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Abstract

Experimental testing remains a key element in aerodynamic research, with wind tunnels playing
a crucial role. The Laboratório Nacional de Engenharia Civil (LNEC) operates several wind tunnels
which currently lack dedicated instrumentation for aerodynamic load measurements, limiting their
experimental scope. The present work focuses on the development of a six-component aerodynamic
force balance to enhance LNEC’s experimental capabilities. The force balance was dimensioned
according to LNEC’s requirements, considering the specifications of its wind tunnels and typical test
configurations. The conceptual design was supported by the Analytic Hierarchy Process, enabling
a systematic selection of the optimal configuration based on predefined mechanical and practical
criteria. The design adopted a Stewart platform configuration, where six sensing bars measure
aerodynamic loads through their axial forces. A singularity analysis ensured accurate resolution of
all load components, and both analytical and FEM analyses were used to validate the structural
design and sizing. Force measurements were implemented using beam-type load cells connected to
a National Instruments� data acquisition system. A dedicated LabVIEW� interface was developed
for real-time visualization and recording. Calibration was carried out in two stages: individual load
cell characterization and full-system calibration using the Weighted Least Squares Method with a
second-order polynomial model. Four models were tested to ensure the accuracy and reliability of
the force balance, while allowing to detect several limitations. The final balance demonstrated an
accurate and repeatable six-component load measurement, modernizing LNEC’s wind tunnel facilities
and supporting future aerodynamic research.
Keywords: Six-component aerodynamic force balance, Experimental aerodynamics, Wind tunnel
testing, Mechanical design, Load cell instrumentation, Metrological Calibration

1. Introduction

Wind tunnels are among the most important facil-
ities for experimental aerodynamic testing, allow-
ing controlled and repeatable study of scale mod-
els. Despite the growing use of computational fluid
dynamics, wind tunnel testing remains essential
for validating aerodynamic performance and detect-
ing complex flow phenomena that simulations may
overlook. To obtain meaningful data, it is crucial
for wind tunnels to be equipped with accurate in-
strumentation.

At the Laboratório Nacional de Engenharia Civil
(LNEC), wind tunnels are used for multiple pur-
poses within civil engineering, namely testing the
aerodynamic stability of bridges, analysing the be-
haviour of building structures and façade elements,
study the conditions of comfort and pedestrian
safety in open spaces, evaluating the vibrations in-
duced on tower and chimney structures, as well
as applications in aeronautical or automotive engi-

neering. However, the existing infrastructure lacks
an adequate aerodynamic force balance to measure
aerodynamic forces and moments, limiting its abil-
ity to conduct complete aerodynamic studies. Com-
mercial multi-component balances are often expen-
sive or unsuited with specific requirements, moti-
vating the development of a custom, adaptable, and
cost-effective instrument.

The main objective of this work is to design,
build, calibrate and test a six-component aerody-
namic force balance capable of measuring the three
force components and the three moment compo-
nents. The instrument is intended to be easily
adaptable to different models and testing configu-
rations, expanding the experimental capabilities of
LNEC’s facilities.

2. Background
2.1. Experimental Aerodynamics
Aerodynamics has been developed and studied us-
ing three overlapping domains: theoretical, experi-
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mental and computational. Despite major advances
in computational methods, wind tunnel testing con-
tinues to play a crucial role in validating numerical
models and studying flow phenomena that cannot
be fully captured through simulation.
The purpose of wind tunnels is to provide con-

trolled environments where airflows can be repro-
duced in a steady and repeatable manner. Depend-
ing on their configuration, they can be classified as
open or closed circuit tunnels. Open circuit tunnels
are simpler and less expensive, suitable for visu-
alizations and low-speed testing, while closed cir-
cuit tunnels, such as the aeronautical wind tunnel
at LNEC, shown in Figure 1, provide greater flow
quality and energy efficiency. Test sections can also
be open or closed, and their geometry influences
both the aerodynamic accuracy and accessibility for
model instrumentation [1].

Figure 1: Aeronautical wind tunnel at LNEC.

2.2. Force Balances
Force balance is the term given to an instrument
designed to measure forces and moments.
Depending on the configuration, force balances

can be separated into two broad categories: inter-
nal and external. While internal force balances are
placed inside the test model, requiring a custom
design for each model, external force balances are
connected to the model using a support structure,
increasing the adaptability of the design [1].
Within the various types of external force bal-

ances, the platform balances represent one of the
most common types. Particularly, the Stewart plat-
form based designs, which adapt the Stewart plat-
form parallel manipulator into a load measurement
device, are highly regarded for their versatility and
capacity to measure all six force and moment com-
ponents, making them ideal for modern experimen-
tal applications. The generic design of a Stewart
platform is constituted by two separate platforms
connected by 6 bars, using spherical joints. Among
several configurations, Stewart platform tend to be
of one of three types: type 3-3, type 3-6 and type
6-6, as shown in Figure 2. The latter is the most
generic, since it describes any platform with six ver-
tices in each of the platforms [2].
The difference between the manipulator and the

Figure 2: Different types of Stewart platforms.

force balance can be found in the bars, where the
former employs linear actuators and the latter uses
load sensors fitted to each of the bars. As the bars
are linearly independent, the resulting mechanism
can accurately measure the six components of any
applied load.

3. Requirements
To ensure that the force balance met the LNEC’s
needs, a set requirements was defined, taking into
account various constraints and the expected test-
ing scenarios.

3.1. Concept Selection
An Analytic Hierarchy Process (AHP) was used
to select the optimal force balance concept. AHP
is a multi-criteria decision analysis technique that
enables systematic evaluation of different design
alternatives by comparing them pairwise against
weighted criteria, using both quantitative and qual-
itative measurements, ensuring a transparent selec-
tion process [3].

Six external force balance candidate designs were
evaluated: platform, rotating platform, pyramidal,
pyramidal platform and two inovative solutions.
Twelve criteria covering both construction (crite-
ria) and operational (criteria) aspects were chosen
to evaluate the design, requiring a pairwise compar-
ison of the criteria to define the respective weights.
The final evaluation score revealed the platform
force balance to be the most adequate option.

As such, the Stewart platform configuration was
chosen, enabling six-degree-of-freedom load mea-
surement with high precision. Among the various
types, a 6-6 platform was selected to solve construc-
tion and joint challenges associated with simpler
triangular configurations. Its geometry is fully de-
fined by the side lengths of the top and bottom plat-
forms, two coefficients controlling vertex placement,
and the platform height, a, b, α, β, h, respectively, as
presented in Figure 3.

3.2. Reference Frame
A standardized reference frame was defined ac-
cording to international standards (ISO 1151/2),
with the origin at the balance’s attachment point,
with an upward pointing z-axis and the x-axis
aligned and pointing into the incoming flow, as
shown in Figure 3. Wind tunnel specifications were
also incorporated into the requirements, considering
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Figure 3: Force balance geometric dimensions and
reference frame.

the Aeronautical Wind Tunnel (AWT) [4] and the
Boundary Layer Wind Tunnel (BLWT) of LNEC.
The informations regarding specific test section di-
mensions and airspeed limitations were critical to
determine the aerodynamic loads on test models
used to determine the expected testing scenarios.

3.3. Testing Scenarios

Five representative testing scenarios were analysed:
a rectangular flat plate, a half wing model, a For-
mula Student car model, a suspension bridge sec-
tion model, and a communications antenna. Aero-
dynamic coefficients and scaling laws were used to
estimate the limiting forces and moments for each
case. The results established maximum load re-
quirements as presented in Table 1.

Table 1: Load cases for each testing scenario and
corresponding load limits.

Load case Fx[N] Fy [N] Fz [N] Mx[N·m] My [N·m] Mz [N·m]

Flat Plate (AWT) -493 0 0 0 -97 0
Flat Plate (BLWT) -457 0 0 0 -192 0
Half Wing -14 333 0 -133 -6 4
FS Car -177 20 -550 -1 -15 -13
516 Arouca Bridge -80 0 -8 0 1 0
Antenna -0.20 0 0 0 -0.04 0

Limit Loads -493 333 -550 -133 -192 -13

3.4. Displacement Limits and Safety Factors

As displacements in the model significantly affect
the applied aerodynamic loads, a limit of 2◦ was
set for angular displacements and 10mm for linear
displacements.

Mechanical safety factors were defined using
Pugsley’s method [5], resulting in a general factor
of 1.45, which was applied to the loads for the FEM
simulations. Additional safety considerations were
applied to the sensing bars to prevent yield and
buckling, limiting maximum axial force (500N) to
60% of the yield force and 70% of the critical buck-
ling force. These requirements collectively ensure
the force balance is both mechanically robust and

capable of holding the test models at the set desired
attitude across all operational scenarios.

4. Instrumentation

The instrumentation is responsible for measuring
the axial forces acting on each sensing bar, acquir-
ing, processing and allowing data visualisation dur-
ing wind tunnel experiments.

Among several load sensor options, beam loads
cells were selected for their affordability, adaptabil-
ity, and broad capacity range, while maintaining
compatibility with other load cell alternatives. The
selection of the load capacity of the load cells, which
directly influence the measurement range, derived
from an analytical model, where each testing sce-
nario was introduced considering a minimum and
maximum speed. To ensure both high accuracy at
low loads and protection under high loads proved
to be a challenge using a single load cell, forcing
two measurement ranges to be adopted using 5 kg
and 50 kg beam load cells (HX711), shown in Figure
4. This configuration provides full spectrum cover-
age with no effective discontinuity between the two
ranges. For the moment, only the 5 kg were ac-
quired and tested.

Figure 4: HX711-05 Load Cell by Simac Electronics
GmbH.

Data acquisition was implemented using Na-
tional Instruments�NI-9237 modules installed in
a cDAQ-9178 chassis, capable of processing full
Wheatstone bridges with high precision and sig-
nal conditioning to amplify the signal and filter any
noise present in the signal. The wiring design em-
phasized modularity and electromagnetic interfer-
ence prevention, employing DB15 connectors and
shielded cables to enable quick sensor replacement
and reliable signal transmission.

A dedicated LabVIEW�UI was developed to
manage acquisition parameters, display real-time
readings, and register data for later post-processing.
This integrated system provides accurate, flexible,
and user-friendly instrumentation for the aerody-
namic force balance, ensuring reliable performance
for any user. Additional calibration interfaces were
implemented to facilitate systematic load cell and
balance calibration.
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5. Mechanical Design
The project built upon a pre-existing prototype de-
veloped at LNEC, originally based on another force
balance design [6]. The goal was to reuse the ex-
isting components, namely the two platforms, while
redesigning the sensing bars and attachment mech-
anism to meet the requirements.

5.1. Analytical Model and Singularity Analysis
An analytical model was first established to de-
scribe the relationship between the applied aerody-
namic loads and the corresponding axial forces in
each of the six sensing bars. This model is defined
by the main geometric parameters (a, b, α, β, h)
which control the spatial configuration of the Stew-
art platform. Through the coordinates of points P
and Q, the pickup points of the bottom and top
platforms respectively, the equation of the unit vec-
tors from each of the bars V⃗i are given by
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where l represents the distance between the pickup
points.
Using the balance of forces and moments around

the attachment point, placed at a certain height ds
above the top platform, the equations for all com-
ponents of a generic load are given as a function of
the axial forces in each sensing bar ri:

Fx = −
6∑

i=1

ri · Vix , (2a)

Fy = −
6∑

i=1

ri · Viy , (2b)

Fz = −
6∑

i=1

ri · Viz , (2c)

Mx =

6∑
i=1

−ri · Viz ·Qiy +

6∑
i=1

−ri · Viy · ds , (2d)

My =

6∑
i=1

ri · Viz ·Qix +

6∑
i=1

ri · Vix · ds , (2e)

Mz =

6∑
i=1

ri · Vix ·Qiy +

6∑
i=1

−ri · Viy ·Qix . (2f)

The design variables had to be carefully chosen to
avoid singularities, which are states where the force
balance cannot support one or more of the load’s
components [7]. To assess the quality of the design,
a quality index λ was defined as

λ =
|J |
|J |m

(3)

where |J | and |J |m represent the determinant of
the Jacobian matrix of a specific design and of the
optimal design respectively. A design with a quality
index of 1 represents an optimal design, whereas a
design with a quality index of 0 is a design with
singularities. The Jacobian matrix is defined as

J =
[
Ŝ1 −Ŝ2 Ŝ3 −Ŝ4 Ŝ5 −Ŝ6

]
, (4a)

where

Ŝi =
[
xQi

− xPi
, yQi

− yPi
, zQi

− zPi
, . . .

yPi
zQi

− yQi
zPi

, xPi
zQi

− xQi
zPi

, xPi
yQi

− xQi
yPi

]T (4b)

which represents the Plucker coordinates of the ith

bar, with P and Q represent the vertices of the bot-
tom and top platforms, respectively.

Given that the platforms were pre-existing, only
the height could be adjusted. By changing h to
205mm, compared to the original 250mm, the qual-
ity index increased from 0.916 to 0.997, approaching
the ideal condition of the Stewart platform.

5.2. Sensing Bars
The sensing bars, which are critical for both load
transmission and measurement, were designed to
sustain purely axial loads without yielding or buck-
ling. As such, all of the designed parts for the sens-
ing arms were manufactured using stainless steel
(AISI 304), minimizing deformation while avoiding
corrosion.

The most important component of the sensing
bar is the load sensor, which was created using a
beam load cell. A custom adaptor was necessary
to allow the beam load cell to measure axial loads,
as shown in Figure 5. The adaptor is comprised of
two parts: the rod end connector and the lever arm,
which transfers the axial load to the opposite end
of the load cell, inducing bending stresses that the
strain gauges can measure.

To guarantee that the sensing bars only support
axial loads, rod end bearings were fitted to each
end of the bars. Given that compatibility with ex-
isting parts was required, the selection was limited
to bearings with holes of 5mm in diameter. The
chosen rod end bearings were the SAKB 5 F and
SALKB 5 F from SKF, whose dynamic load rat-
ing of 3.25 kN surpass the maximum axial load of
500N.
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Figure 5: Beam load cell adaptor.

The remaining distance between the pickup
points of each platform is bridged with a connecting
rod. For the same reasons as the load cell adapter,
the chosen material was AISI 304. To ensure com-
pliance with the requirements regarding yield and
buckling, the critical diameters required for each of
the scenarios to occur with an axial force of 500N
were calculated. For yield the minimum diameter
is given by

dyield =

√
4Fmax

0.60πσyield
, (5)

where Fmax represents 60% of the maximum force
of 500N [8]. In the case of bucking, a similar process
can be followed, calculating the diameter using

dbuckling =

(
64FmaxL

2

0.70πE

)1/4

, (6)

where L represents the distance between the pickup
points and E is the Young’s modulus of AISI 304
[8]. As the rod’s diameter varies between 6mm
and 10mm, and the achieved values for dyield and
dbuckling were 2.06mm and 4.88mm respectively,
the requirements were met.

5.3. Bottom Platform
The bottom platform, already available from the
previous prototype, was modified to improve func-
tionality, including the addition of a central hole for
the support strut and the application of corrosion
protection.

5.4. Top Platform and Support Structure
The top platform, fabricated from a lightweight
composite sandwich panel of carbon fibre reinforced
polymer and foam core, was retained to combine
low mass with high stiffness. However, the entire
support structure for the model had to be designed
from scratch. All of the bolted connections to the
top platform were reinforced with backing plates to
prevent the collapse of the foam core.
The flange, which connects the support struc-

ture to the top platform, features a three-part alu-
minium design. It allows the support’s position to

be adjusted, allowing for changes in the incidence
angle of the model as well as its height. A clamping
force is provided by one of the three parts, lock-
ing the strut into position without damages to the
contact surfaces. To ensure a proper contact, a ro-
tating adjustment fit H9d9 was used between the
flange’s surface and the support’s outer wall.

The support structure was designed to provide
height, angle of attack, and yaw adjustment capa-
bilities while maintaining minimal deformation un-
der load.

The final force balance design is depicted in Fig-
ure 6.

Figure 6: Force balance’s final design.

5.5. FEM Analysis
To ensure compliance with the requirements, a
FEM analysis was performed on the complete as-
sembly under the defined load cases. The sim-
ulations used parabolic tetrahedral elements with
a refined curvature-based mesh to refine the mesh
in regions of stress concentration, such as the rod
end bearings. A mesh convergence study was per-
formed, ensuring a balance between accuracy and
computational cost, with a final mesh containing
approximately 1.25 × 105 elements. The displace-
ment values at the attachment point for varying el-
ement counts, which were used for the study, are
shown in Figure 7.

The results confirmed that the design met all dis-
placement and stiffness requirements. The most de-
manding case corresponded to the flat plate load
configuration, whose displacement plot is shown in
Figure 8, which produced a maximum linear dis-
placement of 8.12mm and angular displacement of
1.73◦, both within the prescribed limits. These re-
sults validated the adequacy of the design and con-
firmed the overall mechanical robustness of the force
balance.
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Figure 7: Linear displacements convergence study.

Figure 8: Displacement plot for the plate load case.

6. Calibration

After the assembly of the aerodynamic force bal-
ance, a comprehensive calibration procedure was
undertaken to establish the relationship between
the voltage outputs of the load cells and the aero-
dynamic loads acting on the balance. The process
was divided into two main stages: individual load
cell calibration and global force balance calibration.

6.1. Load Cell Calibration

Each load cell was calibrated independently using
an dedicated calibration jig, shown in Figure 9, with
the goal of obtaining a metrological characterisa-
tion for each one. The apparatus consisted of a
base plate and a pulley system that allowed the ap-
plication of both tensile and compressive loads in a
controlled and purely axial manner. The calibration
procedure involved 21 incremental load steps, from
−50N to +50N, performed in three complete cy-
cles to assess repeatability and reversibility. The ac-
quired data was used to determine the transfer func-
tion between output voltage and axial load through
a linear regression, and a full metrological charac-
terisation which followed the recommendations of
international standards [9].

Seven main sources of uncertainty were consid-
ered: slope, intercept, linearity, reversibility, re-
peatability, output voltage, and excitation voltage.
The condensed uncertainty balance of the load cell

Figure 9: Load cell calibration setup.

with the largest uncertainty is presented in Table
2. The expanded uncertainties (95% confidence)
were found to be below 0.4% of full scale for all
six load cells, with results proving to be consistent
across repetitions. The largest uncertainty contri-
bution originated from the DAQ system’s voltage
measurement, which was conservatively estimated
using datasheet specifications.

Table 2: Uncertainty balance for a single load cell.
Sources of uncertainty DoF Contribution

Slope 2 0.030N (9.5%)

Intercept 2 0.017N (3.0%)

Input Voltage 50 0.056N (33.2%)

Max Output Voltage 50 0.056N (33.8%)

Linearity 2 0.042N (18.6%)

Reversibility 11 0.012N (1.5%)

Repeatability 23 0.005N (0.3%)

Standard Load 50 0.001N (0.0%)

r(m,b) 22 0.002N (0.0%)

Combined Uncertainty 0.097N (100.0%)

Effective DoF 37

Expansion Factor 2.03

Expanded Uncertainty (95%) 0.196N (0.39 %FS)

Despite the simplicity of the beam-type load cells,
their performance demonstrated excellent stability
and reliability when properly calibrated.

6.2. Force Balance Calibration
The second calibration stage focused on the com-
plete six-component force balance, relating the six
bar outputs to the aerodynamic loads applied at the
model’s attachment point. The process consists in
applying N known loads to the force balance creat-
ing N calibration points for which a fitting model
minimises the errors.

The experimental calibration setup consisted of
a dedicated jig designed to allow the application
of pure forces, moments as well as combined loads
through steel cables, pulleys, and a steel arm con-
nected at the attachment point, as shown in Figure
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10.

Figure 10: Force balance calibration setup.

A total of 24 load cases containing 178 calibration
points in total were used, covering pure forces and
moments in all directions, as well as combined loads
representative of realistic aerodynamic loading con-
ditions, spanning the entire measurement range of
the force balance. Each case was repeated three
times to reduce statistical variability, and data ac-
quisition was automated through a custom user in-
terface.

6.2.1. Fitted Model
A second order polynomial model was employed to
capture both direct and cross-coupling effects be-
tween the sensing bars, improving accuracy over
a first order approach. The equation of the fitted
model for one of the six load components fi is given
by

fi =

6∑
j=1

rjci,j +

6∑
j=1

6∑
k=j

rjrkdi,j,k︸ ︷︷ ︸
2ndOrder

+ϵi (7)

where r represents the axial load on each bars,
while c and d represent the calibration coefficients.
The loads fi, where i ranges from 1 to 6, repre-
sent Fx, Fy, Fz,Mx,My,Mz, respectively [10]. This
model can be simplified with a single matrix of coef-
ficients ci,j , denoted as the calibration matrix, pro-
vided that the outputs are given in a single vector
R, containing the direct outputs and the cross mul-
tiplied outputs:

F = CR+ ϵ , (8a)

with

R =
[
r1 r2 . . . r6 r21 r1r2 . . . r26

]
. (8b)

6.2.2. Weighted Least Squares Method
The calibration coefficients were obtained using the
Least Squares Method (LSM), refined through the
Weighted Least Squares Method to include the vari-
ability and uncertainty of each test. The LSM

presents criteria that defines a fitting which min-
imizes the sum of the squared errors. As such, the
estimator of the coefficients matrix can be given by

C = (RTR)−1RTF . (9)

The introduction a weighting matrix which places
weights on each of the six load components, allows
the the fitting model to account for known calibra-
tion errors. This diagonal matrix W , of size N ×N
can be introduced into the estimator, giving

C = (RTWR)−1RTWF , (10a)

with

W = VW +DVRD
T . (10b)

The weighting matrix incorporates two main con-
tributions: one associated with the accuracy of the
applied loads (VW ), and another related to the un-
certainty of the sensing bars (DVRD

T ) [10]. The
former intends to account for uncertainties in the
calibration jig and the weights by introducing the
standard deviations of the measured loads on the
diagonal of the N × N matrix. The later assesses
the uncertainty of the measured values through the
repeatability of the calibration points using ma-
trix VR, a diagonal symmetric matrix of dimension
6N × 6N , where the diagonal entries are the vari-
ances between the measurements from each bridge,
while the covariances the off diagonal entries. This
matrix is multiplied by matrix D, a sensitivity ma-
trix comprised of the partial derivatives of the fitted
model.

6.2.3. Goodness of Fit
The quality of the calibration was assessed using
the χ2 goodness of fit criterion, calculated through

χ2 = (F − F̂ )TW−1(F − F̂ ) , (11)

where F̂ represents the fitted loads. A good fit is
described by a χ2 close to the number of degrees of
freedom, which represent the independent residuals
after fitting the model. As such, a reduced version
of χ2 can be achieved, where a tight fit presents
values close to one, using

χ2
ν =

χ2

ν
, (12a)

where

ν = N −Nc , (12b)

with Nc = 27, the number of coefficients for each
load in the fitted model.

The results, shown in Table 3, indicate a clear im-
provement across iterations, particularly when the
weighted LSM was applied, with most load compo-

nents achieving χ2

ν values close to unity.
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Table 3: χ2
ν values for various iterations of the

weighted LSM.

Load W = I W = VW W = VW +DVRD
T

Fx 2.26 1.36 1.29

Fy 3.36 2.38 2.15

Fz 7.72 6.24 5.25

Mx 0.03 0.03 0.03

My 0.02 0.02 0.02

Mz 0.06 0.05 0.05

6.3. Calibration Results

From the calibration process, a final calibration ma-
trix of dimensions 6 × 27 was achieved. The lines
of this matrix represent the fitted equation to each
of the load components, where each element repre-
sents a coefficient of Equation (7).

Additionally the uncertainty of the calibrated
model can assessed by propagating the uncertain-
ties from the load measurements in each bar and
the uncertainties of the calibrated model itself [11].
Through the measurement of a calibration load
case, presented in Table 4, it is clear that the uncer-
tainties, shown in Table 5, increase with load mag-
nitude, as expected, and that decoupling between
different load components remains effective.

Table 4: Fitted loads for a calibration load case.
Load Fx[N] Fy[N] Fz[N] Mx[N·m] My[N·m] Mz[N·m]

1 0.00 0.00 0.00 0.00 0.00 0.00

2 -0.86 -0.01 -1.00 0.00 0.16 0.00

3 -11.53 0.09 -11.57 0.01 1.65 -0.07

4 -21.77 0.17 -21.88 0.02 3.13 -0.10

5 -31.56 0.25 -31.82 0.01 4.64 -0.11

6 -41.15 0.19 -51.57 -0.01 7.63 0.03

7 -49.65 -0.01 -70.35 -0.05 10.74 0.32

Table 5: Combined uncertainties for a calibration
load case.
Load uFx [N] uFy [N] uFz [N] uMx [N·m] uMy [N·m] uMz [N·m]

1 0.11 0.12 0.16 0.04 0.04 0.02

2 0.11 0.12 0.17 0.04 0.04 0.02

3 0.13 0.11 0.28 0.07 0.07 0.06

4 0.15 0.12 0.47 0.09 0.10 0.08

5 0.17 0.14 0.67 0.12 0.12 0.10

6 0.26 0.25 1.20 0.20 0.22 0.19

7 0.45 0.45 1.78 0.38 0.41 0.37

7. Testing

Four models were tested to comprehensively assess
the accuracy, reliability, and operational behaviour
of the developed force balance: a rectangular flat
plate, a larger rectangular plate, a flat disk, and
a replica of a communications antenna. All of the
tests were conducted in the AWT, where the force
balance will be mainly used.

7.1. Testing Procedure
The rectangular flat plate served as the primary
test model due to its well documented aerodynamic
behavior in literature. The model shown in Figure
11, of dimensions 100.7× 150.7mm, is fixed at the
centroid to the attachment point to ensure it only
generates drag and no additional load.

Figure 11: Rectangular flat plate mounted in the
AWT.

Tests were performed at air speeds ranging from
5m/s to 30m/s, in both ascending and descending
directions, to assess linearity and reversibility. To
reduce the influence of the added drag provided by
the support structure, a fairing was added to shield
it from the air flow, as shown in Figure 11.

7.2. Results
The measured drag forces exhibited the expected
quadratic dependence on airspeed, as shown in Fig-
ure 12, confirming the correct functioning of the
balance. The coefficient of determination, R2, is
higher than 0.999, proving that 99.9% of the varia-
tions in the drag force provided by variations in the
air speed.
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Figure 12: Measured drag force on the flat plate as
a function of air speed.

To define the plate’s drag coefficient, CD, the ref-
erence area was defined as the frontal area (S =
l× h), which in this case has a value of 0.01518m2.

When analysed in dimensionless form, the ob-
tained drag coefficients, shown in Figure 13, re-
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Figure 13: Drag coefficient of the flat plate as a
function of Re.

mained fairly constant with increasing air speed,
as is expected for Re of this order os magnitude.
However, with decreasing velocities, the coefficient
of drag reduces, reaching significant differences at
the lowest air speeds, which proved to be a systemic
error of the force balance.

Taking the average of the data points acquired
with ascending speeds, a value of 1.45 was achieved.
Classic references state that, for 3D finite rectangu-
lar flat plates, the coefficient tends to fall between
1.1 and 1.3 [12, 13, 14]. The actual value can vary
depending on multiple factors, such as aspect ratio,
roughness, blockage ratio, among others. However,
as the support structure is placed aft of the model,
its interference with the airflow can cause a change
in the base pressure behind the flat plate, causing
an increase in drag, as is demonstrated by several
experimental tests [15, 16]. Despite this, the results
proved to be consistent, highlighting the accurate
and reliable performance of the force balance.

7.3. Operational Considerations

Subsequent tests using the larger plate, disk, and
antenna models further highlighted flaws behaviour
of the balance and helped to devise strategies to
mitigate these.

Tests which produced forces below 0.2N, exposed
the limitations of the system’s sensitivity, leading
to large uncertainties in the calculated drag coeffi-
cients. This emphasised the need for minimum load
thresholds during testing.

The systematic and systemic error regarding
the measurement discrepancies with decreasing air
speeds was also studied conducting multiple con-
secutive runs using the larger flat plate model, as
shown in Figure 14. The results proved that the
error was only present on the first run, which could
be explained by friction in the rod end bearings. To
minimize this affect, it is recommended that, before
each test, a short cycle is run to an air speed slightly

higher than the maximum intended for the test.
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Figure 14: Drag coefficient of the large rectangular
plate as a function of Re.

Another limitation was the influence of the sup-
port structure on the results. The testing of the
flat plate models proved that the distance of the
plates to the fairing had a significant influence in
the drag coefficient, primarily by altering the base
pressure distribution behind the plate. By reduc-
ing it in half, the drag coefficient of the rectangular
flat plate increased by 7%, demonstrating the im-
portance of considering blockage and interference
effects when setting up an experimental test.

Dynamic tests conducted with the communica-
tions antenna model demonstrated the capability of
the balance to capture unsteady aerodynamic phe-
nomena, such as vortex shedding. The results prove
that frequencies can be detected in the signal. How-
ever, once the model begins to oscillate, the data re-
trieved does not prove to be reliable to detect shed-
ding frequencies nor validate aerodynamic loads.

8. Conclusions
This work presented the design, development, and
calibration of a six-component aerodynamic force
balance for LNEC’s wind tunnels. The main ob-
jective was to create a versatile and accurate mea-
surement system capable of determining all aerody-
namic loads while remaining adaptable to different
tunnels and testing setups.

The final design, based on the Stewart platform
concept, provides structural efficiency and mea-
surement decoupling. Finite element analyses con-
firmed the balance’s stiffness and reliability under
the defined operational loads, while efforts were
made to minimize component mass and manufac-
turing cost. Certain reused elements from a previ-
ous prototype ensured practical feasibility without
compromising performance.

Six commercial beam load cells were integrated as
sensing elements, chosen for their precision and flex-
ibility. Their metrological characterisation yielded
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expanded uncertainties below 0.4% of full scale. A
full-system calibration was conducted using a cus-
tom jig that applied known loads through weights,
cables and pulleys. The calibration employed a
second-order polynomial, fitted using the Weighted
Least Squares Method, capturing both direct and
cross-coupling effects and accounting for sensor un-
certainty.
Experimental validation involved four different

aerodynamic models tested under various condi-
tions. Results demonstrated consistent and accu-
rate measurements across the full operational range,
with deviations mainly attributed to test setup lim-
itations rather than the balance itself.
In conclusion, the developed balance successfully

met all design and performance requirements. It
provides LNEC with an effective and adaptable tool
for precise aerodynamic load measurement, signifi-
cantly enhancing its experimental and research ca-
pabilities.
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