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Abstract

In this paper, we present an internally developed sensing system featuring an integrated 6-axis inertial measurement unit designed to
provide a rapid and remarkably simple solution for measuring low frequency vibrations - such as flow-induced vibrations - or other
movements of solid structures in educational, research, and industrial applications. Given its highly compact form factor, the device
supports wireless communication and onboard data logging to a memory card. Since neither power supply nor data transmission
requires a wired connection, it is also suitable for analysing the motion of untethered, freely moving bodies. According to its modular
architecture, the sensor can be fitted with custom housings tailored to diverse geometric constraints and produced rapidly using SLA
3D printing technology. In addition to outlining the design considerations, we detail the device's construction and capabilities, then

validate its performance by comparing measurement results from a simple autonomous chaotic mechanical system experiment with

a vision-based measurement method.
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1 Introduction
The necessity of developing accurate accelerometers is
underscored by their critical role in capturing dynamic
data within fluid-mechanics-related research. In sports
biomechanics, for instance, evaluating the effect of fin-
ger spread on swimmer performance requires the precise
mapping of stroke trajectories [1]. Wearable accelerom-
eters have emerged as a viable alternative for this task,
proving effective and reliable when compared to tradi-
tional image-processed data, which often suffers from par-
allax errors and occlusion under water [2].
Accelerometers can also be applied effectively in atmo-
spheric research. While the study of atmospheric flows has
historically been hindered by a deficiency in experimen-
tal data, simple yet robust sensors attached to meteoro-
logical balloons now provide vital insights into turbulent
behaviour at high altitudes [3]. This demand for high-fi-
delity data extends into structural engineering and avia-
tion, where determining the flutter behaviour of flexible

structures — such as suspension bridges and aircraft — is
crucial for operational safety. In flight testing, wing-
mounted accelerometers are the standard for identifying
critical flutter speeds, providing the essential data needed
to prevent catastrophic structural failure [4]. Similarly, in
maritime environments, buoy-mounted accelerometers
provide critical data on wave-induced motion, essential
for both oceanographic monitoring [5] and the validation
of numerical models for floating body investigations [6].
Another noteworthy application with geomorphological
implications is the investigation of the behaviour and typi-
cal movement of sedimentary particles driven by fluvial or
coastal currents, depending on the flow conditions. The sig-
nificance of this lies in gaining a deeper understanding of
bed erosion and the morphological evolution of pebbles
through abrasion. Numerous geomorphological studies have
addressed the movement of pebbles placed in currents [7-9],
cases in which accelerometers can be utilized highly
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effectively. Although dedicated devices have been developed
for this purpose in the past [10—13], the general applicability
of these accelerometers remains significantly limited.

Despite the diversity of these fields, they share a common
challenge: the requirement for high-resolution data collec-
tion without altering the physical properties of the subject.
In fluid-dynamic environments, the presence of a sensor
itself can become a source of error, either through its phys-
ical mass or the aerodynamic disturbance of its mounting.

While a vast array of accelerometers is available on the
market, existing solutions often fail to meet the special-
ized requirements of high-precision research, particularly
regarding cost-effectiveness and seamless integration.
Critical features such as a modular design and ultra-com-
pact form factor are rarely found in off-the-shelf products.
These characteristics are essential for minimizing the
'added mass' effect on sensitive structures, such as a swim-
mer's fingers or lightweight aircraft wings, where even a
few grams of additional weight can shift the behaviour of
the system. Furthermore, wireless architecture is imper-
ative; eliminating cabling not only removes mechani-
cal constraints on motion but also prevents aerodynamic
interference that could trip laminar flows into turbulence.

Consequently, our objective was to design and manu-
facture a versatile, low-cost device that bridges the gap
between educational accessibility, academic research, and
industrial measurement applications. By prioritizing a
"minimally invasive" design philosophy, this device seeks
to provide a scalable solution for multi-point sensing in
environments where traditional instrumentation remains
too bulky or cost-prohibitive.

2 Design of the modular device

2.1 Motivation and objectives

Before starting the development, our requirements for
the accelerometer were synthesized into the following
specifications:

e 6-axis inertial measurement unit: (accelerations and
angular velocities along the x, y, and z axes),

* High-speed wireless communication: enabling lim-
ited sampling frequency real-time data transmission
for real-time monitoring purposes,

* Modular architecture: allowing the sensor to be fit-
ted with any custom built housing,

e Ultra-compact form factor: achieving the smallest
possible size within rational constraints,

* Flexible power management: compatibility with bat-
teries of various sizes and capacities depending on

the application, entirely eliminating the need for
external power supplies or data cables,

* Integrated microSD slot: providing high-frequency
data logging (at sampling rates exceeding those of
wireless transmission),

* Optimized performance: achieving the highest pos-
sible sampling frequencies and acceleration ranges
while fulfilling all the above requirements.

In addition to the requirements listed above, we priori-
tized ease of manufacture, the use of widely available off-
the-shelf components, and the minimization of per-unit
production costs.

Leveraging recently available high-precision SLA 3D
printing techniques, which is capable of providing excel-
lent mechanical properties, our custom-designed acceler-
ometer can be fitted with a housing of almost any shape.
This flexibility facilitates seamless integration, even under
the most diverse geometric constraints.

2.2 Considerations and technical data

The device was uniquely designed at the Department of
Fluid Mechanics at the Budapest University of Technology
and Economics for studying the flow-induced motion and
interaction of different solid structures, primarily in labo-
ratory environment. The need for a custom solution stems
from the specific combination of requirements set by the
planned applications. Therefore, the development was an
iterative process during which the main objective was to
make the device as small as possible — without losing func-
tionality — to be able to cover the widest possible range of
applications. The drawing of the final version of the device
with the dimensions is shown by Fig. 1.
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Fig. 1 Front and back views of the final design of the board. The
thickness of the board without the battery is 5.8 mm.



It must be noted that the dimensions (18 x 29 x 5.8 mm)
do not include the power supply, as it might depend on
the specific case (in terms of available space and targeted
measurement duration) the device is used for.

The device is designed around the ESP32-S3-MINI-
1-N8 module, which was selected for its excellent com-
putational and wireless communication capabilities.
The sensor used for tracking motions is the TDK ICM-
42670-P 6-axis (three acceleration and three angular
velocity components) inertial measurement unit, which
provides accurate measurements in a wide range for a
low cost. Since the ESP32-S3-MINI-1-N8 module oper-
ates from 3.3 volts (and tolerates input voltages between 3
and 3.6 volts), and a single-cell LiPo battery provides
between 3.2 and 4.2 volts (depending on charge level), a
voltage regulator module is used to ensure proper opera-
tion and avoid potential hardware damages. For this pur-
pose, the MCP1826S-3302E/DB was selected, as it cov-
ers the entire usable range of our battery and has a fixed
output of 3.3 volts. The maximum output current of the
voltage regulator is 1 A. Based on our experiences, the
device has a current consumption of slightly over 100 mA
in the relevant applications, so using the above-mentioned
voltage regulator is a deliberate oversizing from our part
to account for possible consumption spikes (up to around
500 mA) and avoid excessive heating. The microSD mod-
ule is of type DM3D-SF, which was selected for its low
space requirements and cost. The passive elements are all
of the standardized package size of 1608 (0603 in impe-
rial), resulting in a small size while not sacrificing the pos-
sibility of manual assembly and repair. The overall charac-
teristics of the device resulting from the properties of the
used components are presented in Table 1 [14].

Table 1 Summary listing of the device properties [14]

Property Value Unit
Length 29 mm
Width 18 mm
Thickness 5.8 mm
Maximum CPU frequency 240 MHz
Accel. measurement limit +160 m/s?
Gyroscope measurement limit +2000 °/s
Input voltage 2.3..6 \%
Operating temperature —10...45 °C
Acceleration uncertainty +1] %
Acceleration rest offset 0.4 m/s?
Gyroscope uncertainty +] %

Gyroscope rest offset +1 °/s
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Although high-frequency data logging occurs on the
microSD card, wireless data transmission of a lower fre-
quency is implemented to be able to monitor the measure-
ment real-time. For this purpose, the built-in antenna of
the ESP32-S3-MINI-1-N8 is used to eliminate the need
for designing an additional impedance-matching circuit.
The wireless communication between the device and a
computer is realized using 2.4 GHz Wi-Fi connection.
Despite the limited penetration depth of these frequencies
in water, underwater experiments were successfully con-
ducted using a 3D-printed, hermetically sealed housing.
Again, the absence of power and data cables significantly
simplified the waterproofing process. It should be noted that
while a connection loss terminates real-time monitoring,
data logging continues uninterrupted on the local SD card.

Due to its even further reduced size, the device lacks
built-in data ports. Initial firmware is uploaded by solder-
ing a standard USB data cable directly to the board, which
can then be removed. To eliminate the need for repeated
manual soldering, all subsequent updates are performed
wirelessly via OTA (over-the-air) firmware updates.

3 Verification of the device operation

3.1 The accelerometer unit

The most beneficial features of the accelerometer are its
compact size, lightweight design, and the fact that it enables
wireless operation. Consequently, the motion of almost any
structure involving large displacements can be investigated
without significantly influencing the system. Taking these
factors into account, this chapter presents the application of
the accelerometer through a laboratory experiment.

In our measurements, we used a regular 32 GB
microSD card and the commercially available 70 sin-
gle-cell lithium-ion polymer (LiPo) battery (dimensions:
15 x 15 x 5 mm without the cables and connector) manufac-
tured by TinyCircuits providing ~25 minutes of continuous
operation in the worst case with simultaneous wireless data
transfer enabled, which accounts for by far the largest share
of power consumption. The complete set of components
and the assembled accelerometer is presented in Fig. 2.
Note, that the SLA-printed housing was built for the pres-
ent exact purpose and due to the modular design, it can be
arbitrarily changed according to the application environ-
ment. Including the housing, the total weight of the device
is 14.5 g (accelerometer: 4.5 g, battery: 2 g, housing: 8 g).
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Fig. 2 Top: the board, microSD card, battery and the 3D printed
housing. Bottom: the assembled accelerometer.

3.2 The experimental setup and results

Keeping the simplicity of the test case in mind, the motion
of a double pendulum is measured both visually and,
simultaneously, using the accelerometer. The experimen-
tal layout is shown in Fig. 3 with the markers facilitat-
ing the visual tracking of the motion. The length of both
arms of the pendulum is 200 mm. We chose concentric
circular markers so that the tracking becomes insensitive
to rotation of the arms. Since the instantaneous locations

Fig. 3 Instantaneous layout of the double pendulum with the visual
markers and the accelerometer at the tip of the lower arm. The colored

arrows show the global and the accelerometer's local coordinate system.

of the markers were determined via cross-correlation in
each image frame, their different radii prevent misiden-
tification, even with grayscale image processing. With
the accurately detected positions of the two markers, the
instantaneous alignment of the two Degree of Freedom
pendulum can be uniquely determined.

We carried out three measurements of the pendulum
motion for 10 seconds each with different initial conditions
using a 240 fps (frames per second) camera of an Iphone 13
smartphone [15], and 1 kHz sampling frequency of the
accelerometer. While the accelerometer is fixed at the tip
of the rotating lower arm, the sensor's local coordinate sys-
tem is inherently different from that of the visual recon-
struction. Furthermore, the output values provided by the
two measurement procedures (positions from the visual
measurement; accelerations and angular velocities from the
accelerometer) are not directly comparable. Therefore, our
goal was to convert the visual data to the accelerometer's
frame. After each measurement, the conversion was carried
out by a workflow containing the following steps on order:

1. Filtering of the raw position data: Following the
experiments, the time series of the positions of the
markers mounted on the tips of the pendulum arms
were determined using frame-by-frame cross-cor-
relation computed from the marker images within
the visual dataset using Matlab 2024b [16]. In order
for the position data to be numerically differentiated
without amplifying the inherent noise of the visual
reconstruction, we applied a moving average fil-
ter with a window size of 0.02 s on the raw data.
The window size was chosen so that the relevant
components of the relatively slow motion were accu-
rately preserved. The angular velocity time series of
the lower arm were computed from the first deriv-
ative of the filtered position data. No filtering was
applied on the accelerometer's data.

2. Differentiation of the filtered data twice to obtain accel-
eration data in the global frame of the visual experi-
ments. The second time derivative was determined
using a second-order central differencing scheme.

3. Transformation of the obtained data to the acceler-
ometer's frame of reference. Knowing the instan-
taneous pendulum angles (cf. markers' positions),
the deduced acceleration data were transformed
to the accelerometer's coordinate system with the
transformation given as

! !

a {_6? Z"}(av +g), 1)
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where ¢’ and ¢’ are the basis vectors of the accelerom-
eter's instantaneous local coordinate system shown in
Fig. 3 and g = [0 — 9.81] m/s%. Accounting for gravitational
acceleration is necessary because the accelerometer mea-
surements continuously capture gravitational acceleration
as well, whereas the visual measurement does not record
any regarding information.

Since the accelerometer behaves as a passive element
from the perspective of the dynamical system during the
measurement — that is, there is no closed-loop control in
the system — we neglected the time delay of the accelerom-
eter. The temporal synchronization between the camera
and the accelerometer was also performed via cross-cor-
relation, following the transformation of the visual mea-
surement data according to Eq. (1). Thus, the direct com-
parison became achievable utilizing the corresponding
timestamps and a linear interpolation between the data
series of different sampling frequencies.

After performing the evaluation steps 1-3, Fig. 4
presents the comparison between the 1000 Hz datasets
recorded by the accelerometer and the 240 Hz data derived
from the visual measurement. According to the diagrams,
the time series show a good qualitative and quantitative
agreement in case of both the accelerometer and gyro-
scope measurements. The root mean square errors

RMSE, =
)

of the acceleration and measurement data are listed in Table
2. Here, N is the number of timestamps, and the lower indi-
ces v and a refer to visual and accelerometer data.

4 Discussion on future developments and applications

In this study, our objective was to develop a highly com-
pact, general-purpose, modular wireless accelerometer
suitable for effective application in engineering such as
the experimental investigation of wind-induced vibrations
and other fields including geomorphology. Following its
construction, the device was equipped with a protective
casing produced via SLA (stereolithography) 3D printing,
which also facilitates mounting. This casing can be freely
modified or replaced depending on the specific applica-
tion, the installation environment, and the size of the bat-
tery. Due to its wireless design, the device is also suitable
for underwater experiments when fitted with a waterproof
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Fig. 4 Comparison of the three experimental data (Exp. 1...3) acquired
using the accelerometer and the visual reconstruction. Acceleration's
y' is plotted in time with the angular velocity perpendicular to the
pendulum's plane.

Table 2 Acceleration (RMSE ) and angular velocity (RMSE ) root mean
square error values of the three experiments

RMSE , (m/s?) RMSE  (deg/s)
Exp. 1 2.35 33.03
Exp. 2 2.11 28.87
Exp. 3 2.03 29.20
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enclosure. In the near future, utilizing its key features, we
will employ the device in a freely moving wireless smart
pebble to investigate typical rolling and saltating motion
of sedimentary particles. We also plan to integrate a Hall
sensor, which will allow for contactless switching of the
device without the need to repeatedly disassemble and
reassemble the housing. In such cases, while real-time
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