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Abstract

Complexities are involved in testing an aircraft structure, including its size, which is essen-
tial for determining cost and feasibility. This paper focuses on the novelty of investigating
the use of a scaled-down version of a full-scale aircraft wing and a test rig to predict the test
rig’s structural response to the wing’s loading condition, thereby improving design and
modelling techniques for the test rig. This paper also presents a methodology for sizing
the test rig and the aircraft wing to perform structural tests on the wing. Numerical and
experimental models subjected to various load cases are compared. This study begins by
justifying the use of finite element analysis (FEA) for relevant parts of the test rig. A detailed
explanation of the sizing method and its overall effect on the test rig is also provided. The
results indicate a substantial similarity between the numerical and experimental models
with respect to the stresses and deformation of the test specimen.
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1. Introduction
Designing and certifying a large and complex structure, such as an aircraft or its

components, can be challenging. The requirements for conducting structural tests on
these structures can be complex, particularly in designing a suitable testing facility or test
rig. Some associated complexities include high costs and a significant lead time [1]. To
overcome these difficulties, different studies [2–9] have represented the prototype (full-
scale) structure using a scaled model of the structure. An essential step in product design
is the experimentation stage, which validates the theoretical and numerical models [10].
There is an upper limit to applying numerical and theoretical models; thus, an experimental
model is required [11]. Hamit and Oktay [11] outlined significant reasons for performing
experiments, including verifying numerical models and determining realistic responses to
complex loading criteria.

For a scaled model to be considered sufficiently similar to the prototype (original
model), certain similarity conditions must be met. These conditions are mathematical
relationships between the model and the prototype, describing some properties, such as
material properties and dimensions [1]. The similitude theory has been applied across
various fields to reduce the cost of experimental verification without compromising the
experimental results. Ungbhakorn [12] implemented the similitude method in investigating
cross-ply laminate plates subjected to buckling load. The results showed good agreement
between predictions based on the similitude theorem and the prototype. The results
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also showed that, for isotropic models, different materials could be incorporated into the
similitude method with high accuracy in predicting the prototype’s response.

Singhatanadgid [13] reported similar results in a study that used the similitude the-
orem to predict structural behaviour. This study focused on the applicability of scaling
to study the response of plates and beams subjected to various static and dynamic load
cases and support conditions. The study results showed that the predicted responses
from the scaled models precisely matched those of the prototype models. Rezaeepazhand
and Yazdi [14] investigated the similarity requirements for composite plates to predict
flutter effects. The analytically based study showed that the scaled models could pre-
dict the prototype flutter behaviour with high accuracy, matching the results obtained by
Singhatanadgid [13].

Rezaeepazhand and Simitses [2] investigate the problem associated with the design
of a scaled model to understand scaling laws and the factors that affect its accuracy. The
results showed that scaled models can predict the prototype’s behaviour with high accuracy.
The results also indicated that scaling laws based on structural similitude for the elastic
response can govern the design of small-scale models.

The Buckingham Pi theorem states that the number of independent dimensionless
groups equals the difference between the number of variables that make them up and the
number of individual dimensions involved [11]. The Buckingham Pi theorem states that
the number of dimensionless groups to define a problem equals the number of variables
minus the fundamental dimensions [15].

1. List the parameters in the problem and count the total number of parameters.
2. List the primary dimensions for each of the parameters.
3. Set the reduction as the number of primary dimensions and calculate the expected

number of pi.
4. Choose the repeating parameters.
5. Create the calculated number of pi.
6. Write the final functional relationship and confirm accuracy.

Another study performed by Jha et al. [16] investigated similarity using validated
analytical and experimental models. The results indicated that the use of scaled models
could be beneficial in terms of convenience, cost-effectiveness, and time savings. The
results also showed that using the Buckingham Pi theorem and similarity conditions yields
a strong correlation between the prototype and scaled models for both the numerical and
experimental cases. The results also showed that obtaining complete similarity for dynamic
tests is difficult. Balawi et al. [9] obtained a similar result in a study investigating scaling
laws for beams and plates under static and impact loading. The results showed that the
scaled model accurately predicted the prototype behaviour in both the numerical analysis
and the experimental test. The results also showed that the prediction accuracy depended
on the range of scaling variables used.

The Buckingham Pi theorem was also used by Shehadeh et al. [17] to develop the
relationship between the scaled model and the prototype. This study selected the scaled model
using three independent scale factors: mass, length, and time. The study results showed that
the scaled model accurately predicted the prototype response under static loading.

Adams et al. [8] proposed a scaling law to predict the response of a thin plate structure
subjected to vibrations. The method used a sensitivity-based scaling law, such as the
Buckingham Pi theorem, without requiring prior knowledge of scaling theory. The results
showed good accuracy in comparing the behaviour of the scaled model with that of the
prototype. The excellent accuracy was attributed to the model and prototype being in
similitude, and to the model remaining a thin-plate structure.
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Very little work has been carried out on designing and testing a suitable test rig for
testing aircraft components. Despite the test rig’s critical role in the test’s overall accuracy
and its limitations, as Kim et al. [18] outlined, most studies do not focus on the test rig.
Kim et al. [18] and Ramly et al. [19] also explained the importance of preventing the test rig
from deforming during the testing process to maintain accuracy. Jin and Li [20] described
the challenges of creating a full-scale crane test rig for experimenting with various loading
conditions and discussed the benefits of utilising a scaled model.

This study investigates the possibility of using scaled-down models to enhance the
design process for a suitable test rig to study the structural response of a wing. This study
will also examine the feasibility of using scaled-down models to predict the structural
response of the A320 wing under static and modal loads. Therefore, this study will focus on
the impact of scaling on result accuracy by comparing predictions with the finite element
analysis (FEA) results. This study will also compare the computational and manufacturing
costs to highlight the potential.

2. Methodology
2.1. Dimensional Analysis

The method of repeating variables is applied to scale the test rig and wing, following
the steps outlined by Yunus et al. [21]. This involves first selecting the parameters and
listing their primary dimensions. Table 1 presents the selected parameters and their primary
dimensions. Based on the chosen parameters, the number of primary dimensions (reduction
value) equals 3 and 3 repeating parameters were selected. Using the Buckingham-Pi
theorem, the number of Πs is, therefore, 4. The repeating parameters are highlighted in
Table 1. The final Πs are shown in Equation (1), with Equation (2) to Equation (7) illustrating
how the Πs are calculated using the Π1 as an example.

Table 1. List of the selected parameters.

Parameter Symbol Primary Dimension
Force F MLT−2

Young’s modulus E ML−1T−2

Mass moment of inertia I ML2

Density ρ ML−3

Stress σ ML−1T−2

Displacement δ L
Dimension b L

From Equation (1), which expresses the four Buckingham Pi expressions, Π4, it is
noticed that displacement and dimensions, such as geometric length, width, and thickness,
have a linear relationship. The prototype was uniformly scaled by modifying its geometry
by a factor between 100% and 1%, and the analysis was performed under linear-elastic and
static loading. These assumptions are defined based on small deformations in the model.

Therefore, the dimension and displacement will be linearly proportional to the scale
factor. In this study, stress was held constant for both the prototype and the models. This
allows for the use of Π1 to determine the applied load in the models, keeping the stress
constant to study the scaling effect. The applied force exhibits a non-linear relationship with
the scale factor. The prototype’s finite element analysis (FEA) was performed to determine
specific parameters, including stress and displacement, used in repeated variables methods.
The first Buckingham Pi group compares the applied static load to the material’s stiffness,
while the second group measures the distribution of mass relative to the structure’s geomet-
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ric scale. The third group provides a ratio of the applied load to the stress level experienced
in the structure. The fourth group provides a geometric ratio.

f
(

F
Eδ2 ,

I
δ5ρ

,
F

σδ2 ,
δ

b

)
(1)

δa IcFdEe = La McL2c MdLdT−2d MeL−eT−2e (2)

L : a + 2c + d − e = 0 (3)

M : c + d + e = 0 (4)

T : −2d − 2e = 0 (5)

a = −2; c = 0; d = 1; e = −1 (6)

Π1 =
F

Eδ2 (7)

where F is force, δ is displacement, E is Young’s modulus and L, M, T are mathematical inputs.

2.2. Finite Element Model

Figure 1 shows an assembly of the test setup, highlighting the different parts, while
Figure 2 presents the meshed assembly, highlighting the different parts. The finite element
analysis (FEA) model comprises three components (Figure 1): the test rig, the wing, and
the wing absorption pad (WAP). The analysis was performed using ABAQUS CAE. The
test rig holds the wing in place during the experiment, thereby defining the boundary
condition locations shown in Figure 1. The WAP protects the wing at the interface between
the wing and the test rig. The load is applied as a concentrated load on the wing, as shown
in Figure 1. The material properties of steel (Table 2) were used for the test rig, aluminium
(Table 3) for the wing, and plywood (Table 4) for the WAP. For this study, the nonlin-
ear behaviour of the structures is ignored; therefore, only the linear material properties
are implemented.

Table 2. Material properties of steel [22].

Parameter Value

Young modulus 210 GPa
Poisson’s ratio 0.3
Density 7850 kgm−3

Table 3. Material properties of aluminium 2024-T351 [23].

Parameter Value

Young modulus 73.1 GPa
Poisson’s ratio 0.33
Density 2780 kgm−3

Table 4. Material properties of plywood [24].

Parameter Value

Young modulus 10 GPa
Poisson’s ratio 0.3
Density 520 kgm−3
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Figure 1. Assembled test specimen, test rig, wing and WAP.

Figure 2. Mesh of the test specimen, highlighting its various components.

The tie constraint was implemented to simulate perfect bonding between the WAP and
the test rig of the test specimen. A frictionless tangential behaviour was used to simulate
the contact interaction between the wing and the WAP, as well as between the wing and
the test rig [22–24]. The element type of C3D10 was used and the mesh size was selected
based on the results of a mesh sensitivity test. The mesh sensitivity test was performed
by first reducing the mesh size only on the WAP and then probing the stress values and
displacements at specific locations on the test specimen. This process was repeated twice,
modifying the mesh size of the test rig and the wing, respectively, to investigate the effect
of mesh size on the measured stress and displacement. A mesh size of 30 mm was used for
the stress values across the test specimen. Based on this, a mesh size of 40 mm was selected
for the WAP, and 30 mm was chosen for the test rig. Figures 3 and 4 show the locations
probed for stress and displacement for this study, respectively. The stress-probe regions
were partition surfaces, whereas the displacement-probe regions were nodes.
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https://doi.org/10.3390/aerospace13010006


Aerospace 2026, 13, 6 6 of 15

 

Figure 3. Stress and displacement probe locations on the WAP and wing.

Figure 4. Stress and displacement probe locations on the test rig.

For the prototype load application, a random 6 kN force was applied at the load
locations, as shown in Figure 1 for the static test. This load was modified using the
Buckingham-Pi groups formulated for the scaled models. A graph illustrating the relation-
ship between the applied load and the scale size is shown in Figure 5. These force values
ensure that the stress on the test specimen remains constant for the different scale sizes. A
fixed boundary condition was applied to the base of the test rig in the regions. Figure 1
shows the boundary location region for both the static and modal tests.
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Figure 5. Buckingham Pi relationship for the applied load and a scaled model of constant stress for
each stress-probe location on the test-rig specimen.

3. Results
3.1. Mesh Sensitivity Test

The effect of the mesh on the FEA results was analysed first to accurately select the
appropriate mesh size for the different parts of the test specimen. The results showed that
the WAP’s mesh size had little to no effect on the results. The results (shown in Figure 6) also
indicate that the displacement of the test specimen converged towards a constant value as the
mesh size approached 40 mm and below for the test rig. This convergence was noticed at a
mesh size of 30 mm for the stress values across the test specimen (see Figure 7). Based on this,
a mesh size of 40 mm was selected for the WAP, and 30 mm was chosen for the test rig. For
this study, convergence was achieved when the difference was less than 2% across successive
mesh sizes, and the mesh generation was random based on the selected geometry.

Figure 6. Effect of test rig mesh size on the deformation of the test specimen.
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Figure 7. Effect of mesh size on the stress values of the test specimen.

The mesh study was repeated on the wing, and the results showed that the modifica-
tion affects only the wing’s stresses and deformations. That is, modifying the wing mesh
size did not affect the results (probed displacement and stress values) obtained for the WAP
and the test rig. The mesh size for the wing was selected as 200 mm, at which point the
wing’s probe values converged. These mesh sizes are scaled uniformly with respect to the
test specimen geometry throughout this study. This resulted in maintaining the problem
size and, thus, keeping the computational cost similar (see Figures 7 and 8).

Figure 8. Effect of mesh size on the high-stress probed regions on the test rig.

3.2. Modal Analysis Experimental Validation

Modal analysis was performed on the test specimen to validate the FEA model. For the
modal test, the constraint and test setup described in Section 2.2 were maintained. The test
was performed using tri-axial accelerometers placed at 54 locations, offering 162 degrees of
freedom. An electrodynamic excitation shaker was used to excite the test specimen. The
accelerometer locations are shown in Figure 9. The modal test was performed to determine
the wing’s modal shapes over a frequency range of up to 20 Hz. Tables 5 and 6 compares
the experimental and FEA results, showing good agreement. The FEA results slightly
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overestimated the natural frequencies for the different modes. This overestimation could be
attributed to the use of a simplified wing model for the analysis. Figures 10 and 11 present
the mode shapes 1 and 2, respectively.

Figure 9. Location of accelerometers on the wing for the modal test experiment.

Figure 10. Mode 1 (1st vertical bending) FEA modal analysis results.

Figure 11. Mode 2 (1st lateral bending) FEA modal analysis results.
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Modal analysis was performed on the prototype and models to determine the effect of
scaling on the modal response of the test specimen. The results show that the natural fre-
quencies for the different modes increased as the test specimen was reduced (see Figure 12).
This is consistent with the results reported by Shahab et al. [25], which showed that the
scaled-down model’s natural frequency value increased compared to the prototype.

Figure 12. Effect of scaling on natural frequency for different mode shapes for the finite element model.

3.3. Effect of Scaling on Static Analysis

In solving the Buckingham-Pi groups, the goal was to maintain the stress contact across
the scaled models. The FEA results show that stresses were approximately constant across
the different stress-probe locations on the test specimen (see Figure 13). The prediction
struggled to achieve accuracy in mesh-concentration regions, such as test-rig stress-probe
region 5. Although these locations also fluctuated about a fixed value, they exhibited the
highest differences (Figure 14). This highlights the accuracy of the proposed method in
predicting the prototype’s behaviour from a scaled model. Overall, the results indicate that
the Pi groups can expect the prototype’s stress values.

Figure 13. Effect of the scaling on the stress values from the finite element analysis.

https://doi.org/10.3390/aerospace13010006

https://doi.org/10.3390/aerospace13010006


Aerospace 2026, 13, 6 11 of 15

Figure 14. Validation/error quantification of the probed stress values.

Figure 15 compares stress contours for different scaled models. The result shows
similar stress contours and values between the scaled models and the prototype. This
further demonstrates that modifying the model with the scaling factor did not alter the
specimen’s stress concentration areas or its response to the applied load. Therefore, the
specimen’s structural response to the applied load is identical between the prototypes
and the models. This highlights the potential of using scaled-down models to predict the
prototype’s response with high accuracy (see Table 5).

 

Figure 15. Similarity of stress contours for the prototype and different scaled models.

The results show a linear relationship between the deformation and the scaling factor,
matching the predictions made using the Buckingham-Pi groups. The measured dis-
placement values closely matched the projections (see Figure 16), further highlighting the
potential of testing with a scaled model. Comparing the results obtained from the FEA
with the Buckingham Pi prediction shows that more than 58% of the predicted values
differed by less than 3% from the maximum FEA results. A similar response was observed
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at the other displacement-probed locations, with the FEA results matching the predictions
with high accuracy, thereby validating the Buckingham Pi groups. The mass moment of
inertia, which was included in the Buckingham Pi groups, also accurately matched the
actual values obtained from the FEA model (see Figure 17).

Table 5. Effect of scaling on the stresses acting on the probed stress regions.

Stress Probe Prediction (MPa) Finite Element Analysis

Maximum Value (MPa) Average Value (MPa) Minimum Value (MPa)

WAP-1 0.30 0.30 0.30 0.30
WAP-2 1.19 1.20 1.19 1.19
WAP-3 0.54 0.54 0.54 0.53
WAP-4 0.30 0.31 0.30 0.30

Test rig-1 21.66 21.86 21.61 21.35
Test rig-2 2.27 2.30 2.28 2.26
Test rig-3 13.08 13.10 13.08 13.06
Test rig-4 1.02 1.05 1.02 0.99
Test rig-5 1.68 1.81 1.57 1.48
Test rig-6 0.70 0.83 0.70 0.67
Test rig-7 0.51 0.53 0.49 0.46
Wing-1 2.13 2.47 2.30 2.13
Wing-2 4.52 4.59 4.54 4.52

Table 6. Comparison of the modal frequencies of the wing.

Experiment FEA
Mode Number Frequency (Hz) Error (%)

1 (1st vertical bending) 3.00 3.59 16.43
2 (1st lateral bending) 4.86 5.32 8.65

3 (2nd vertical bending) 10.23 10.69 4.30
4 (3rd vertical bending) 17.21 20.73 16.98

Figure 16. Comparison of Buckingham Pi predictions and actual displacements from FEA at test rig
displacement probe 1 location.
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Figure 17. Effect of the scaling on the moment of inertia about the centre of mass (Ixx).

4. Conclusions
In conclusion, this study provides insights into the feasibility of employing scaled

models to design and analyse test rigs, particularly in understanding their predictive
accuracy. The results obtained show the potential of scaled models to capture the overall
behaviour of the test rig, with commendable accuracy. However, the manufacturability of
the smaller components in the scaled model (less than 8% of the prototype) was limited
by their thin-walled geometry. Overall, the results indicate the feasibility of testing scaled-
down models to assess the specimen’s response. This could help reduce testing costs for
large aerospace structures. Implementing scaled-down models could also reduce the risk
associated with prototype testing and the time required to manufacture the specimen and
complete the test, thereby enabling repetitive testing.

Finite element analysis was performed to validate the predictions made using the
Buckingham-Pi groups. The results were consistent with the projections, proving that a
scaled model can predict a prototype’s static response. For the FEA models under static
loading, the scaled models accurately predicted the deformation and stresses acting on
the test specimen. The finite element model was validated experimentally by performing
modal analysis on the test specimen. This further allowed for examination of the effect of
scaling on the modal shapes and frequencies. The results showed that the mode shapes
remained constant, but the frequencies exhibited an inversely proportional relationship
with the scaled (geometric size).

For this study, the force was selected to maintain a constant stress on the test specimen
irrespective of the scale. The proposed Buckingham Pi groups can be modified to make a
different property drive the other parameters. For example, the force could scale linearly
with the structure’s dimensions, resulting in a nonlinear stress response. Accordingly, the
parameters can be set to meet the test requirements, thereby highlighting the versatility of
the proposed method. In future work, scaling is explored for a single rig/wing architecture
and material combination, and extrapolation is performed to different configurations.
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