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ABSTRACT - This study investigates the aerodynamic performance and structural Recei , "
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deformations of finite rectangular planform wings with a spoiler with a NACA 6409 airfoil Revised  : 28 Oct 2025
section, fabricated from 3D-printed plastic materials. Unlike conventional aluminum or carbon Accepted 05" Nov. 2025

fiber spoilers, plastic components with a high aspect ratio exhibit more pronounced aeroelastic
effects, making their characterization important for practical applications. The main objective
was to evaluate aerodynamic loads and resulting deformations through both experimental KEYWORDS
wind tunnel testing and numerical simulations. Wings with dimensions of 100 x 400 mm were
fabricated using additive manufacturing techniques (MJF and SLS) with Nylon PA12, Resin
CUV9400, and Nylon PA12GB materials. Tests were conducted at uniform wind speeds up to
30 m/s and varying angles of attack. Results show that the maximum Y displacement occurred
at 10° and 30 m/s, with values of -51.03 mm for Nylon PA12, -26.52 mm for Resin CUV9400,
and -21.73 mm for Nylon PA12GB. The maximum von Mises stress reached 10.7 MPa, 10.9
MPa, and 11 MPa for the three materials, respectively. Numerical simulations showed close
agreement with experiments, with deviations below 6% for deflection and 4.37% for torsion.
In conclusion, Nylon PA12GB demonstrated superior performance due to its lower
deformation, confirming its suitability for cost-effective and lightweight aerodynamic
applications.

Published : 29" Dec. 2025
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Rear spoiler
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1. INTRODUCTION

A spoiler functions as an inverted wing that generates downforce with a high lift-to-drag ratio [1], a key factor for
improving traction and stability during cornering [2]. Its effectiveness depends primarily on the ability to produce
sufficient downward aerodynamic forces [3], which not only enhance vehicle stability but also reduce the airflow beneath
the vehicle, thereby lowering fuel consumption [4]. The aerodynamic performance of spoilers has been extensively
examined through both experimental and numerical methods [5]. To minimize material costs, alternatives such as
fiberglass, carbon fiber, ABS plastic, and silicone have been investigated [6]. Compared to conventional materials,
spoilers fabricated from synthetic and natural fibers are lighter and more economical, while additive manufacturing
provides further opportunities for producing spoiler components using plastic-based materials. However, the mechanical
flexibility of 3D-printed spoilers relative to conventional rigid designs requires further study [7]. In this study, the
aerodynamic and structural behavior of a NACA 6409 spoiler was investigated using Multiphysics simulations in
ANSYS, highlighting the efficiency and cost-effectiveness of numerical analyses for parametric studies. Experimental
tests were performed selectively to validate the simulation results. Three 3D-printed materials—Nylon PA12 (PA12),
Resin CUV9400 (CUV9400), and Nylon PA12GB (PA12GB)—were assessed to develop an economical and innovative
spoiler design. The findings indicate promising potential for lightweight, recyclable, and cost-efficient spoiler solutions
in automotive applications.

2. MATERIALS AND METHODS

The spoilers were evaluated through both numerical simulations and experimental testing. Finite Element Analysis
(FEA) was conducted using software equipped with integrated modules: a CAD module for geometry generation, a CFD
module for computing aerodynamic forces, and a FEM module for assessing both flexural and torsional deformations. In
parallel, physical models were fabricated using MJF and SLS additive manufacturing technologies and tested in a wind
tunnel to measure aerodynamic loads [8]. Sensors mounted on the models, connected to a data acquisition (DAQ) system,
recorded deformation responses at varying velocities and angles of attack. Finally, the numerical predictions were
systematically compared with the experimental measurements to identify and analyze discrepancies.

2.1 Theoretical Method

The fluid-structure interaction (FSI) of the spoiler was simulated using ANSYS software with a one-way coupling
approach. In this framework, the CFD module computed the pressure distribution on the spoiler surfaces, while the FEM
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module evaluated the resulting structural deformations (Figure 1) [9,10]. Since the spoiler operates under low Reynolds
number airflow, the structural elastic response needed to be captured accurately. The flow field was solved using the
Reynolds-Averaged Navier—Stokes (RANS) equations along with the associated turbulence closure models [11]. The
turbulence model used in this simulation was the SST k-® with two equation model which involves solving two essential
transport equations [12]. The choice of the turbulent SST (Shear-Stress Transport) k-o model is justified for this
simulation, as it involves a low-Reynolds-number external flow without heat exchange between the spoiler and the air.
[13]. The dominant aerodynamic loads on the spoiler consist of bending and torsional forces, which induce deformations.
Due to the significant tip displacement expected, the 'Large Deflection' (NLGEOM) setting was enabled to account for
geometric nonlinearity, extending the analysis beyond simple linear Hooke’s law approximations [14].

Lift is proportional to the square of the velocity. The lift force is proportional to the square of the air velocity and is
given by:
L =1/2pV3SC, = qSC, (1)

where L is the lift force, p is the air density, v is the airspeed, q is the dynamic pressure 0.5pV?, S is the reference area,
and Cy is the coefficient of lift. The coefficient of pitching moment is a dimensionless number that depends on factors
such as the angle of attack [15].

The pitching moment about the Z-axis is proportional to the air velocity as well as the aerodynamic moments and is given
below:
M = 1/2pV3SCy = qSCy (2)

where M is the pitching moment, p is the air density, v is the airspeed, q is the dynamic pressure 0.5pV?, S is the reference
area, and Cy is the coefficient of pitching. The coefficient of lift is a dimensionless number that depends on factors such
as the angle of attack [16].

The spoiler chord length and span are 100 mm and 400 mm, respectively, with an aspect ratio of 4. The D-type fluid
domain was created around the spoiler for numerical analysis, as shown in Figure 1a, with a semi-circular inlet to reduce
domain volume [17]. A cylindrical subdomain was introduced around the spoiler to facilitate rotation and enable variable
cell size mesh generation.
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Figure 1. () Fluid Domain - (b) Structural Domain

Figure 1 illustrates the computational setup: (2) the fluid domain and (b) the structural domain. The fluid domain extends
3C upstream and 7C downstream from the spoiler’s chord center, with lateral extensions of 3C on each side to minimize
blockage effects. For the cantilever configuration, the spanwise domain extends 2.5C from the wing root (Figure 1a). The
structural model represents a cantilever beam, with the lower portion fixed at the support and the upper portion free to
deform (Figure 1b).

The study was parametric with two different types of parameters: fixed parameters and variable ones. The fixed
parameters are the analysis type, which was set to steady flow; the outlet pressure, set to zero; and the turbulence model,
set to SST k- [18]. The air velocity and angle of attack are the variable parameters. Specifically, the air velocity ranges
from 10 to 30 m/s with a step of 5 m/s, and the angle of attack ranges from 0° to 20° with a step of 5° (Table 1). The mesh
utilized in the fluid dynamics study comprises polyhedral cells, which combine the benefits of reduced distortion and
enhanced solution convergence speed (see Figure 2) [19]. The independent mesh investigation was conducted in the layer

perpendicular to the model's surface using the formula RZ'is, (Re :”T*l ) where Re is the Reynolds number (198,531 in this
case), v is the maximum velocity (30 m/s), | is the chord length of the spoiler (0.1 m), and v is the kinematic viscosity of

air (1.5111 x 10" for a temperature of 20 °C) [20].
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Table 1. Various parameters of input and values

Fluid Domain Value Structural Domain Value
Analysis Type Steady Flow Analysis Type Steady Structure
Inlet Velocity [m/s] 10, 15, 20, 25,30  Type of Load Distribute Load
Angle of Attack [deg] 0, 5, 10, 15, 20 Angle of Attack [deg] 0, 5, 10, 15, 20
Outlet Pressure 0 Pa Configuration Cantilever Beam
Turbulent Model SST k-0 Support Type Fixed

Large Deflection On

Inlet

Figure 2. Case study problem mesh (a) Computational domain (b) Top view (c) Zoomed views

In order to find the independent meshes five Polyhedral geometries for CFD module and four Hexahedral geometries
for FEM module were used. The most suitable mesh consisted of 2,165,238 nodes and 444,623 elements, featuring a
minimum orthogonal quality of 0.307882 and a maximum aspect ratio of 14.2999 [21]. The most suitable mesh was made
by length equal to 2.125 mm, an average aspect ratio of 1.5608, an average Jacobian of 0.88661 from the Gauss Point of
view, and skewness factors ranging from a minimum of 2.1086 x 10~ to a maximum of 0.13851 [22]. Two paths are
considered for analyzing the spoiler deformations [23], with two sensors installed on them: Path A, subjected to only
deflection, and Path B, subjected to both deflection and torsion, with a distance equal to 60% of the spoiler's chord (see
Figure 1). According to the principle of superposition of effects, the formation at point B2 is the sum of the bending
deformation and the torsional deformation [24].

S(rey =8+ 6, = (y(AZ))/(4'C) + (Y(Az) - Y(Bz))/(0-6c) 3)

where &¢,. = yg,is slope due to total deformation, §; = y,,is slope due to flexional deformation, &;is slope due to
torsional deformation, I=4c is spoiler span (see Figure 2b and 2c).

Considering the generic section (z) shown in the (zy) plane and analyzing the forces acting on the right side of the
beam, the moment is equal to that reported in the second term of the elastic curve equation for bending and is:

EI(dZY(Az))/(dZZ) = M 4)

where M is the bending moment obtained by the product of lift and half the length of the spoiler, which is gSC2c, and
El is the flexural rigidity of spoiler (see Figure 3) [25].

The torsion was calculated by considering the difference between path A and path B, and the point of maximum torsion
is represented by the relative movement of point B2. The torsional angle that is the difference between yg; and ya; is
generate from the torsional moment and is:

GJ(d®,)/dz = M, 5)

where M is torsional moment along the Z-axis and it is the product between aerodynamic axis and elastic axis is the
torsional moment having the same form of bending moment due to distribute force q substituted and reported in the
second term of elastic equation for torsional moment (see Figure 3) [26].

Considering that the position of the spoiler in the wind tunnel is vertical, the force of gravity acts along the Z-axis,
being zero along the Y-axis (see Figure 3). By integrating once and solving the equation, the constant C1,x can be
determined at point were z=0 that is the elastic point where the torsion is equal to zero and corresponding to x=0. The
equations presented are formulated in relation to the torsion and flexure of an isotropic beam, where GJ represents
torsional rigidity, and El represents flexural rigidity [27]. The application of the Euler—Bernoulli beam theory of the beam
is evident, which is a structural theory used to analyze the response of a beam where loads are applied [28].
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Figure 3. Undeformed and deformed spoiler with paths and aerodynamic forces

2.2 Experimental Method

The spoilers were fabricated using different materials—PA12, CUV9400, and PA12GB—to achieve cost efficiency
and smooth aerodynamic surfaces [29]. The PA12 and PA12GB models were manufactured using HP’s Multi Jet Fusion
(MJF) technology. In this process, a thin layer of polymer powder enriched with additives is deposited on a build platform
via a multi-jet system. An infrared source, activated by fusing and detailing agents, selectively sinters the powder to form
the desired geometry, layer by layer [30,31]. In contrast, the CUV9400 model was produced using Selective Laser
Sintering (SLS) technology. Here, a laser beam selectively fuses successive layers of polymer powder, building the
component directly from the digital model with high precision [32,33].

Figure 4. Different spoiler material in the test section of wind tunnel (a), PA12 (b), CUV9400 and (c) PA12GB

The experiments were carried out in an open-type subsonic wind tunnel at Wuhan University of Technology, with a
maximum operating velocity of 40 m/s corresponding to a Mach number of 0.1156 [34]. The test section measured 2.0 x
1.2 x 0.8 m, within which the spoiler was mounted vertically (Figures 4a—4c). A rotating disk allowed variation of the
angle of attack from —30° to +30° in precise increments. Aerodynamic loads were transmitted to a drag balance through
a rigid support frame. Test conditions included wind speeds of 10, 20, and 30 m/s, and angles of attack ranging from 0°
to 20° in steps of 5°.
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Two data acquisition (DAQ) systems were employed. The wind tunnel’s internal DAQ system recorded flow and
aerodynamic force parameters, while an Arduino-based system captured structural deformation data. An Arduino UNO
microcontroller (Figure 5a), programmed in Arduino IDE and operating at a sampling rate of 20 Hz, was used for this
purpose [35,36]. Strain gauges were positioned 40 mm from the fixed support—one near the leading edge and the other
close to the torsional axis (Figures 4a—4c) [37]—to measure maximum tensile stress. Calibration was performed to
establish the relationship between strain and stress, converting the strain gauge’s millivolt output into displacement [38].
To measure spoiler deflection, a calibration procedure was carried out using a concentrated load: a series of metallic discs,
each weighing 113 g, were placed at the free end of the structure (Figure 5a). This allowed the strain gauge signals to be
correlated with the vertical displacement & of point A2 relative to point Al (Figure 5a).

[ BT
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Figure 5. Spoiler defleétion under load test Electric (a) Electric Scheme of DAQ (b) [27]

The vertical deflection of point A, which corresponds to 8, of the spoiler is obtained from the measured bending strains
by solving the equation using the finite difference approximation method, where sin ¢ = dy,, /ds [39, 40].

§ = V((ED/(2F)) | 0"(4_0) (sin ¢pdp)/(V(sin ¢_0 — sin ) (6)
where: § = y,, is the vertical deflection of A; point, E is the modulus of elasticity, I is the moment of inertia of the cross-

section of the spoiler, F is the external load applied to the A, point, ¢, is the rotation angle of A, point and ¢ is the
rotational angle of generic point between A; and A, and s is the generic portion of spoiler between A; and A,

_ |EL ¢ singdo
6= \[;fo Jsin pg—sin ¢ (7)

3. RESULTS AND DISCUSSION

This study evaluates the flexural and torsional deformations of plastic spoilers subjected to distributed wind loads,
offering important insights into their aerodynamic behavior. In the one-way FSI analysis, deformations of the High Aspect
Ratio Spoiler (HARS) were measured, revealing that flexural deformations were substantially larger than torsional ones.
The aerodynamic forces directly influenced both deformation modes, with plastic spoilers produced by 3D printing
exhibiting high elastic flexibility. Unlike conventional spoilers made from aluminum or composite materials, which show
minimal deformation, the plastic spoilers demonstrated significant yet non-critical elastic deformations that did not
compromise structural integrity.

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 5

5/13/2024 11:23 AM
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Figure 6. Spoiler total deformation maps of CUV9400 at AOA 0 deg and 20 m/s (a) Top (b) Bottom

The pressure distribution pattern was consistent across different spans, although the magnitude varied with span length.
Specifically, pressure increased from spans of 100 mm to 200 mm, and then remained nearly constant (with minor
fluctuations) up to 400 mm. The peak pressure was identified at X = 0.03175 m. At the spoiler’s leading edge, a
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pronounced difference was observed between the upper and lower surface pressures, with a large pressure gap dominating
the front region of the spoiler.

Analysis of the total deformations reveals that flexural deformation is the dominant type, rather than torsional
deformation. This observation highlights the significance of bending forces in shaping the structural behavior and offers
valuable insights into the response of the structure under external loads. The emphasis on flexural deformation
underscores the need for design modifications and reinforces the importance of addressing bending moments to optimize
the structural integrity and performance of the system (as depicted in Figure 6).
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The analysis indicates that tip displacement increases with velocity up to the stall angle of attack, highlighting the
influence of aerodynamic loads, which are dependent on geometry, flow conditions, and material properties. The
cantilevered spoiler undergoes deformations along three axes (X, Y, Z), with Y -axis deformation being dominant, while
X and Z deformations remain minimal. Maximum displacement occurs at the free end, farthest from the fixed support, as
shown in red in Figure 7a. Flexural deformation exhibits a nonlinear distribution along the span. Near the clamped region
(0-50 mm), deformations are small, while beyond 50 mm, deflections increase exponentially up to the spoiler tip at 400
mm (Figure 7a). Graphs of displacement versus angle of attack (AOA) demonstrate nonlinear growth in deformation with
increasing AOA, reaching a peak at 11.5°, corresponding to the maximum downforce. Flexural deformation trends
correlate with the material’s Young’s modulus; higher modulus materials display proportionally larger deformations.
Across the velocity range of 10-30 m/s, the deformation pattern of Nylon and resin-based spoilers closely follows the
downforce behavior.

Torsional deformation also exhibits a nonlinear response. In the first segment of the spoiler (clamped area to 41.67
mm), the twisting angle decreases to a minimum (—0.06893° to —0.10631° depending on the material). In the second
segment (41.67-400 mm), the twisting angle increases to a maximum (0.1318° to 0.203°), as illustrated in Figure 7b.
Flexural deformations increase until the stall region, after which they decrease. Material properties significantly affect
the deformation patterns: the PA12 spoiler shows flexural deformation at stall nearly twice that of CUV9400 and 2.6
times that of PA12GB (Figure 8a). Torsional deformations also vary: PA12 exhibits substantial twisting, PA12GB shows
modest torsion, and CUV9400 resin reaches a peak twist angle of 3° at 11° AOA, followed by a decline.
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Figure 8. Spoiler deformation at 30 m/s (a) flexional deformation (b) torsional deformation

The torsional deformation of the spoiler exhibits a nonlinear pattern that is influenced by both material variations
and changes in velocity, as shown in Figure 8b. Bending and torsional deformations exhibit parallel behavior; however,
torsion occurs at a significantly smaller scale than bending. The high aspect ratio of the spoiler (4) and alignment of the
aerodynamic axis, which closely coincide with the elastic axis, are the primary factors contributing to this distinction.
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C: Static Structural
Equivalent Stress
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Figure 9. Equivalent von Mises stress of CUV9400 Spoiler at AOA 0° and 30 m/s (a) Top (b) Bottom

Torsional deformation is closely related to flexural deformation, although on a smaller scale, as illustrated in the
twist per Angle of Attack (Twist/AOA) graph for various materials (Figure 9). The bending deformation exceeded the
torsional deformation by a factor ranging from 50 to 68, depending on the specific values considered. This substantial
difference indicates that bending is the predominant mode of deformation, whereas torsion becomes more prominent as
the aspect ratio decreases.

Table 2. FEM equivalent stress (Von Mises)
AOA Max Equivalent Stress

Velocity

[mis] Material [deg] [MPa]
30 Nylon PA12 0 4.5995
5 7.5667

10 10.6650

15 9.1079

20 5.6403

Resin CUV9400 0 4.6658

5 7.8054

10 10.9050

15 9.2102

20 5.7364

Nylon PA12GB 0 4.7493

5 7.8859

10 11.0090

15 9.3011

20 5.8016

According to Von Mises theory, Equivalent Stress are recorded at speeds of 30 m/s and reach their maximum at an angle
of attack of 10°, with values of 10.6 MPa for the PA12 spoiler, 10.9 MPa for the CUV9400, and 11 MPa for PA12GB
spoilers (see Table 2). The trend of tensions follows that of deformations, increasing nonlinearly for angles of attack
between 0 and 10°, and then decreasing for larger angles.

4. CONCLUSIONS

This study investigated the aerodynamic and structural behavior of a NACA 6409 airfoil section spoiler through a
combination of numerical simulations and experimental analyses. The results revealed the nonlinear nature of
aerodynamic loads, with the maximum equivalent von Mises stress observed as 10.6 MPa for Nylon PA12, 10.9 MPa for
Resin CUV9400, and 11 MPa for Nylon PA12GB. The close agreement between numerical predictions and experimental
measurements— < 6% for flexural deformations and 0-4.37% for torsional deformations—confirms the reliability of the
FEA models within the spoiler’s operational range.

Among the materials analyzed, PA12GB demonstrated the smallest overall deformations, making it the most suitable
choice for minimizing structural deflection. The findings highlight the potential of 3D-printed plastic spoilers to achieve
desired aeroelastic performance under various operating conditions. By adjusting the powder composition, spoilers with
tailored flexural and torsional properties can be produced at low cost, suitable for different vehicle applications. This
work emphasizes that high aspect ratio plastic spoilers, unlike aluminum or carbon fiber counterparts, exhibit more
pronounced deformations. Quantifying these flexural and torsional responses provides critical insight into their design
and material selection, paving the way for further development of cost-effective, high-performance spoilers.
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