotating wings [22] and water 

tunnel testing [23]. The environmental impact of additive manufacturing  using 3D printing 

technology is the reduction of waste, it can reduce waste by 40% [24]. Since the building material is 

printed layer by layer, there is almost no waste during production. 

The technology of 3D printing is used in wind turbines blade manufacturing with rapid prototyping, in 

which the printed part is tested by the engineers before the large-scale production. 3D printing has 

been used in aerospace technology to produce aerodynamic models [25], prototype hydro-turbines 

[26], and micro-wind turbines [27]. The design of small turbines as consumer-level components 

assemblage of the 3D printer has great potential to reduce costs, minimize waste, and improve the 

accessibility of wind turbine blades. This approach exceeds the rapid prototyping method and allows 

for a rapid manufacturing of the final product. [28]. These turbines can be used to provide energy in 

rural and isolated areas, and can be produced drastically at low cost through on-site manufacturing, 

with minimal tooling and low-cost filamentary material [29, 30]. The RepRap 3D printer is employed 

to design wind turbines on a self-replicating approach. Several requirements must be taken into 

account using the self-replication approach, including material properties, turbine size according to 

printer size, reinforcement techniques and print optimization [28]. This manufacturing approach could 

be implemented for other renewable energy technologies, particularly for small hydroelectric turbines, 

which can produce higher power than wind turbines [17]. The Venecia style of wind turbine has been 

studied based on numerous prototypes [29] and manufactured by rapid prototyping. This design style 
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applies to both vertical and horizontal configurations. Vestas is another company that has its 3D 

printing facilities for rapid prototyping and product development. This has allowed Vestas to control 

the value chain in manufacturing, transportation, installation and service of the final product [31]. 

Also, LM Wind Power used 3D printing technology for rapid blade prototyping [32]. This will reduce 

the cost of producing wind turbine blades and other components. According to [33], the interesting 

aspects of AM in the wind turbine industry are the integration of internal channels, the fabrication of 

lightweight structures, and the integration of functions. Also, the wind industry is moving into small-

scale 3D component printing. It will then move to a larger scale [33]. 

Poole et al. [34] manufactured a small wind turbine blade using the FDM method, which indicates 

low-cost effectiveness per blade and it depends on the size and reinforcement materials. Under testing 

tunnel, the favoured method with precise geometry accuracy is the pultruded rod reinforced. Olasek et 

al. [35] investigated the NACA0018 profile which is manufactured with different 3D printing 

methods. The results proved that this new type of additive manufacturing can be used in tough and 

complicated geometries; also it is quick and cheap. The choice of 3D technology depends on many 

parameters (size, material, geometry, fitted surface ...). 

In this paper, a new small-scale tidal turbine blade is fabricated using computational 3D printing 

through Digimat-AM which simulates the printed part process. Thus serve professionals and designers 

to detect difficulties during the manufacturing process. The objective of the AM simulation is the 

prediction of the deformation, the residual stresses and the temperature distribution of the final part. 

The obtained results showed that additive manufacturing plays important role in the rapid prototyping 

of the tidal turbine blade for power generation. The 3D printing of wind turbines is already 

investigated in many of the previously mentioned works. The novelty of this work is the use of 3D 

technology for the manufacturing of tidal current turbine (TCT). 

2. Method and Materials 

2.1. Aerodynamic and geometry of hydrofoil 

When a hydrofoil is subjected to water flow, the velocity affects the geometry of the hydrofoil by 

causing a pressure difference between the upper (extrados) and lower (intrados) sides as seen in 

Figure 1. In general, hydrofoils are designed to have a higher pressure which is translated into a force 

perpendicular to the relative velocity called the lift force L. There will also be a force acting parallel to 

the direction of the relative velocity which will be the result of the hydrofoil's resistance to the 

movement of the fluid called the drag force D. These forces are usually converted to dimensionless 

numbers called the coefficient of lift CL and the coefficient of drag CD as seen below: 

𝐶𝐿 =
𝐿

0.5𝜌𝑉2𝐴
 𝐶𝐷 =

𝐷

0.5𝜌𝑉2𝐴
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Where ρ is the density of seawater (kg/m
3
), V is the non-uniform velocity of seawater (m/s), A is the 

turbine blade area (m
2
), L and D is the force of lift and drag respectively. 

 

Figure 1. Characteristic of the hydrodynamic profile. 

In this work, The FX 74-CL5-140 profile was used as a reference for the optimization of a new 

hydrofoil, by modifying its maximum camber and maximum thickness to improve its hydrodynamic 

performance. FX74-CL5-140 profile has high lift adapted to low speed (Reynolds). The optimized 

profile was the most useful to function as a hydrofoil for tidal turbines, with 10% growth in camber 

and 20% thickness. The name of the profile is NTSXX20 (Nachtane-Tarfaoui-Saifaoui-XX20) which 

developed by the team of ENSTA Bretagne [36] as shown in Figure 2. 

 

Figure 2. The geometry parameters of the developed NTSXX20 hydrofoil in comparison with FX74-

CL5-140 

The new hydrofoil (NTSXX20) has very excellent hydrodynamic performance with high drag 

coefficient CD and low lift coefficient CL in comparison with the reference hydrofoil (FX74-CL5-140). 

Also, it has a high thickness in comparison with FX74-CL5-140, providing better strength and 

resistance to the blade structure, Figure 3. 
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Figure 3. Aerodynamic coefficients of lift CL and drag CD of the new hydrofoil NTSXX20 in 

comparison with FX74-CL5-140 at the different attack of angle AOA and Re=2∙10
6
. 

Based on the analysis of the ideal tidal turbine, some considerations design must be respected: 

 The turbine should be easily printed by economical 3D printers. 

 Design the tidal turbine where the scanned surfaces can be adapted within the geometric limit 

size of a 3D printer. 

 Use material reinforcement techniques to increase the life cycle and reducing warpage. 

 

2.2. Material properties 

In this research project, the thermoplastics polymers PA12 and PEEK are used to print the tidal turbine 

blade. These materials are employed in printing applications due to their high mechanical strength, 

flexibility without fracture, biocompatibility and economic [37–40]. This explains the use of PA12 and 

PEEK materials in additive manufacturing processes, such as the creation of functional parts and 

prototypes. The thermomechanical properties of PA12 and PEKK are presented in Figure 4. It can be 

noted that PEEK has improved mechanical properties compared to PA12, with a high Young's 

modulus, Figure 4a. On the other hand, PA12 has enhanced thermal properties compared to PEEK, 

with a high specific heat capacity and coefficient of thermal expansion (CTE), Figure 4b. At a 

temperature of 23 °C, Young's modulus is 1200 MPa for PA12 and 3800 MPa for PEEK and the value 

of CTE is 6 10
-5

 °C
-1

 for PA12 and 4.5 10
-5
 °C

-1
 for PEEK. Also, with increasing temperature, the 

density and Young's modulus decreases, and the CTE and specific heat capacity increase. CB and GB 

fillers properties in normal conditions 23 °C are depicted in Table 1. 
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Figure 4. Thermomechanical properties of thermoplastics polymers 

Table 1. Thermomechanical properties of fillers 

 Carbone beads (CB) Glass beads (GB) 

Density (g/cm
3
) 1.78 2.54 

Young’s modulus (MPa) 2.3∙10
5
 72∙10

3
 

Poisson ratio 0.2 0.22 

CTE (1/°C) 2∙10
-6
 6∙10

-6
 

 

2.3. Numerical 3D printing process 

The 3D printing by AM process begins with the design of the hydrofoil geometry in 3D CAD 

software. In this works, Digimat-AM is employed to simulate different material configurations and to 

predict and evaluate the performance of parts fabricated by additive manufacturing. Figure 5 gives a 

summary of the various stages to create a tidal turbine blade using computational simulation. It is 

noted that 3D printing depends on several parameters such as the type of process, the material, the 

thermomechanical constraints, etc. However, not all parameters can be controlled; 3D printing can be 
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different based on the CAD model with different residual stresses and warpage. According to the 

workflow given in Figure 5, the first stage is to define the part to print by importing the material 

properties and the initial geometry as an STL file. The printing materials chosen are PA12 and PEEK 

thermoplastics polymers due to their biocompatibility for tidal energy applications. The 3D printing 

process requires many parameters such as tool path and specific inputs in order to describe the 

manufacturing procedure. Then the AM process configuration is translated into a thermomechanical 

simulation and accounts for the heat transfer mechanisms inside the printer. During the simulation, the 

blade geometry is meshed by the voxel method to enable layer-by-layer modeling. After finite element 

simulation, the residual stresses of Von Mises, temperature field, and deformed blade can be obtained. 

The Selective Laser Sintering (SLS) technology is employed to print the tidal blade by PA12 and 

PEEK polymers reinforced by carbon and glass beads as resumed in Table 2. The SLS process 

involves sintering a plastic powder inside the solid part where a laser source melts the powder 

selectively by scanning the transverse sections created from the digital model of the printed part. By 

sintering a layer, a new procedure of sintering of the next layer begins by deposition of powder with a 

diameter of 0.05 mm, and then the process is performed until the printing part is completed. The 

simulations of the 3D printing by SLS process include several steps that involve: heating the powder 

by sintering, and depositing the layer by laser scanning. The process parameters used in the printing of 

a tidal turbine blade are summarized in Table 3. These parameters are determined after performing an 

optimization problem, by selecting the most appropriate parameters to minimize stresses and warpage. 

The tidal turbine is printed vertically and divided into three zones; the cylindrical lower zone, the 

twisted middle zone, and the thinner upper zone. 

Table 2. Materials used in printing simulation 

SLS method 

Reinforced beads 

CB 
PA12 

PEEK 

GB 
PA12 

PEEK 

Unfilled  –– 
PA12 

PEEK 
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Table 3. Process parameters used for tidal turbine blade printing 

Parameters Unit Value 

Chamber temperature °C 330 

Laser power mW 48000 

Convection coefficient mW/(mm
2
.°C) 0.015 

Cooling time s 0 

Scan spacing mm 0.15 

Recoating time s 10 

Scan speed mm/s 12500 

Beam diameter mm 0.5 
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4. Process 
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Figure 5. 3D printing flowchart of hydrofoil by Digimat-AM. 

During the 3D printing simulation, there are three steps: printing, cooling and fitting. And for each 

step, Digimat-AM gives four informations about the printed part, which are: The mechanical 

deflection, the residual stresses of Von Mises, the temperature and the warpage. The detailed process 

is explained in Figure 6. 

Design 
Pre 

processing 
Simulation Printing 

Post 
processing 

Final part 
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Figure 6. Digimat-AM flowchart during simulation of the printed tidal turbine 

The images of the entire SLS process during the printing step are described in Figure 7.  

The basis    The Layer 40   The Layer 40                 The Layer in twisted zone 

   
 

Figure 7. SLS process during 3D printing 

The tidal turbine blade has been analyzed with thermomechanical and warpage type using Digimat-

AM. The dimension of the blade box geometry is considered as (23 – 14 – 290 mm) to fit the printer 

size and has been submitted to three manufacturing steps: printing, cooling, and warpage. During 

slicing, the layer thickness is 1 mm with 290 layers and the meshing size is 1 mm with 14755 voxels. 

The detailed dimensions of the tidal turbine are shown in Figure 8. 

 

 

 

 

1. Printing step 2. Cooling step 3. Fitting step 

Von Mises 
field 

Warpage 
field 

Temperature 
field 

Deflection 
field 
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Isometric view Front view Top view 

 
 
 

 
 

 
Bottom view 

 

Figure 8. The dimension of the tidal turbine blade 

3. Results 

The deflection fields show the change of geometry that occurs along the full manufacturing cycle, 

which generates residual stress between layers and used to analyze the warpage. It is very important to 

determine and control warpage when printing reinforced thermoplastic parts, and also to study the 

filling effect in resolving warpage problems. In this section, the results of the computational 3D 

printing for different materials PA12 and PEEK is presented with and without carbon and glass beads 

reinforcement. For each volume fraction of filler, the maximum and minimum values of the 

thermomechanical parameter are calculated in the final layer. 
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3.1. CB and GB reinforced PA12 

From Figure 9 and Figure 10, it can be seen that the addition of carbon reinforcement has a significant 

influence on the mechanical behavior of the PA12 printed blade. The deflection in printing step 

decrease in function of CB volume fraction, with a high value of 0.1055 mm for unmodified PA12 as 

mention in the twisted part of the blade (Figure 10a), and a low value of 0.06251 mm for 50 vol% as 

indicated in the upper thin part of the blade. The Von Mises residual stress increase in function of 

volume fraction (Figure 9b), from 1.095 MPa to 2.805 MPa for the maximum value as observed in the 

lower circular section of the blade, and from 0.03393 MPa to 0.2091 MPa for minimum value as 

observed in the upper cylindrical part of the blade. The high residual stress is reached in the first 

printed layer, where this region is suffering from a major compression which makes it more critical. 

This result can be justified by the fact that the accumulated temperature gradient generates residual 

stresses. In the printing step, the minimum temperature value remains constant at 160 °C (Figure 9c), 

and the maximum temperature increase from 176 °C to 179.7 °C due to the thermal conductivity of 

CB fillers. The general conclusion is that in cases where the volume fractions of the fillers are high, 

the warpage is very low (Figure 9d). 
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Figure 9. Thermomechanical performances of carbon beads reinforced PA12 vs. volume fraction 
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Figure 10. Deflection and residual stress (Von Mises) fields of carbon beads reinforced PA12 
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For the glass beads-filled PA12 (Figure 11 and Figure 12), the results show that the maximum value of 

deflection and residual stresses reached 0.1055 mm and 2.429 MPa respectively. In the volume 

fraction of 50% of GB, it can be noted that the deflection decreases and the maximum stress increases. 

This implies that the importance of GB to improve the mechanical performance of the printing blade. 

In addition, the warpage/deflection and stresses during printing rises after the cool down. AM demand 

multiple process and errors to achieve excellent consistency and expected performance after many 

simulations. The printed part could present significant warpage/deflection due to temperature gradient-

induced distortion, thus dimensional tolerance may not be guaranteed. For the maximum volume 

fraction (50 %), the deflection and Von Mises of PA12-GB are lower than those of PA12-CB by 2.86% 

and 14.9% respectively (Figure 11a and b). During the printing step, the temperature field is minimal 

for CB of 179.7 °C compared to GB of 183 °C, which is explained by the high thermal conductivity of 

CB causing a very high convection rate (Figure 11c). In addition, the maximum warpage is lower for 

GB of 0.84808 than CB of 0.88139 (Figure 11d). 
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Figure 11. Thermomechanical performances of glass beads reinforced PA12 vs. volume fraction 
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Figure 12. Deflection and residual stress (Von Mises) fields of glass beads reinforced PA12 

3.2. CB and GB reinforced PEEK 

The deflection is very small in the order of 0.01 mm compared to the volume fraction of 10 % which 

has a maximum value of 2.882 mm in the upper part of the blade (Figure 13a). The residual stress is 

zero for unloaded PEEK with a maximum value of 0.5637 MPa (Figure 13b). The addition of CB to 

PEEK increases the temperature at the end of the printing step from 173.5 °C to 343.3 °C (Figure 13c). 

Also, for PEEK reinforced GB, the temperature increase from 173.5°C to 344.4 °C (Figure 15c). 

During the cooling process, the temperature of the printed tidal turbine returns to its ambient 

temperature of 23 °C. The initial addition of a 10% volume fraction of CB caused a sharp increase in 

warpage with 1.91877, compared to the unmodified resin with 1.80993 (Figure 13d). But as more CB 

was incorporated, the warpage decreased linearly and eventually dropped below that of the unmodified 

neat polymer. The effect of high volume fraction of CB and GB fillers on thermomechanical 

properties of PEEK is summarized in Table 4, where the minimum warpage is observed for PEEK-CB 

with 0.98271 (Figure 14). 

Table 4. Thermomechanical characteristics of reinforced PEEK at 50 vol% 

 Deflection (mm) Von Mises (MPa) Warpage Temperature (°C) 

PEEK-CB 0.01686 0.5637 0.98271 343.3 

PEEK-GB 0.0183 0.6218 1.07288 344.4 

 

The main interest from these simulations is to reduce as much as possible residual stresses and 

warpage. During printing, parts may show significant deformation, which requires compensation of 

this defect by using the warped geometry. A solution to circumvent the warpage includes the 

compensating of the geometry intended to be printed. Therefore, the as-printed geometry is close 

enough to the as-designed geometry. 
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Figure 13. Thermomechanical performances of carbon beads reinforced PEEK vs. volume fraction 
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Figure 14. Deflection and residual stress (Von Mises) fields of carbon beads reinforced PEEK 
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In order to compare with PEEK-CB, the thermomechanical properties of PEEK-GB have been 

evaluated as shown in Figure 15 and Figure 16, where the deflection of PEEK-CB is slightly lower 

than that of PEEK-GB (Figure 15a) because the mechanical stiffness of CB (230 E3 MPa) is higher 

than that of GB (72 E3 MPa). Also, the residual stress of PEEK-GB is large than that of PEEK-CB 

(Figure 15b), this is explained by the fact that if a material is rigid, then its residual stress, deflection 

and critical warpage are low and vice versa. The temperature field of GB is slightly larger than that of 

CB (Figure 15c) because of the thermal conductivity of CB which is higher than that of GB. This 

implies that PEEK-CB cools down rapidly compared to PEEK-GB. 
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Figure 15. Thermomechanical performances of glass beads reinforced PEEK vs. volume fraction 
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Figure 16. Deflection and residual stress (Von Mises) fields of glass beads reinforced PEEK 
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4. Discussions 

It is concluded that CB and GB fillers contribute to improved mechanical properties, which reduce 

warping and optimizes 3D manufacturing processes. A comparison of warpage at 50 vol% is 

investigated; for a specified polymer and different fillers, the warpage of PA12-GB is 3.78% lower 

than that of PA12-CB, but the warpage of PEEK-GB is 8.4% higher than that of PEEK-CB. On the 

other hand, for specified fillers and different polymers, the warpage of PA12-CB is lower than PEEK-

CB by 10.31%, and also the warpage of PA12-GB is lower than PEEK-GB by 20.95%. Therefore, the 

lowest averaged warpage is for PA12-GB with 1.26, and the highest averaged warpage is for PEEK-

GB with 1.55 as seen in Table 5 and Figure 17a, also the high warpage area (colored red) is observed 

in the top thin part of the tidal turbine (Figure 17b). 

Table 5. Comparison of average warpage for different reinforced polymers 

 PA12-CB PA12-GB PEEK-CB PEEK-GB 

Average warpage 1.26928 1.25779 1.49828 1.54648 
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Figure 17. (a) Comparison between warpage of different reinforced polymers. (b) Distribution of 

warpage field 
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Generally, by comparing the results for the printed tidal turbine with different materials, it is noted that 

the deflection distribution is different between the printing materials. Looking at the total deflection 

distribution, the greatest distortion is concentrated on the twisted transition part of the blade (colored 

red). In all these cases, it can be seen that the zones printed on first accumulate more positive 

deflections, while those printed on last contain the most negative deflection. Similarly, a comparison is 

carried out to analyze the effect of reinforcement in mechanical performance in terms of residual 

stress, deflection, and warpage distribution. The results showed that the three distributions are almost 

similar for different materials filled with carbon and glass beads, with different maximum and 

minimum values between them. Given the numerical results shown in the figures above, the 

interesting observation is that carbon and glass reinforced plastics have good strength and resistance 

compared to plastic non-reinforced. Finally, the blade printed with carbon-reinforced plastics has good 

mechanical resistance in terms of deflection and residual stress, and glass-reinforced plastics have a 

significant effect in reducing warpage. After all, it is concluded that components for small tidal 

turbines can indeed be manufactured quickly with inexpensive 3D printers. An experimental 

investigation is needed to predict the performance and viability of tidal turbine blades to use them in 

the field and this is the subject of an additional publication currently under preparation by the authors, 

Figure 18. 

 

Figure 18. Experimental 3D printed NTSXX20 Hydrofoil 

5. Conclusion 

In this research project, the model of the tidal turbine blade is fabricated by the 3D printing process. 

The potential of 3D printing of tidal turbine blades has been evaluated in the scope of a research 

project. It is found that the tidal turbine blade with different blade materials can be consistent with the 

simulation. Through the above simulation, the tidal turbine blade with the PA12-CB has an excellent 

mechanical performance in terms of residual stress and deflection. In general, this preliminary study 

showed a high potential for 3D printing of small tidal turbine blades, but more investigations are 

needed to qualify this potential. Computational analysis is an effective tool for TCT design and 

optimization. The main observations can be presented as follows: 
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 As CB and GB volume fraction increase, the deflection and warpage decrease and the residual 

stress and temperature increase. The maximum deflection and residual stress are observed in 

the twisted and first sectional layer respectively. 

 PA12-CB has a warpage higher than PA12-GB by 3.78%, and PEEK-CB has a warpage lower 

than PEEK-GB by 8.4%. Also, the warpage of PA12-CB is lower than PEEK-CB by 10.31%, 

and the warpage of PA12-GB is lower than PEEK-GB by 20.95%. 

It is concluded that the best-reinforced polymer for 3D printing: 

 With the minimum warpage for PA12-GB with a value of 0.84808. 

 With the minimum residual stresses for neat PEEK with a value of 0 MPa. 
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