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Abstract

Experimental vibration testing of aircraft structures depends critically on the quality of the data acquisition sys-
tem (DAQ), yet commercial instrumentation remains costly for early-stage research programmes and lightweight
platforms. This work validates an affordable and modular DAQ system, built around Orange Pi 3 LTS single-
board computers and Adafruit LSM6DS3TR-C MEMS inertial measurement units under a Python-based master–
slave architecture, against a Siemens Testlab system with PCB Electronics IEPE accelerometers on a small
fixed-wing UAV. Three test configurations are considered: ambient vibration testing (AVT), taxi vibration testing
(TVT), and impact hammer testing, the latter providing the reference dataset from industry-grade instrumenta-
tion. Three structural modes are identified in the 0–25 Hz band, with frequency deviations and Modal Assur-
ance Criterion consistent with different test setups for the same structures. The total hardware cost is below
C600, confirming that the system is adequate for structural modal identification within its operating bandwidth.

Keywords: Aircraft Vibration Testing, Low-cost Data Acquisition, Modal Analysis, Taxi Vibration Testing, Am-
bient Vibration Testing

1. Introduction
Experimental vibration testing is a fundamental activity in aircraft structural dynamics, supporting
modal identification, numerical model validation, and the assessment of dynamic behaviour under
both operational and controlled excitation [1]. Data acquisition systems (DAQs) constitute the pri-
mary interface between physical phenomena and their digital representation, and their accuracy,
repeatability, and channel consistency directly determine the quality of any subsequent analysis [2].
In aerospace applications, this dependency is consequential: Ground Vibration Tests (GVTs) [3], Taxi
vibration tests (TVTs) [4], and Ambient Vibration Tests (AVTs) [5] all rely on acceleration data whose
integrity cannot be recovered at the post-processing stage if the measurement chain introduces sys-
tematic errors or timing inconsistencies. Notably, we can divide these three into Operational [2], as
TVT and AVT, and Experimental [6], as GVT, Modal Analysis (OMA and EMA). This distinction is
based solely on the fact that in EMA both input and output can be measured, while in OMA only the
output can.
Commercial vibration measurement platforms offer high accuracy, calibrated sensitivity, and ad-
vanced signal conditioning; however, their cost, logistical complexity, and integration requirements
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often preclude their use in early-stage testing campaigns, research-oriented programmes, and ex-
periments conducted on lightweight or expendable platforms [7]. This gap has sustained growing
interest in DAQ solutions based on Single-Board Computers (SBCs) and Micro-Electro-Mechanical
Systems (MEMS) Inertial Measurement Units (IMUs), which offer a practical route to multi-channel,
distributed acceleration measurement at a fraction of the cost of conventional (IEPE – Integrated
Electronics Piezo-Electric) instrumentation.
A comprehensive review of MEMS-based wireless accelerometer boards for vibration-based Struc-
tural Health Monitoring in [8] establishes that the performance gap relative to conventional IEPE
transducers does not preclude reliable identification of low-to-mid-frequency (at least the 0-200 Hz
frequency band) structural modes. The same pattern has since been confirmed in field deployments
on civil infrastructure. Notably, in [9], a purpose-built MEMS accelerometer system is benchmarked
against PCB 607A61 piezoelectric sensors during an ambient vibration campaign on an in-service
highway bridge, accurately recovering the modes of interest. In the aerospace domain specifically,
recent contributions have demonstrated this trend across different platforms and sensing strategies.
A Raspberry Pi-based system employing MEMS accelerometers is developed for Unmanned Aerial
Vehicle (UAV) GVT in [10]. Moreover, an Arduino-based DAQ using time-of-flight sensors is proposed
for real-time wing vibration displacement measurement in [11]. MEMS gyroscopes are investigated as
an alternative measurement quantity for modal parameter tracking and aeroelastic stability monitor-
ing in flutter tests [12], and Raspberry Pi-compatible Inertial Measurement Units (IMUs) are deployed
on a high aspect ratio wing spar for nonlinear modal analysis, where their mass loading effect on
the nonlinear dynamic response is ivestigated [13]. Taken together, these contributions indicate that
open-hardware platforms can resolve the dominant spectral content of aerospace vibration phenom-
ena, provided that their limitations in sampling rate, noise floor, and inter-channel synchronisation are
acknowledged and accounted for in the experimental design.
A preliminary version of this system was introduced in [14], where its design and initial experimental
validation is veriefied through the qualitative comparison of TVTs and AVTs response spectra on a
small fixed-wing UAV. That study confirmes consistent spectral repeatability across multiple test runs;
however, validation was conducted without a calibrated reference system, and no comparison against
industry-standard instrumentation was performed. This work addresses that limitation directly. The
validation campaign is extended to include a classical impact hammer test carried out with a Siemens
Testlab data acquisition system1 and PCB Electronics IEPE accelerometers2, providing a controlled
reference dataset for modal identification against which the low-cost system can be assessed. The
central question is whether the affordable system recovers the same dominant spectral features as
industry-standard instrumentation, and to what degree of agreement.

2. Materials and Methods
2.1 Low-Cost Acquisition Hardware Architecture
The DAQ system is built around a distributed master–slave architecture in which each acquisition
module consists of an Orange Pi 3 LTS single-board computer (SBC) interfaced with multiple Adafruit
LSM6DS3TR-C six degrees-of-freedom (DoF) MEMS IMUs, with address conflicts among identical
sensors resolved through an Adafruit PCA9548A eight-channel I2C multiplexer. The SBC provides
the local processing and communication capability for each node, whilst the IMUs supply three-axis
acceleration measurements at configurable output data rates and measurement ranges. The se-
lection of these components is driven by their low unit cost, compact form factor, and compatibility
with standard I2C communication, which together satisfy the design requirement of a deployable,
multi-channel system at minimum hardware expenditure. The key specifications of all three hardware
components are summarised in Table 1.

1https://www.siemens.com/en-us/products/simcenter/simulation-test/data-acquisition-sys
tems/

2https://www.pcb.com/sensors-for-test-measurement/accelerometers/general-purpose
3http://www.orangepi.org/html/hardWare/computerAndMicrocontrollers/details/orange-pi-3

-LTS.html
4https://www.adafruit.com/product/4503
5https://www.adafruit.com/product/5626
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Table 1 – Hardware component specifications.

Parameter Orange Pi 3 LTS3 – (SBC) LSM6DS3TR-C4 – (IMU) PCA9548A5 – (Multiplexer)
Manufacturer Xunlong Software STMicroelectronics Texas Instruments
Processor / IC Allwinner H6 — —

Cortex-A53, 1.8 GHz
Sensing axes — 3-axis accel. —

+ 3-axis gyro
Accel. full scale — ±2–±16 g —
Gyro full scale — ±125–±2000 dps —
Output data rate — 12.5 Hz – 6.66 kHz —
ADC resolution — 16-bit —
I2C channels — 1 (fixed address) 8 bidirectional
I2C clock Up to 400 kHz Up to 400 kHz 0–400 kHz
RAM / Storage 2 GB / 8 GB eMMC — —
Wireless Wi-Fi 5, BT 5.0 — —
Supply voltage 5 V (USB-C) 1.71–3.6 V 2.3–5.5 V
Operating temp. 0 to +70 ◦C −40 to +85 ◦C −40 to +85 ◦C
Dimensions 56×85 mm 2.5×3×0.83 mm (IC) —
Mass 45 g 1.7 g 5.1 g
Unit cost (approx.) C90 – USD 80 C7.50 – USD 9.95 C6 – USD 6.95

The multiplexer is interposed between each SBC and its connected IMU array. It selectively activates
individual sensor channels, effectively isolating each IMU on a separate logical bus whilst retaining
a single physical I2C interface to the SBC. This arrangement allows multiple identical sensors to
operate concurrently without hardware modification and without introducing additional communication
interfaces.
In the master–slave layout, each slave module is responsible for local sensor initialisation and data
acquisition. The master unit coordinates the network: It broadcasts acquisition parameters to all slave
modules prior to each test, ensuring consistent configuration across the sensor array, and receives
the data streams transmitted by each slave during acquisition. Data acquired by the slave modules
is streamed to the master in real time rather than being buffered locally until test completion, which
reduces per-node memory demand during the acquisition process. Upon reception, the master unit
organises the incoming data and writes it to comma-separated values (CSV) files for subsequent
post-processing. The software framework of this architecture is implemented in Python and is de-
scribed in detail in [14]. The specific acquisition parameters and sensor placement adopted in the
present validation campaign are discussed in Section 2.3.
The configuration validated in this work comprises one master and two slave modules; each slave can
connect to up to four IMUs and transmitting acceleration data along the x, y, and z axes. The number
of IMUs per slave node and multiplexer is limited by the I2C bandwidth. Communication between
master and slave nodes is carried out over a local wireless network via the Internet Protocol (IP), with
each SBC assigned a fixed IP address. The resulting system architecture is illustrated in Figure 1.

Figure 1 – Block diagram of the low-cost-acquisition system (retrieved from [14]6).
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2.2 The Volantex RC Ranger 2400
The test article considered in this validation campaign is the Volantex RC Ranger 24007, a commer-
cially available fixed-wing UAV designed as a first-person-view (FPV) / UAV carrier platform shown in
Figure 2.

Figure 2 – Volantex Ranger 2400 resting before a flight at Club Ícaro in Leganés, Spain.

The airframe is characterised by a 2.4 m wingspan and an overall fuselage length of 1.23 m, with
an empty structural mass of approximately 1.7 kg, exclusive of the battery pack. The wing is made
by EPO (Expanded Polyolefin) foam structurally reinforced with two carbon fiber spars embedded
internally along the main wing structure. Metal rods are used to secure and bridge the detachable
half wing directly to the fuselage. The fuselage features a unibody plastic construction (blow-molded
with plywood formers) that provides crash resistance and a large internal cavity suited to the car-
riage of payloads or auxiliary battery packs. The wing geometry incorporates a dedicated high-lift
aerofoil section selected to sustain elevated payload fractions, a characteristic consistent with the
platform’s intended UAV carrier role. In the plug-and-play (PNP) configuration adopted for this study,
the aircraft is equipped with an outrunner brushless motor driving a 10-inch propeller, regulated by
a 40 A switch-mode battery eliminator circuit electronic speed controller, and actuated by six 9-gram
servos governing a control surface layout that includes ailerons, rudder, elevator, and flaps. The nom-
inal endurance under standard conditions is approximately 40 minutes with a recommended 14.8 V,
2700 mAh lithium polymer battery; although the battery is not included for the tests considered in this
work. The moderate structural mass, large wingspan, and a geometrically simple wing-dominated
planform, make the Ranger a suitable and repeatable test article for experimental vibration studies.
Even more, since the dominant structural modes are expected to manifest within the frequency band
resolvable by MEMS-based acquisition systems, as discussed in Section 1. and shown for a similar
system in [15].

2.3 Hammer, Ambient, and Taxi Vibration Testing
In this work, three different types of vibration tests are considered to validate the proposed acquisition
system.
Hammer testing is the procedure in which a structure is excited with an impulse. Typically, the forcing
is one or more modal hammer taps, which induce a free-decay-like response. In this test, both input
and output are recorded, such that this test can be classified as EMA.
On the other hand TVT and AVT fall under the OMA domain, despite having clear differences. AVT,
as per the name, uses the ambient-induced vibration, assumed to be White Gaussian Noise (WGN),
as an excitation source for the structure. This has the main advantage of not requiring any expensive

6Please note that all material that has been retrieved from [14] comes from its preprint [https://arxiv.org/abs/
2601.07783].

7https://www.volantexrc.eu/volantex-rc-ranger-2400-professional-fpv-uav-carrier-757-9
-pnp-p-308.html
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excitation gear and setups, but fails to properly excite higher frequency bands. While this approach
is mostly used for the vibration monitoring of heritage and civil buildings [16], it has been successfully
employed in Aeronautical structures too [17].
Finally, TVT is an OMA procedure where the aircraft either taxies under its own power or its towed
and the imperfections on the taxiway tarmac excite the structure. In this case, the input is assumed
to WGN too. The Ranger under TVT, AVT, and hammer test conditions is shown in Figure 3.

(a) (b)

(c)

Figure 3 – Ranger during (a) TVT, (b) AVT, and (c) hammer test. (a) and (b) are retrieved from [14]).

In order to carry out the system validation, two testing campaigns on the Ranger are run: the first
involves TVT and AVT, and the latter involves hammer testing. In the TVT and AVT, the aircraft
is equipped with only the proposed low-cost data acquisition system, while industry-standard IEPE
accelerometers are used for the hammer test. Specifically for the hammer test, the Ranger wing is
instrumented with six PCB Piezotronics 333B308 uniaxial accelerometers with a sensitivity of ≈100
mVg-1 and a mass of 4g. The structure is excited with the PCB Piezotronics Model 086C039 modally
tuned hammer (sensitivity: 2.25 mVN-1) with a single tap on the near root wing lower surface. Notably,
the accelerometers, both the industrial-grade and the low-cost alternative, are placed in the same
positions along the wing. This is shown in Figure 4, while the exact coordinate locations are in
Table 2.

Table 2 – Sensor Position w.r.t. the frame of reference in Figure 4.

Sensor No. 01 11 21 02 12 22

x [cm] −8.6 −8.6 −8.6 −8.6 −8.6 −8.6
y [cm] 8.6 52.6 97.6 −8.6 −39.2 −96.6

The sensor layout adopted for this campaign is not designed to retrieve a specific number of modes,
nor is it optimised for any particular modal target, but solely for the functional verification and vali-
dation of the DAQ system. The chosen spanwise inline arrangement does not allow for the direct

8https://www.pcb.com/products?m=333b30
9https://www.pcb.com/products?m=086c03
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Figure 4 – Sensor layout on the small fixed-wing UAV (retrieved from [14]).

identification of torsional deformation, as resolving torsion requires measurements at a minimum of
two chord positions to capture the chordwise gradient. However, the low-cost IMU are triaxial and
provide measurement along all three axes, which allows both out-of- and in-plane bending modes to
be observed from the same sensor locations.
The industrial-grade setup of the hammer test – from now on referred to as EMA, for brevity – is
completed by a Simcenter SCADAS10 connected to the Siemens Testlab 2013 software for data
collection, sampled at fs = 1024 Hz. FRFs are estimated using the H1 estimator over a 400 Hz
analysis bandwidth, with a frequency resolution of 0.5 Hz. The low-cost acquisition system, used for
TVT and AVT, is set to fs = 200 Hz, which resolves the signal up to 100 Hz by the Nyquist criterion.
The TVT is repeated 8 times, and each lasts 60 s, while the AVT is repeated 2 times, each lasting
20 minutes. Concerning the hammer test, the results are averaged from the acquisition of five taps,
with the recording lasting until the free decay is completed. Notably the data acquired from TVT and
AVT are processed to retrieve the sampling frequency of 200 Hz, as the sensors send the data at a
given rate close to the requested sample frequency, not exactly at 200 Hz. To solve this, the signal
was linearly interpolated and extrapolated in MATLAB to retrieve a sampling frequency of 200 Hz. No
such issues are encountered with the hammer test, and its FRF is directly exported from Siemens
Testlab for further processing in MATLAB.
The EMA FRFs are directly identified using the improved Loewner Framework (iLF) [18]. For the
OMA configurations, the TVT and AVT time responses are concatenated and processed via the
Natural Excitation Technique with the Loewner Framework (NExT-LF) [19]: NExT approximates the
system FRF from the response-only cross-spectra, which are then passed to the LF for identification
in the usual fashion. The modal parameters obtained from TVT and AVT are compared against the
EMA reference. This comparison is presented in Section 3..

3. Results
Before discussing in detail the modal parameters identified from the three tests, it is worth taking a
look at the data in the frequency domain. This gives an idea of the response amplitude and poten-
tial modes frequency bands (peaks). To carry out this qualitative assessment, the Power Spectral
Density (PSD) of the TVT and AVT and the FRF of the hammer test are shown in Figure 5 for each
measurement channel, together with the Average Normalised Power Spectral Density (ANPSD) and
the average FRF.
It is clear from Figure 5 that the spectral content of all three test configurations is consistent within
the identification band. The ANPSD traces from TVT, Figure 5a, exhibit higher overall amplitude than
those from AVT, Figure 5b, as expected from the more energetic broadband excitation provided by
the taxiway (a brick road in this case) surface imperfections. In both OMA configurations, distinct
and repeatable spectral peaks are visible across all sensor channels at approximately 2 Hz, 6 Hz,

10https://www.siemens.com/es-es/products/simcenter/physical-testing/scadas/
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Figure 5 – PSDs and ANPSDs from (a) AVT and (b) TVT, and (c) FRFs and average FRF amplitude
from the hammer test.

and in the 10–12 Hz band. The FRF amplitude, Figure 5c, confirms resonance-like features at the
same frequency locations, with consistent peak structure across all six measurement channels and
the channel average, lending confidence to the subsequent identification procedure.
The modal parameters extracted – natural frequencies fs in Hz and damping ratio ζ – from the
three test configurations are summarised in Table 3, together with the percentage deviations from
the EMA reference and the Modal Assurance Criterion (MAC) values computed from the z-direction
components of the OMA mode shapes (φφφ n) against the EMA reference.

Table 3 – Identified natural frequencies fn, damping ratios ζn, and MAC values from EMA, TVT, and
AVT. Percentage deviations from the EMA reference are given in parentheses.

EMA TVT AVT

Mode fn [Hz] ζn [-] fn [Hz] ζn [-] MAC [-] fn [Hz] ζn [-] MAC [-]

1 2.272 0.010 2.027 0.039 0.895 2.367 0.042 0.836
(-10.79%) (+293.80%) (+4.16%) (+327.77%)

2 6.196 0.016 6.221 0.012 0.855 6.567 0.040 0.822
(+0.41%) (-26.17%) (+5.99%) (+146.64%)

3 11.860 0.026 9.821 0.030 0.916 — — —
(-17.19%) (+17.15%)

Three modes are identified within the 0–25 Hz band. Mode 1 is extracted at fn = 2.272 Hz with
ζn = 1.0% by EMA, while TVT recovers this mode at 2.027 Hz (-10.79%, MAC = 0.895) and AVT at
2.367 Hz (4.16%, MAC = 0.836). Mode 2 is identified at fn = 6.196 Hz; TVT yields 6.221 Hz (0.41%,
MAC = 0.855) and AVT 6.567 Hz (5.99%, MAC = 0.822). Mode 3 is identified at fn = 11.860 Hz by
EMA and at 9.821 Hz by TVT (-17.19%, MAC = 0.916); AVT does not resolve this mode within the
identification band.
The φφφ n obtained from the three configurations are shown in the three-dimensional representation of
Figure 6 and in the planar vertical (z-axis) projection of Figure 7.
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Figure 6 – First three mode shapes identified via EMA, TVT, and AVT.
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Figure 7 – z-axis modal displacement of the fist three mode shapes identified via EMA, TVT, and
AVT.

Mode 1 displays a deformation pattern consistent with the first asymmetric out-of-plane (x-y plane)
wing bending, with monotonically increasing displacement amplitude from root to tip on both semi-
spans and a node near the fuselage centreline. The three sources are in close agreement on this
shape, as reflected in the MAC values. Mode 2 exhibits the first symmetric out-of-plane (x-y plane)
wing bending, characterised by a node near mid-span on each semi-span and opposing tip deflec-
tions; EMA and TVT agree closely (MAC = 0.855), with AVT showing a slightly larger deviation at the
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outermost sensor positions (MAC = 0.822). Mode 3 requires separate consideration. When examined
from the vertical displacement components alone, as in Figure 7, the deformation pattern superficially
resembles a first bending configuration; however, this attribution is incorrect. The spanwise sensor
array captures a secondary bending contribution from a tail assembly mode, as investigated in on-
going work. This interpretation is consistent with the relatively large TVT frequency deviation for this
mode (-17.19%), its absence in the AVT results, and the three-dimensional φφφ 3 of Figure 6c.

4. Discussion
The frequency agreement between the low-cost system and the EMA reference (industrial-grade
DAQ) is mode-dependent and warrants individual consideration for each identified mode. Mode 2 is
identified at fn = 6.196 Hz by EMA and corresponds to the first symmetric out-of-plane (x-y plane)
wing bending of the Ranger airframe. TVT recovers this mode at 6.221 Hz, a deviation of 0.41%,
which is below the frequency resolution of the spectral estimate and carries no practical consequence
for modal tracking or model correlation. AVT yields 6.567 Hz (5.99%), a larger deviation but consistent
with the range reported in OMA-to-EMA comparisons on lightly damped flexible structures [20]. The
MAC values for this mode (0.855 from TVT and 0.822 from AVT) confirm that the φφφ 2 is recovered with
acceptable fidelity across all three configurations, and Mode 2 is the most reliably identified mode in
this campaign.
Mode 1 presents a wider spread. EMA identifies this mode at fn = 2.272 Hz; TVT yields 2.027 Hz
(-10.79%, MAC = 0.895) and AVT 2.367 Hz (4.16%, MAC = 0.836). The AVT result, obtained with
the wheels constrained by wooden chocks, is in close agreement with EMA and consistent with the
expected first structural mode of the airframe. The TVT deviation is more significant and does not
admit a definitive physical explanation within the scope of this study. During the TVT, the Ranger is
towed on its undercarriage along the taxiway surface: the tyre-ground contact introduces a compliant
support whose stiffness interacts with the lowest structural modes of the airframe [4]. At a frequency
as low as 2 Hz, the peak identified from the TVT data may correspond to the first asymmetric wing
bending, shifted by the boundary condition, or to a rigid-body bounce or pitch mode of the aircraft-
on-undercarriage assembly, or to a coupled mode of both. The spanwise inline sensor layout and the
single excitation point do not provide sufficient spatial or modal information to discriminate between
these interpretations, and the MAC value of 0.895 is consistent with either: both a shifted structural
mode and a rigid-body mode with appreciable wing participation would produce a similar z-direction
displacement pattern at these six sensor positions. Resolving this ambiguity would require either a
high-fidelity finite element model of the Ranger, or a more complete experimental characterisation
of the aircraft low-frequency dynamics, neither of which is within the scope of the present validation
campaign.
Mode 3 is identified by EMA at fn = 11.860 Hz, recovered by TVT at 9.821 Hz (-17.19%, MAC =
0.916), and not resolved by AVT. Ongoing experimental campaigns on the Ranger confirm that this
mode is dominated by the tail assembly, with the wing spar exhibiting a symmetric bending secondary
contribution that the spanwise sensor array captures consistently. The MAC value of 0.916, which
is the highest of the three comparisons, reflects this consistency: the projection of the tail mode
onto the wing measurement positions is geometrically stable between EMA and TVT, even where
the frequency is not recovered accurately. The -17.19% frequency deviation and the failure of AVT
to resolve this mode are both expected given the tail-dominated character of the mode: AVT does
not provide sufficient energy at the tail to excite it above the noise floor at the wing sensor positions,
and TVT, which excites the structure through the undercarriage, may perturb the tail boundary con-
dition in ways that shift the identified frequency (taildragger wheel). The identification of this mode
from the wing alone is therefore of limited reliability and should be treated as indicative rather than
quantitatively definitive.
Damping estimation from the OMA configurations is, as anticipated, less consistent than the fre-
quency identification. The damping ratios from TVT and AVT exceed the EMA values by factors
ranging from approximately two to four, with the largest relative overestimation occurring at Mode 1.
This is a known characteristic of OMA-based damping estimates when the WGN excitation assump-
tion is satisfied only approximately [21], and the finite record length introduces bias in the spectral
estimate [2]. The EMA damping values (ζn between 1.0% and 2.6%) are physically plausible for the

9



VALIDATION OF A LOW-COST DATA ACQUISITION SYSTEM FOR AIRCRAFT VIBRATION TESTING

EPO foam and composite construction of the Ranger airframe. For the stated purpose of this valida-
tion, the damping overestimation carries limited consequence: the primary quantities of interest for
model correlation – fn and φφφ n – are unaffected by the damping bias.
The system recovers three structural modes of the Ranger with frequency accuracy sufficient for
early-stage experimental campaigns and qualitative model correlation, operating within the con-
straints of a 100 Hz Nyquist ceiling, the absence of traceable sensitivity calibration, and inter-channel
timing jitter inherent to the I2C communication protocol. The 100 Hz ceiling is the principal appli-
cability boundary: for platforms with dominant structural modes above this threshold, the system as
configured cannot provide useful spectral data. This is a design constraint of the current implementa-
tion rather than a deficiency of the present results, given that all three identified modes fall well within
the resolvable band.

5. Conclusions and Future Work
This study validates an affordable, modular DAQ system against industry-standard instrumentation
on a small fixed-wing UAV through AVT, TVT, and impact hammer testing. The main findings are:

• The low-cost system (below below C600) reliably identifies the dominant structural modes of the
Ranger airframe, with coherent frequency deviations and MAC values across all configurations
and test types;

• The first symmetric wing bending at 6.196 Hz is recovered to within 0.41% by TVT and 5.99%
by AVT;

• The mode near 2 Hz is recovered by AVT to within 4.16%; the larger TVT deviation cannot
be resolved as a shifted structural mode or a rigid-body undercarriage mode without a more
complete characterisation of the Ranger low-frequency dynamics;

• The tail-dominated mode at 11.860 Hz is consistently captured via its wing bending secondary
contribution, though its identification from the wing array alone is indicative rather than quanti-
tative;

• OMA damping estimates are systematically overestimated relative to EMA, as expected, and
do not affect the primary validation claim.

Future work extends the validation to a standard test specimen on a calibrated electrodynamic shaker
table, providing a controlled comparison against industrial instrumentation and a direct assessment
of noise floor and sensitivity. The modal ambiguity at 2 Hz will be addressed through a finite element
model of the Ranger incorporating undercarriage compliance, or through a dedicated low-frequency
experimental campaign. The sampling ceiling will be raised through optimised I2C polling or migration
to serial peripheral interface sensors.
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