Mixenapoonuit HayKoeo-mexniuHuil JHeypHan
«BumiproganbHa ma o64yucioganibHa mexHika 8 mexHoJ102i4HUX npoyecax»
ISSN 2219-9365

https://doi.org/10.31891/2219-9365-2026-85-52
UDC 681.586.7:537.226:534.1

PYLYPENKO Volodymyr

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
https://orcid.org/0009-0007-2389-8086

vurlodia@gmail.com
STELMAKH Nataliia

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
https://orcid.org/0000-0003-1876-2794

n.stelmakh@kpi.ua

EXPERIMENTAL STUDY OF THE INFLUENCE OF MASS LOADING ON THE
SENSITIVITY OF A PIEZOELECTRIC SENSOR

This study investigates the effect of applied mass loading on the response of a piezoelectric sensor during the registration
of mechanical vibrations, enabling an assessment of changes in its sensitivity to vibrational disturbances. An electronic circuit was
designed based on a piezoelectric sensor, a signal amplifier, and an ESP32 microcontroller. An experimental study was carried out
using various mass loads to determine the sensor’s amplitude response and to establish the dependence of the output signal on the
applied load mass.
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[MUJIUTTEHKO Bonogumup, CTEJIBMAX Haranis

HamionansHuii TexHiuHui yHiBepcuteT Ykpainu «KuiBcbkuit momitexHivauil iHcTuTyT iMeHi Iropst Cikopcbkoro

EKCIIEPUMEHTAJIBHE JOCJII/KEHHA BIVIMBY MACOBOI'O
HABAHTAKEHHSA HA YYTJUBICTD IE€30EJEKTPUYHOI'O CEHCOPA

Y  poboTi npeACcTaB/IEHO  EKCIIEPUMEHTA/IbHE  AOCTIMKEHHS  BIUMBY MAcOBOr0 HABAHTAXKEHHS HA  YyT/MBICTb
[1€30E/IEKTPUYHOO CEHCOPA 1if] Yac PEECTPALIII MEXaHIYHMUX BIOPALIiv. [TE30ENEKTPUYHI AATYMKM LLIMPOKO 3@CTOCOBYIOTLCS Y CUCTEMAX
BUMIDIOBAHHSI KO/IMBAaHb, KOHTPO/IIO CTaHy OG/IBAHAHHS, CUCTEMax 6E3reku Ta MOHITOPUHIY KOHCTPYKUIM 3aBAsSKW 34aTHOCTI
IEPETBOPIOBATH MEXAHIYHY EHEDIIO AegopMallii y enekTpudHmi curHasn. OfHUM (3 Baxsmsnx QaKTopis, WO BUZHAYAE TOYHICTL |
CTabi/IbHICTL pOBOTH TaKUX CEHCOPIB, € AOAATKOBE MACOBE HABAHTAXEHHS, SKE 3MIHIOE AMHAMIYHI XapaKTEPUCTUKU CUCTEMU Ta
BIVIMBAE HA il PE30HAHCHI B/1ACTUBOCTI.

Y AOCTIKEHHI pO3PO6/IEHO EKCIIEPUMEHTASILHY YCTAHOBKY, O BK/IIOYAE [1E30EMEKTPUYHI CeHcop Tury PZT-5A,
MIACHII0BaY CUrHasy, aHa/ioroBuyi KOMIaparop Ta MIKpDOKOHTponep ESP32, skuvi 3abe3redye un@poBy o6pobKy Ta peectpaLiio
CUrHa/IIB. [/19 CTBOPEHHST KOHTPO/IbOBAHOIO HABaHTa)XEHHS Oy/1a CrIPOEKTOBAaHa CrieliasibHa naargopma, BUroTos/ieHa MeToqom 30-
APYKY 3 no/iMepy PETG, 1o 3a6e3reyye piBHOMIPHUY po3riogin Macy Ta CTablyibHy NEPEAAYY MEXaHIYHIX KOMBAHb [0 CEHCOPA.

EKCriepuMEHTa/IbHI AOCTIMKEHHS [TPOBOAWINCS LLJISIXOM [10CTY10BOI0 30I/IbLIEHHS MAcu HABAHTAXEHHS B Aiana3oHi Big 0
A0 150 r. Y npoLeci eKcriepuMeHTIB aHa li3yBancs 3MiHN aMiviiTyan BUXIGHOIO CUrHasy 1a Yactot CripaLibOBYyBaHHS ceHcopa g
JIEI0 30BHILLIHIX MEXaHIYHUX 30ypeHb. OTpUMAaHI pe3ysibTaty 10Ka3a/m, Lo 33 BIACYTHOCTI AOAATKOBOIO HAaBaHTAa)XEHHS CEHCOP
TIPaKTNYHO HE PEECTPYE C/IabKi MexaHidHi Brumsu. [lpu 36iibLueHH Macu 40 10 I CrioCTepIiraeTbCs 0sIBa OKPEMUX IMITYJIbCIB CUIHATY,
{0 CBIAYMATB PO 1IOYaToK ghikcauii Bibpauivi. fogansiue rigsuiyerHs macv 4o 80 I npu3BoauTb A0 3POCTaHHS aMIVIITYAU CUrHany Ta
TiABULYEHHS Yy TIIMBOCTI CUCTEMM, YO [OSICHIOETHCS 3OIMIbLIEHHSM THEPLIIHOrO egekTy nnat@opmu. Haubiibl crabiibHa T1a
IHTEHCHBHA peakwyisi ceHcopa 3agikcoBaHa rpu maci 150 r, Ko cuctema rnepexoanTs y PEXUM TOCUIEHOO KOJIMBA/TbHOIO BIATYKY.

OTpumaHi pe3ysibTati MigTBEPAXYIOTE, O MACOBE HABAHTAXEHHSI CYTTEBO BIUMBAE HA YyT/IMBICTb [1€30E/1EKTPUYHNX
CEHCOPIB, 3MIHIOIOYHN IXHIO BJIGCHY HaCTOTy Ta YMOBU BUHUKHEHHS MEXAHIYHOMO PE3OHAHCY. [IpakTMYHE 3HAYEHHS AOCITIIKEHHS
110/15Ir@€ Y MOX/MBOCTI PErYJII0BAHHS XaPaKTEPUCTUK AATYMKE LL/IIXOM [TIA6OPY ONTUMA/IbHOI Macu M1aT@opMuU 47151 KOHKPETHUX
3a4a4. 3arporioHoBaHmA Migxia Moxe 6yT BUKOPUCTaHUA 114 Yac PO3POGIIEHHS CUCTEM MOHITOPMHIY BIGpaUMi | CericMidHOI
GKTUBHOCT, IHTE/IEKTYA/IbHUX KOHCTPYKUIU /15 BUSIB/IEHHS] MEXHIYHMX MOLIKOMKEHD, @ TAKOX Y MPUCTPOSIX 360pY EHEPIT MEXaHIYHIX
KOJINBAHb.

Kimto4oBi C/10Ba: M'€30€/IEKTPUYHMA CEHCOP, BIGPaLiViHM MOHITOPUHI, MACOBE HABaHTAXEHHS, YYT/MBICTb AAT4YMKE,
EKCIIEPUMEHTAIIbHE AOCTIKEHHS, ESP32.
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INTRODUCTION

Piezoelectric sensors are widely used in industry, scientific research, and security systems for measuring
vibrations, impacts, and pressure. They operate on the direct piezoelectric effect, which enables the conversion of
mechanical energy into an electrical signal [1]. The magnitude of this electrical signal is proportional to the amplitude
of deformation of the crystalline material, making such sensors highly sensitive and accurate even under low-
amplitude vibrations.

The sensitivity of piezoelectric sensors is influenced not only by the material type but also by the geometry
of the sensing element, substrate characteristics, mounting conditions, natural frequency, and the mass of additional
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loads [3]. Additional masses alter the dynamic properties of the system, particularly by reducing its natural frequency
and increasing damping, which leads to variations in signal amplitude.

Understanding these effects is essential for achieving accurate measurements in vibration and seismic
monitoring systems. Previous studies have demonstrated that the use of piezoelectric sensors combined with
amplification and digital signal processing enables the detection of low-amplitude vibrations and the registration of
short-duration events [2].

Investigating the influence of mass loading on sensor sensitivity is important not only under laboratory
conditions but also for applications in remote object detection, equipment monitoring, and early-warning systems for
vibrational events [4][5].

MATERIALS AND METHODS

For the experiment, a PZT-5A piezoelectric sensor was used, characterized by high sensitivity to mechanical
deformation and low internal impedance. The sensor was mounted on an aluminum plate measuring 100 x 50 x 2 mm
to ensure uniform load distribution and stable mechanical support.

Signal processing was implemented using an ESP32 DevKit-based circuit, which served as the central
processor and digital signal processing unit. The ESP32 allows software control of trigger thresholds, acquisition of
digital data from the analog comparator, and transmission of the data to a computer or cloud platform via Wi-Fi or
Bluetooth protocols. Arduino IDE was used for programming, providing a simple and convenient environment for
configuring signal-reading logic and threshold parameters.

The circuit includes an amplification and comparison stage for the signal generated by the piezoelectric
sensor. The sensor output is fed into an analog comparator, where it is evaluated relative to a reference voltage set by
a potentiometer. The comparator output produces a digital HIGH or LOW signal, which the ESP32 interprets as the
presence or absence of vibration. This approach minimizes low-amplitude noise and ensures reliable signal
detection [6].

The experiments were performed by gradually adding mass to a platform positioned above the sensor. The
applied mass ranged from 0 to 150 g. For each stage, the corresponding digital output values were recorded and could
be displayed on a monitor or logged to a file for subsequent analysis.

SYSTEM DEVELOPMENT

An electronic vibration-sensing circuit was developed to convert mechanical oscillations into a digital signal
suitable for further processing by a microcontroller. The circuit (Figure 1) consists of three

Piezoelectric sensor — serves as the primary transducer that, based on the piezoelectric effect, generates an
electrical voltage in response to mechanical deformation or vibrational disturbances. The selected sensor type is
characterized by high sensitivity to low-amplitude vibrations, enabling the detection of even minor environmental changes.

L. Amplifier and comparator — an analog signal-processing block that increases the voltage level from the
piezoelectric element to a value suitable for digital interpretation. The comparator performs threshold conversion by
comparing the instantaneous signal amplitude with a reference value set by a potentiometer. When the threshold is exceeded,
the output forms a logical “1,” corresponding to the presence of a vibrational event.

2. ESP32 microcontroller — the central control unit of the system, responsible for digital acquisition of the
comparator signals. Owing to its built-in data-processing capabilities, the ESP32 can analyze the frequency and intensity of
vibrations, store the information, or transmit it wirelessly via Wi-Fi or Bluetooth.

The operational principle of the circuit is as follows: when vibrations occur, the piezoelectric sensor generates a
voltage that is amplified and fed to the comparator. If the signal level exceeds the defined threshold, the ESP32 registers the
event as a detected mechanical disturbance. When required, the microcontroller can transmit the data to a personal computer
or a cloud environment for further analysis.

Fig. 1. Basic vibration sensor circuit
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To ensure stable transmission of mechanical vibrations to the piezoelectric element, a dedicated platform for
applying mass loads was designed. Its primary purpose is to uniformly distribute pressure across the sensor surface,
preventing localized deformation while enhancing the inertial effect during oscillations.

The platform was designed using 3D-modeling software and subsequently fabricated with a 3D printer using
PETG polymer.

A 100% infill density was selected to provide maximum rigidity and ensure uniform load transfer to the
piezoelectric element.
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Fig. 3. Printing configuration in the PrusaSlicer environment

RESEARCH

To evaluate the influence of mass loading on the sensitivity of the piezoelectric sensor, a series of experiments
was conducted. The aim of the study was to determine the dependence of signal amplitude and frequency on the mass
of the platform installed on the sensor.

Each experiment was performed under identical conditions: the source of mechanical disturbance was the
drop of an empty cardboard box within a 120 mm radius from the sensor.

Experiment 1

Only the sensor housing was installed without any additional weight. When the box was dropped, the sensor
did not register any changes in the digital signal. This indicates that the mechanical impact energy was insufficient to
activate the sensor without a load.

Fig. 4. Expement 1: sensor without load
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Serial Monitor X

Fig. 5. Experiment 1: resulting digital signal

Experiment 2

A platform manufactured by 3D printing with a mass of 10 g was installed on the sensor. Repeating the
experiment resulted in the appearance of isolated pulses on the digital output, indicating the onset of vibration
detection by the sensor. The signal acquired a discrete and periodic character.

Fig. 6. Experiment 2: sensor with 10 g platform

Serial Monitor X

Fig. 7. Experiment 2: digital signal at 10 g load

Experiment 3

An additional mass of 80 g was added. As a result, the signal amplitude increased, the pulses became more
pronounced, and the overall sensitivity of the system improved. This can be explained by the increased inertia of the
platform, which enhances the mechanical impact on the piezoelectric element during external disturbances.

=

Fig. 8. Experiment 3: sensor with 80 g platform
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Fig. 9. Experiment 3: stabilized signal at 80 g load

Experiment 4

The total mass of the platform was increased to 150 g. During the drop of the box, the sensor registered a
significantly larger number of events, and the signal amplitude increased several times. This is attributed to the heavier
mass entering a self-induced oscillatory mode, generating additional mechanical influence on the sensor.

Fig. 11. Experiment 4: signal at 150 g load

RESULTS AND RELEVANCE
After processing the experimental data, a graph of the dependence of the digital signal amplitude on the
applied mass load was constructed (Figure 3.1)
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Fig. 12. Dependence of piezo-sensor signal amplitude on mass load
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Analysis of the obtained dependence revealed the following patterns:

. Up to 10 g, the signal remains unstable and sporadic. This is explained by the insufficient inertia of
the system, where even moderate vibrations do not create enough mechanical deformation of the piezoelectric element.
. In the range of 10-80 g, an increase in triggering frequency and signal amplitude is observed.

Increasing the mass reduces the natural frequency of the system and enhances the mechanical resonance effect,
allowing even minor external disturbances to produce a noticeable electrical response from the sensor (Houlding,
2014) [5].

. At 150 g, the signal becomes stable and intensive, indicating that the optimal mass for exciting the
piezoelectric element in a resonant mode has been reached. In this state, the system generates maximum output
amplitude even with low external energy input.

However, excessive increase in load may lead to nonlinear response or even mechanical damage to the
piezoelectric disk. Excessive mass generates high bending moments at the contact point, which may cause micro-
cracks in the crystalline structure or delamination of the electrode layer, reducing long-term stability of the sensor [7].

Additionally, too large a mass shifts the natural frequency of the system to a lower range, which may reduce
measurement accuracy and introduce parasitic oscillations of the platform.

On the other hand, the results demonstrate the potential of such piezoelectric structures for the development
of autonomous vibration and impact sensors that may be used in:

. vibration and seismic monitoring systems;
. smart structures for detecting mechanical damage;
. energy harvesting devices where mechanical vibration energy is converted into electrical energy.

The obtained results confirm that proper selection of the mass load allows tuning the sensitivity of the
piezoelectric sensor to a specific frequency range, opening opportunities for further adaptation of the system to various
engineering applications.

CONCLUSIONS

As a result of the experimental study, the influence of mass loading on the amplitude response of a
piezoelectric sensor integrated into a system with an amplifier and an ESP32 microcontroller was determined. The
findings allow formulating the following conclusions:

1. Increasing the mass load on the piezoelectric element leads to an almost linear increase in system
sensitivity due to the enhanced inertial effect of the platform and increased amplitude of mechanical vibrations.

The optimal loading range that provides stable and reproducible signal growth without distortions is 10 to
150 g.

2. Excessive mass may cause broadband vibration modes and the appearance of additional resonant
frequencies, complicating accurate identification of vibration events.

3. The obtained results are consistent with theoretical models in which mass load affects the natural
frequency of the system and creates conditions for partial mechanical resonance.

4, The practical significance of the study lies in the possibility of adjusting the sensitivity of the
piezoelectric sensor by changing the platform mass, which can be applied in vibration—seismic monitoring systems,
impact sensors, and energy harvesting modules.
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