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Abstract. This study combines the design, the 3D printing and the testing of a small 3-bladed wind
turbine rotor for research and teaching purposes. The objective is the additive manufacturing of a rotor
with a radius of one meter, as an alternative to subtractive methods, such as computerized milling. The
blade design is developed using freely available software packages. The aerodynamic considerations
include the airfoil selection, the calculation of the blade geometry and the simulation of the ultimate
load cases. The structural considerations are focussed on the printable materials, the infill structures and
the retrofit of a load-carrying spar. The rotor blades are 3D printed with the BigRep One at the maker
space of the TH Wildau. The structural integrity of the prototype blade is tested in terms of the ultimate
root bending moments and the centrifugal forces at the HTW Berlin. The aerodynamic run-up tests are
performed at the large wind tunnel of the TU Berlin measuring the power curves. The successful
prototype paves the way for follow-up projects, such as open field tests and the 3D printing of larger
rotor blades.

1. Introduction

Additive manufacturing is a sunrise industry and 3D printing technologies are an innovation driver in
most scientific disciplines. The bandwidth of applications reaches from precision engineering, for
instance human prothesis and robotics to large constructions, such as entire residential buildings [1]. In
addition, the research on 3D printing methods is often based on open access principles, i.e. the free
sharing of ideas and blueprints. In aerodynamics, lightweight applications include the wings of small air
vehicles [2,3] and the rotor blades of wind turbines [4]. In general, aerodynamic bodies are exposed to
a complex combination of steady and unsteady loads. Rotor blades, in particular, need to resist
fluctuating bending forces, countless load cycles due to the blade rotation and the intermittent effects of
inflow turbulence, wind shear and (local) stall [5,6].
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Figure 1. (a) Rotor blade design and the load carrying spar. (b) 3D Printed blade during wind tunnel tests.

Hence, a wide range of both aerodynamic and structural requirements need to be fulfilled by 3D printed
rotor blades, see Figure 1b. This paper merges the outcome of several low budget research projects over
the past four years [7,8]. After this introduction, section 2 describes the aerodynamic design, i.e. the
airfoil selection, the blade geometry and the simulation of the maximum structural loads. In section 3,
different materials and infill structures are investigated in order to determine the structural blade design.
The 3D printing process and the stress tests validating the strutural integrity of the blades are presented
in section 4. Section 5 summarizes the run-up tests in the wind tunnel followed by the concluding section
6. In general, the terms printing and 3D printing are used synonymously and rotor blades refer to small
horizontal axis wind turbines (SHAWTS).

2. Aerodynamic considerations

The blade design, see Figure 1a, is preconditioned by the wind tunnel facility and the available 3D
printer. The rated inflow velocity is u = 7.5 ms? and the rotor radius is restricted by the maximum
printing volume, R = 1 m. For security purposes, the rotational speed is limited to Nmax = 800 min-?
leading to a design tip speed ratio (TSR) of Aq = 4 at a Reynolds number of Re = 1-10°. Furthermore, the
blade design is based on one identical airfoil from root to tip.

2.1 Airfoil selection

Low speed airfoils are characterized by a beneficial performance at Re < 5-10° compared to high speed
airfoils of multi-MW wind turbines, which operate at Re >> 1-108. Usually, at Re > 2-10°, the laminar-
to-turbulent transition of the boundary layer (BL) occurs gradually within a certain transition region
along the airfoil chord. However, at Re < 2-10° the BL tends to stagnate prematurely generating the so-
called laminar separation bubble on the suction side, especially at low AoA [9]. Even if the flow
reattaches in the form of a turbulent BL, the aerodynamic efficiency drops drastically, see Figure 2c.
This unsteady process cannot be predicted by low-fidelity simulation codes, such as XFOIL. Hence,
several low speed airfoils for use on small rotor blades are evaluated at Re ~ 1-10° adopting the wind
tunnel data from [10,11]. The airfoil selection matrix combines both structural and aerodynamic aspects,
which are equally weighted, as summarized in Table 1.

Table 1. Airfoil selection parameters.

Parameter Weight Reason

Maximum thickness 50.0 %  Stability of rotor blade

Aerodynamic efficiency 125% Maximum lift-to-drag ratio and power output

High lift performance 12.5%  Slender blade design and low weight

Stall behaviour 125% Reduced dynamic loads and improved power output

Sensitivity to surface roughness 12.5%  Idem (printed surface is relatively rough)

According to Table 1, the preferred airfoils are found to be in the following order (maximum thickness
given in brackets): 1. FX63-137 (13.7 %c), 2. SD7062 (14 %c), and 3. Clark-Y (11.7 %c). The remainder
of this report refers to the FX63-137, which was developed in the 1980s by Wortmann at the Institut fur
Aerodynamik und Gasdynamik (IAG) of the Stuttgart University. Originally intended for use on wings
of small airplanes, it has become popular as a low speed airfoil, especially considering surface roughness
effects [12]. More recently, several studies have emphasized its suitability for use on SHAWTS [10,13].
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Figure 2. Experimental data of FX63-174. Clean and tripped cases at Re = 1-10°. (a) Airfoil coordinates. (b)
Lift coefficients (c) Lift over drag.

Figure 2a illustrates the airfoil coordinates and Figure 2b and c the polar data of the FX63-137 in both
the clean and the tripped cases, as published by [10]. In the tripped case, forced leading edge transition
is triggered by Zig Zag (ZZ) turbulator tape in order to emulate surface roughness effects, which are
crucial to modern blade design. The height of the ZZ tape is hzz = 0.11 %c and it is attached on both the
suction side and the pressure side at a chordwise position of xs = 5 %c and x, = 2 %c, respectively. At
Re = 1-10°, the tripped case generates similar lift, and improved drag coefficients, so that L/D (o) is
improved. The reason is that the BL transition is initiated close to the leading edge due to the ZZ tape,
as such eliminating the separation bubble already at a = 2° rather than at a =~ 4°, see Figure 2c. At higher
angles of attack (AoA), 5° < o, < 10°, the airfoil performance is similar comparing the clean case, L/Dmax
= 50 at ag = 9°, to the tripped case, L/Dmax = 55 at aq = 7.5°. Hence, in both cases, the design lift
coefficients are relatively high, c| (aq) = 1.5, see Figure 2b, leading to a slender blade design.

2.2. Aerodynamic blade design and simulation

The blade geometry, i.e. the chord length c (r) and the twist angle & (r), is determined by means of the
aerodynamic blade optimization procedure of Betz and Schmitz (1956), as described by [5]. The Schmitz
design is implemented in the simulation software QBlade [14] based on the following equations,

A(r) = 2mnr(60u) 1, @
where n is the rotational speed in min-tand r the local rotor radius in m,

c(r) = 16nr[B - c;(ag)] tsin?{3 tan [R- (A4 - 7)1}, (2)
where B is the number of blades and 1, = A(R),

0(r) = () —ay(r) =(2/3)-tan"[R- Ay 1) — az(r), €))

where ¢ (r) is the inflow angle in °.

The blade geometry refers to the clean airfoil performance, ¢ (aq), the total rotor radius, R = 1 m, and
the design TSR, 14 = 4. In this way, ¢ (r) and & (r) are computed at 46 blade sections, expressed in %R.
According to Figure 3a, the effective blade length is 90.7 %R = 0.907 m. Between 12.3 %R <r < 19.3
%R, the root cylinder merges into the first airfoil section, where the maximum chord length and twist
angle is ¢ (r) = 18.2 %R and é (r) = 25.7°. Subsequently, ¢ (r) and & (r) decrease steadily until the tip
section. The blade performance is simulated using the Blade Element Momentum (BEM) module of
QBlade based on the iteration loop formulated by [6]. Note that the simulation results depend on the
quality of the imported airfoil polar data. Furthermore, empirical correction algorithms are activated
including root and tip losses, thrust forces of heavily loaded rotors (Glauert correction) and spanwise
crossflow effects. Apart from that, all pitch and rotational speed controllers are deactivated. According
to the wind tunnel conditions, two steady inflow velocities are considered, u =5 ms* and u = 7.5 ms™.
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Figure 3. (a) Blade geometry, chord length and twist angles over rotor radius. (b) Characteristic power curves.

At Aq, the Reynolds number along the blade length is in the order of Re = 0.9-10° and Re = 1.3-105,
respectively. Figure 3b shows the characteristic power curves, where ¢pmax = 0.42 in the clean, and Cp max
= 0.43 in the tripped case. Regarding the structural loads, the maximum rotational speed is reached at
Nmax = 600 Mint, where Amax = 8. At rated inflow, the root bending moment reaches Mmax = 30 Nm and
the corresponding centrifugal force amounts to Fmax = 1850 N. Note that Fmax is a crucial design load of
SHAWTS, as it is proportional to n?. Applying a security factor of almost 2, the ultimate load cases
(ULCs) in the wind tunnel are defined as My = 60 Nm and Fyc = 3000 N. Moreover, the mechanical
brake is activated at nmax Stopping the rotor after each run-up test, see section 5.1. For safety purposes,
Muic is therefore considered in both the out-of-plane and the in-plane direction. Note that the industry
standard IEC 61400-2: Part 2: Small wind turbines is not applied, since the prescribed ULCs refer to
open field conditions and a service time of various years rather than temporary wind tunnel testing.

3. Structural considerations

The BigRep PRO contains a printing volume of up to 1 m?® restricting the rotor radius to R =1 m. The
blades are printed in one piece by means of fused filament modelling (FDM). The structural design is
based on both the material study and the investigation of different infill structures.

3.1 Material study

The FDM or fused filament fabrication (FFF) is a material extrusion process [15]. The filament is melted
inside the heated nozzle, which moves rapidly in space printing the object layer by layer. In this way, a
wide range of pure, modified or enhanced thermoplastic or elastomer polymers is processed, such as
ABS (Acrylonitrile Butadiene Styrene), PTEG (Polyethylene Terephthalat) and PLA (Polyactic Acid).
The focus is on PLA-based materials due to the wide range of applications and the comprehensive
amount of literature data. In addition, PLA is considered to be biodegradable, non-toxic and CO- neutral,
i.e. a feasible alternative to petrochemical-based polymers [16]. In cooperation with BigRep GmbH, the
following PLA-based filaments are investigated: 1. Pro-HT (Ty = 115 °C), 2. Hi-Temp (T, = 160 °C),
and 3. PLA (T, = 60 °C). Compared to standard PLA, Pro-HT and Hi-Temp are characterized by the
relatively high Vicat softening temperature, Ty (given in brackets), at which point the material loses its
properties. The manufacturer’s specifications are limited to single characteristic values, most
importantly the elasticity modulus and the ultimate tensile strength [17]. Furthermore, the data sheets
only refer to the so-called vertical printing direction, whereby the object is extruded in parallel to the
printing bed. However, in the current case, the blades are printed in the horizontal direction, i.e. the
upright position, as illustrated in Figure 4a. Hence, according to the DIN ISO 527-2/1A, independent
tensile tests are performed using the ZMART PRO universal testing machine at the HTW Berlin. A total
of 24 standard probes is tested, i.e. 4 identical probes of each material and in both printing directions.
The printing parameters, such as the layer height of 0.5 mm, refer to empirical values, as discussed in
section 4.1. Besides, [18] show that the maximum tensile strength of PLA is reached, if the ratio between
nozzle diameter and layer height is greater than 1.6. In the current case, this ratio is 2.
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Figure 4. Tensile tests. (a) Probes and printing directions. (b) Elasticity modulus. (c) Ultimate tensile strength.

Figure 4b shows that, in the vertical printing direction, the elasticity modulus, E, is similar to the
specifications given by the manufacturer [17]. However, in the horizontal direction (upright position),
E is decreased in case of all tested materials. This tendency is significantly more pronounced regarding
the ultimate tensile strength, omax, as shown in Figure 4c. The reason is that, in the horizontal position,
E and omax are determined by the interlayer bonding, i.e. the soldering between the layers. The weak link
between the printed layers leads to the drop in stiffness and strength [18]. As such, the type of fracture
is smooth in the horizontal and frayed (irregular) in the vertical case [8]. For all tested probes, the stress
and strain curves are typical for thermoplastics without yield point.

3.2 Structural blade design

According to the results summarized in Figure 4b and ¢, PLA-based materials do not meet the structural
requirements of the current rotor blade. Even if printed as one solid body, i.e. assuming up to 3 times
the printing duration and the weight, the blade would still not fulfil the ULCs, as calculated in section
2.2. Therefore, the blade shell is reinforced by a load-carrying spar made of carbon fiber reinforced
plastics (CFRP). The spar consists of 8 prefabricated tubes that are assembled in a telescopic
configuration relative to the maximum thickness of each blade section, as shown in Figure 1a. All the
tubes are interlocked forming one solid root section with an outer diameter of 20mm, which narrows
down to an outer diameter of 5 mm close to the tip, see Figure 6¢ and d. The tapered drill hole for
retrofitting the modular spar is part of the printed structure, see Figure 5. The protruding root part is
clamped to the hub by means of an additional aluminum mount. As such, the shell is structurally
decoupled from the load-carrying spar, see Figure 6e. The complete assembly is glued together with
epoxy resin. According to the material specifications of [19], the CFPR tubes are characterized by
E = 98-10° MPa and omax = 1280 MPa, thus exceeding both the material properties of PLA by
approximately 30 times. The simplified design stress calculation at the blade root is,

0.5
Oa = (MLZLlc,x + MLZLlC,y) -W~1 =108 MPa, (4)

where Myicy = 60 Nm is the out-of-plane, Mucx = 60 Nm the in-plane root bending moment and W the
cylindrical section modulus in mm3. Hence, at the root, the maximum tensile strength of the reinforcing
spar, omax, €XCeeds aq by more than 10 times. Next, different interior structures are investigated in order
to transfer the aerodynamic load distribution efficiently from the shell to the spar and all the way to the
hub. The slicing software Ultimaker Cura is used to implement a variety of infill patterns, e.g. triangular,
grid or cubic [2]. The gyroid was discovered in 1970 by NASA researcher Schoen [20]. It is part of the
triply-periodic minimal surfaces resulting in a twisted wave structure that looks similar to honeycomb
configurations [21]. Conventional manufacturing methods, such as moulding or milling, are not viable
for implementing complex and mostly hollow lattice structures from within the object, see Figure 5.
Hence, several studies demonstrate the benefits of gyroid infills using additive methods [22]. Applying
a special graphene lattice configuration, the resulting gyroid cubes are characterized by extraordinary
stability at very low density, i.e. the main requirements of lightweight applications [23,24].
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(b)

Figure 5. Blade cross section including spar hole and gyroid infill, looking from tip to root. (a) Cura design.
(b) 3D printed prototype blade including residues.

In terms of FDM methods, both the duration and the printing quality is beneficial due to its smooth and
continuous pattern reducing mechanical vibrations of abrupt nozzle movements (rattling) compared to
e.g. cross or honeycomb infills. However, several PLA-based experiments report that gyroid infills lead
to reduced stiffness, E, compared to the classic grid [2] or honeycomb infills [25]. Overall, the mentioned
references agree in its isotropic properties making gyroid particularly attractive for applications that are
exposed to varying load directions, such as rotor blades. It is implemented during the slicing process
based on the original equations of [20] in the form of the trigonometric approximation [26],

cos(x) - sin(y) + cos(y) - sin(z) + cos(z) - sin(x) = 0, %)

where X, y, z refer to the directions in space. Figure 5 shows the gyroid infill joining the aerodynamic
shell and the spar hole.

4. Printing and structural testing
The printing process and the blade assembly is explained, followed by the static stress tests of the
prototype blade.

4.1 Printing process
The printing file is generated by means of the following software packages, successively:

1. QBlade (v0.96): The mesh of the shell (.stl) is exported in high resolution (min. 200 x 2000).
FreeCAD (0.19.2): The mesh is imported for editing, in this case implementing the spar hole.
Subsequently, defects in the mesh are analysed and repaired for improved printing quality using the
adequate plugin or, alternatively, the software Autodesk Meshmixer (3.5).

3. Ultimaker Cura (4.11): The final mesh is imported and placed on the printing bed. The support
structure (default) is created and the printing parameters are defined, including the infill structure.
The blades are sliced and the machine code is generated (.gcode).

The project files are accessible in the multimedia section of this report. The interrelated printing
parameters (given in brackets) determine both the performance and the quality of the resulting objects
[15]. In relation to the selected material (Pro-HT), the crucial settings include the printing direction
(upright position), the layer height (0.5 mm), the wall thickness (2 mm), the infill structure (gyroid) and
the infill density (10 %). In addition, default values are used for temperature and speed. Pro-HT is
selected due to its high temperature resistance and the advanced environmental compatibility [17]. The
layer height is selected due to the recommendation of the TH Wildau engineers. The infill density is
closely related to the wall thickness. In the current case, 2 mm and 10 % is considered to be a sound
compromise between stability, weight and duration. Previous crash-tests of similar rotor blades (R =
0.55 m) at the HTW Berlin have shown that a gyroid infill density of 6.2 % combined with a wall
thickness of 1.2mm is preferable over 21.5 % and 0.6 mm [7]. The duration is 10 h per blade, each
processing 0.8 kg of filament. During the first attempt, two blades are finished successfully, however,
the third one is printed erroneously, as displayed in Figure 6a. The support structure is depicted in Figure
6b, which is necessary for maintaining the blade in a stable upright position throughout the complete
process. After removing it, the minor residues next to the root section are polished with fine grain
sandpaper together with various additional irregularities alongside the entire trailing edge.
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Figure 6. (a) Finished blades and printing error inside the BigRep PRO. (b) Support structure next to the root
section. (c) Telescopic spar configuration. (d) Insertion and bonding of tubes from blade root. (e) Final assembly
with aluminium mount.

The relatively rough surface is characterized by the riblets from the printed layers. However, additional
surface treatments, such as coatings, are beyond the scope of this study. Note that the vertical printing
direction is discarded, as it requires a more complicated support structure that would cover a large
surface area of the blade. As a result, both the material volume and the duration would be approximately
double. Moreover, the residues of the support structure would negatively affect both surfaces alongside
the entire blade length, especially at the leading edge.

4.2 Blade assembly and stress tests

The blade assembly starts by roughening the surfaces of both the drill hole and the CFRP tubes using
fine grain sandpaper. Before applying the epoxy resin, all surfaces are cleaned thoroughly with acetone.
One by one, each tube is wetted with a relatively runny epoxy mixture and inserted from the root section
into the blade, see Figure 6d. It is important that trapped air bubbles are released. Then, the aluminum
mount is put over the root section using a more viscid epoxy mixture. The blade is then cured for 24 h
in the upright position, see Figure 6e. Its final weight is 1.2 kg and the centre of gravity is at r = 39 %R.

Next, the prototype blade is exposed to the ULCs, again using the universal testing machine at HTW
Berlin. Apart from overall safety considerations, the stress tests are focused on potential buckling
damages and cracks inside the printed shell. Following [27], the ultimate root bending moments are
tested by introducing a subsequent point forces at three blade positions and in both bending direction,
as shown in Figure 7a and b. The ultimate centrifugal force, Fmax= 3000 N, is applied via the pulling
force of a heavy duty crane.

d

Figure 7. (a) Out of plane bending. (b) In plane bending. (¢) Hub clamping. (d) Rotor during run-up tests.
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Table 2. Root bending moments and tip deflection

Out of plane In plane
Blade length or lever arm [mm] 490 690 840 570 690 840
Deflection at tip [mm] 29 78 107 40 40 27

Root bending moment [Nm] 102 103 68 83 85 40

Table 2 summarizes both bending moments at each point along the blade length, in most cases exceeding
Muic = 60 Nm. At the position close to the tip (highest lever arm), the maximum deflection is reached,
as permitted by the test bed. After several stress tests, the printed shell is fully intact without showing
any cracks or signs of buckling. Furthermore, the reinforced blade returns back to the (unloaded) zero
position without any permanent deflections. Please note that fatigue tests are out of the scope of this
study.

5. Wind tunnel tests

5.1 Experimental setup

The large close-loop wind tunnel at the HFI of the TU Berlin accommodates several research wind
turbines. The area of the low speed test section is 4.2 m x 4.2 m at a rated inflow velocity of
u=7.5ms?. A detailed description of the wind tunnel facility is provided by [28]. In the current case,
the blockage ratio between the area of the test section and the rotor is approximately 18 %. Exceeding a
blockage ratio of 10 %, the rotor performance is significantly affected by the wind tunnel walls [29], as
further discussed in section 5.2. The set-up consist of the tower, which is placed in the center of the test
section, and the rotor, which is attached directly to the spinning shaft. The mechanical brake is activated
by a stepping motor in order to bring the rotor to standstill either smoothly or abruptly. The shaft is
equipped with an incremental encoder measuring the rotational speed. Data is recorded by means of an
Arduino (UNO) system at a sampling rate of 10 Hz. Prior to the run-up tests, the moment of inertia is
derived experimentally by releasing predefined weights from a flywheel, which is attached to the final
rotor assembly. The inflow velocities are measured via two parallel Prandtl tubes that are connected to
a separate differential pressure sensor. Parallel to that, the temperature and the ambient pressure is
captured. The measurements are conducted at different constant inflow velocities, u = [4.9, 6.2, 7.5]
ms™. The turbulence intensity of the inflow field is below 1 % and the duration of each run-up test is
approximately 30 s. Phython (3.7) is used for post-processing the rotor power in W,

B. = M,w = Iwdt(2nn/60), (6)

where M; is the rotor torque in Nm, wdt the angular acceleration in s and | = 0.863 kg-m? the constant
moment of inertia. The dimensionless power coefficient, cy, is the ratio between P, and the power of the
inflow field. Moreover, no wind tunnel blockage correction is applied.

5.2 Experimental results

Figure 8a shows that, depending on the inflow velocity, maximum power is reached at Prmax = [64, 124,
216] W, respectively. In all cases, the maximum power coefficient is Cpmax= 0.3 (£ 0.01), see Figure 8b.
Compared to the design TSR, Aq = 4, see section 2.2, the optimum TSR of the experiments is increased
significantly to Aot = 5.4 (£ 0.1). As a result, ¢, (A¢) drops to 0.23. The reason for the TSR shift is that
the blade design is based on free flow rather than wind tunnel conditions. According to the BEM
simulations, the deceleration of the wake flow is described by the axial induction factor, a. At the
optimum value, a (Aq) = 1/3, cpmax is reached. However, the wind tunnel blockage leads to elevated axial
wake velocities, so that the effective a (14) < 1/3, as previously reported by [28]. In general, the axial
induction is increased for higher TSR. Hence, inside the wind tunnel, ¢, max is reached at Aopt = 5.4, where
both the axial induction factor and the resulting AoA are closer to the design values of a = 1/3 and
aq = 9°, respectively. These results are in close agreement with wind tunnel experiments based on similar
rotor blades, i.e. the FX63-174, R = 1.1 m and a blockage ratio of 21 %. As such, [13] report that the
design TSR is shifted from 14 = 5 to Aopt > 8 due to the wind tunnel effects reaching cpmax < 0.37.
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Figure 8. Run-up wind tunnel tests (a) Power over rotational speed. (b) Power coefficient over tip speed ratio.

In summary, the current rotor is running successfully. However, the power curve is off-design due to
the wind tunnel wall effects, which are disregarded during the BEM-based blade design process. After
numerous run-up tests, the 3D printed rotor blades remain fully intact, without showing any cracks or
signs of buckling damage.

6. Conclusions

This study combines the design, the 3D printing and the testing of a small wind turbine rotor for research
and teaching purposes. The main conclusions are summarized in terms of the following criteria. The
overall progress estimation from the authors is given in brackets in %.

Precision (70 %). The shape of the blades appears to be precise. However, the accurate verification of
their geometry is pending. The surface is characterized by riblets, which result from the layer by layer
printing. The trailing edge is bulky and needs polishing with fine grain sandpaper. The complex gyroid
infill structure is implemented successfully.

Stability (100 9%6). The ultimate load cases are applied by means of static stress tests. The shell is fully
intact, so that the load transfer via the gyroid infill is considered to be successful. For use in the open
field, the ultimate load cases need to be calculated in accordance with the IEC 61400-2. Furthermore,
PLA-based materials require an additional protective surface treatment to prevent blade erosion due to
rough weather conditions.

Environment (30 %). The Pro-HT filament is biodegradable and CO; neutral. However, the necessity
for retrofitting a CFRP spar plus epoxy resin partly defeats this point.

Efficiency (80 %0). Given the access to a large printer, the process is efficient. A set of blades is
fabricated and assembled within less than a week. In general, PLA-based filament is cheap and readily
available. Printing errors should be accounted for in the planning.

Open access (100 %). The blade design is entirely based on freely available software packages. The
project files are accessible in the multimedia section of this report or by contacting the authors.
Functionality (70 %). According to the wind tunnel measurements and compared to literature data, the
rotor performs satisfactorily. Further tests are required to evaluate the power curves, which are
significantly influenced by the blockage effects due to the wind tunnel walls.

Outlook. The current setup is already in use for research and teaching purposes at the participating
entities. Next steps will focus on both fatigue loading and open field tests. Future blade designs might
include the development of innovative airfoils, flow control devices (e.g. Gurney flaps and trailing edge
flaps), advanced materials, such as carbon fiber reinforced filaments and optimized infill structures. In
this way, the 3D printing of larger rotor blades might become feasible in the near future.
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