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Introduction
With the advancement of modern technologies 

in manufacturing systems, complex automation set-
ups–comprising drives, sensors, and data processing 
systems–are being increasingly employed [1-3]. Al-
though such solutions enhance process flexibility and 
efficiency, they also contribute to a significant increase 
in electrical energy demand [4]. In the light of rising 
energy costs and the global need to reduce greenhouse 
gas emissions, alternative energy harvesting methods 
are gaining increasing attention [5-7].

One intensively developing area in response to 
growing energy needs is ambient energy harvesting, 
which enables the conversion of energy from local 
sources–such as vibrations, heat, airflow, or elec-
tromagnetic radiation–into electrical energy [6-8]. 
Due to their specific characteristics, these technolo-
gies are particularly well-suited for powering auton-
omous devices, such as wireless sensors and Internet 
of Things (IoT) components, where long-term opera-
tion without battery replacement or wired power sup-
ply is crucial [1,9-13].
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Abstract: This study investigates how the choice of beam material affects the dynamic performance of a nonlinear electro-
magnetic energy harvester. Four materials—carbon fiber, fiberglass, aluminum, and ABS – were analyzed by optimizing their 
beam cross-sections (at a fixed length) to achieve a common resonance frequency of 35 Hz. Despite identical natural frequen-
cies, modal and dynamic simulations revealed notable differences in vibration response, voltage output, power generation, and 
stress distribution. Composite materials, particularly carbon fiber and fiberglass, produced higher output voltages and power, 
while aluminum offered a wider operational bandwidth. Stress analyses under identical displacements showed significant vari-
ation in maximum stress, driven primarily by differences in Young’s modulus. The presented methodology supports material- 
and geometry-aware design of efficient, durable energy harvesters for use in autonomous, vibration-powered devices.
Keywords: energy harvesting, nonlinear dynamics, stress analysis, vibration energy conversion
Streszczenie: Niniejszy artykuł ukazuje, w jaki sposób wybór materiału belki wpływa na charakterystyki dynamiczne nielinio-
wego elektromagnetycznego układu pozyskiwania energii. Cztery materiały – włókno węglowe, włókno szklane, aluminium oraz 
ABS — zostały przeanalizowane poprzez optymalizację przekrojów poprzecznych belek (przy stałej długości) w celu uzyskania 
wspólnej częstotliwości rezonansowej wynoszącej 35 Hz. Pomimo identycznych częstotliwości własnych, symulacje modalne 
i dynamiczne ujawniły istotne różnice w odpowiedzi drganiowej, generowanym napięciu, wytwarzanej mocy oraz rozkładzie 
naprężeń. Materiały kompozytowe, w szczególności włókno węglowe i szklane, wykazały wyższe wartości napięcia wyjściowego 
i mocy, natomiast aluminium charakteryzowało się szerszym pasmem roboczym. Analizy naprężeń przy identycznych przemiesz-
czeniach wykazały znaczną zmienność maksymalnych naprężeń, wynikającą głównie z różnic w module Younga. Zaprezentowana 
metodologia wspiera projektowanie wydajnych i trwałych układów pozyskiwania energii, uwzględniających materiał i geome-
trię, przeznaczonych do zastosowań w autonomicznych urządzeniach zasilanych drganiami. 
Słowa kluczowe: pozyskiwanie energii, konwersja drgań, analiza naprężeń, układy nieliniowe
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Depending on the nature of the available energy 
sources, it becomes essential to select an appropriate 
energy conversion technology capable of operating 
efficiently under variable environmental conditions. 
One commonly used energy harvesting mechanism 
involves vibrating systems that convert mechani-
cal energy–originating, for example, from structural, 
machine, or ground vibrations–into electrical energy 
[14-16]. These harvesters may utilize piezoelectric, 
electromagnetic, or electrostatic phenomena, and their 
core functional element is typically a vibrating beam 
coupled with an appropriate energy conversion system 
[15,17,18].

The effectiveness of such harvesters largely de-
pends on their dynamic characteristics, particularly 
their ability to operate within the frequency range of 
environmental excitation [19,20]. Traditional linear 
resonant systems are efficient only within a narrow fre-
quency band near their resonance, which limits their 
practical application in real-world conditions, where 
excitation parameters–such as amplitude and frequen-
cy–often fluctuate or are difficult to predict [19].

To overcome these limitations, there is a growing 
interest in harvesters utilizing nonlinear resonance phe-
nomena. These solutions enable a broader operation-
al bandwidth, resulting in higher energy yield [2,21]. 
Nonlinear systems, thanks to the presence of elements 
such as nonlinear springs, mechanical stoppers, or non-
linear magnetic forces, can exhibit an expanded reso-
nance band along with phenomena such as bifurcations, 
hysteresis, and amplitude jumps [14,22]. This enables 
more efficient energy harvesting under variable excita-
tion without the need for active tuning to the changing 
frequency. Such characteristics are particularly desir-
able in autonomous devices, where external control or 
adaptation of operating parameters is not feasible.

However, the effectiveness of such devices de-
pends not only on their working principles but also on 
the appropriate design of structural components and 
the selection of suitable materials. In the case of min-
iature energy generators, a tailored design approach is 
required, in which the optimal matching of both ge-
ometry and material properties of energy-convert-
ing elements plays a critical role [23,24]. The vibrat-
ing beam, in particular, requires careful analysis, as 
its shape, stiffness, and stress distribution directly af-
fect the energy efficiency and stability of the system 
[1,13,25]. Material properties such as Young’s modu-
lus, damping, and density determine the beam's reso-
nance frequency and dynamic response under real op-
erating conditions [26,27].

This study aims to analyze how the geometry and 
material properties of a vibrating beam influence the 

performance of a nonlinear electromagnetic energy 
harvester. A numerical model of the system was devel-
oped, maintaining a constant beam length while opti-
mizing the cross-sectional dimensions of beams made 
from four different materials–carbon fiber, fiberglass, 
aluminum, and ABS–to achieve a uniform resonance 
frequency of 35 Hz. It is a value that represents a com-
promise between sources of vibrations of low frequen-
cy (on the order of several tens of hertz) and sourc-
es of vibrations with frequencies close to 50 Hz. By 
performing modal and dynamic simulations, the study 
evaluates how material selection affects displacement 
behavior, magnetic force, voltage output, and power 
generation under a consistent vibration acceleration 
level. Additionally, a comparative stress analysis un-
der identical tip displacements was conducted to as-
sess structural durability. Unlike previous research 
that focused predominantly on geometry or theoreti-
cal modeling, this work directly compares the mate-
rial-dependent trade-offs in identically tuned nonlin-
ear harvesters. The approach presented here provides 
a practical design framework for enhancing the effi-
ciency and mechanical reliability of energy harvesting 
systems, particularly in autonomous or battery-free 
applications.

Nonlinear Electromagnetic Energy 
Harvester

This study presents an electromagnetic vibration 
energy harvester consisting of a flat beam, yoke with 
permanent magnets, two parallel-connected coils, and 
additional permanent magnets (Fig. 1). Under the in-
fluence of external mechanical vibrations, the flat 
beam bends, inducing an electric voltage in the coils, 
which remain stationary relative to the yoke. The 
considered system operates based on the principle of 
nonlinear mechanical resonance. This means that the 
frequency response of the electromotive force in the 
coils depends on both the resonance frequency of the 
flat beam and the resonance frequency of the magnet-
ic suspension (formed by the magnets on the yoke and 
the additional magnets mounted on a support struc-
ture). The former frequency remains constant, while 
the latter depends on the displacement amplitude of 
the flat beam. As a result, it is possible to obtain fre-
quency response characteristics with a broad oper-
ational bandwidth, which increases with vibration 
acceleration.

To determine these characteristics, a computational 
model was proposed based on Timoshenko beam theo-
ry [28] and analytical formulas for calculating the inte-
gral parameters of the magnetic circuit [23,29]
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(1)	  

where: 
M, D and K – the global mass, damping, and stiffness ma-
trices, 
z – the vector containing the displacements and velocities 
of the beam nodes as well as the current flowing through 
the coils, 
b – the vector assigning external forces to the corresponding 
variables at the beam's tip node. 
The parameters m, avib, Fmag, Fe, g and t represent, respective-
ly, the mass of the yoke with permanent magnets, vibration 
acceleration, magnetic force (Fig. 2), electromotive force, 
gravitational acceleration, and time. This equation, coupled 
with the electrical circuit equation, is used to determine the 
frequency response characteristics of the analyzed system

(2)	

where Lc, Rc, i, λ, ζ and RL denote, respectively, the induct-
ance and resistance of the parallel-connected coils, the cur-
rent flowing in the electrical circuit, the magnetic flux link-
age (its derivative with respect to displacement is shown in 
Fig. 3), the displacement of the beam’s tip node, and the 
load resistance. The system is designed so that the resonance 
frequency of the flat beam is reached at higher vibration ac-
celeration levels. To achieve this, the additional permanent 
magnets must soften the beam's stiffness; thus, their polarity 
is oriented to attract the magnets mounted on the yoke. The 
resonance frequency of the beam can be determined from 
the following equation:

(3)	

where k is a beam stiffness.

Geometry optimization
In the design of mechanical vibration energy har-

vesting systems, tuning the dynamic characteristics to 
the operating conditions is of critical importance. One 
of the fundamental tools used to assess system behav-
ior under dynamic loading is modal analysis, which 
allows for the determination of the natural vibration 
frequencies and their corresponding mode shapes. In 
engineering practice, the most commonly used infor-
mation is the first natural frequency, which determines 
the maximum energy conversion efficiency in reso-
nant systems. Proper tuning of the system to the de-
sired resonance frequency requires precise adjustment 
of the geometric parameters and consideration of the 
material properties of the components.

This chapter presents the process of optimizing 
the geometric dimensions of the beam under the as-
sumption of constant length, in order to obtain a first 
resonance frequency of approximately 35 Hz (Fig. 4). 
The  calculations were performed for four different 
materials using modal analysis. Table 1 summarizes 
the basic material properties of the selected materials, 
while Table 2 compares the optimized cross-sectional 
dimensions of the beam for each case.

Fig. 1. System for converting mechanical energy into electrical energy 
using a mini-generator based on electromagnetic induction and non-
linear mechanical resonance

Fig. 2. Magnetic force as a function of the beam tip displacement

Fig. 3. Derivative of flux linkage depending on the beam tip displace-
ment
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Table 1. Materials parameters

Parameters Fiberglass Carbon fiber Aluminium ABS

Density [kg/m3] 2075 1580 2700 1070

Young Modulus [GPa] 12.28 130 70 2.28

Poission Ratio [-] 0.12 0.3 0.33 0.38

a) b)

c) d)

Fig. 4. Cross-sections of optimized beams made of the following ma-
terials: Fiberglass (a), Carbon fiber (b), Aluminium (c), ABS (d)

Table 2. Cross-sectional dimensions of the vibrating beam

Dimensions Fiberglass Carbon fiber Aluminium ABS

width a [mm] 16 7.4 13.1 14.7

thickness b [mm] 2.5 1.5 1.5 4.5

length l [mm] 75 75 75 75

In the presented case, the mechanical system of 
the energy harvester’s beam is analyzed under free vi-
bration conditions–that is, without considering exter-
nal forces or damping. For such a system, the classical 
equation of motion reduces to the so-called eigenvalue 
problem, which forms the basis of modal analysis [30]:

(4)	

This equation has non-trivial solutions only when 
the determinant of the system matrix equals zero, 
which leads to an eigenvalue problem. Solving this 
problem allows for the determination of discrete ei-
genvalues ω2

0i, and consequently, the corresponding 
natural frequencies ω0i . Each of these frequencies is 
associated with a unique mode shape Φ0i, which can be 
obtained from equation (4) for the given value of ω0i.

For each material, the optimized cross-sectional 
dimensions were determined, followed by the calcu-
lation of the corresponding first vibration mode and 
its associated natural frequency (Fig. 5.). The finite el-
ement mesh size was selected so that further refine-
ment did not lead to significant changes in the calcu-
lated natural frequency. The obtained results showed 
that, despite significant differences in material prop-
erties, an appropriate selection of geometry allows for 

achieving similar mode shapes. This confirms the ef-
fectiveness of the optimization approach in designing 
resonant vibration energy harvesters tailored to specif-
ic operating conditions.

a) b)

c) d)

Fig.5. First vibration mode shapes of the beam for different materials: 
Fiberglass (a), Carbon fiber (b), Aluminium (c), ABS (d)

Frequency Response Analysis
With the geometric parameters of the considered 

beams established, frequency response calculations 
were performed using the model defined by equations 
(1)–(2). These responses are obtained for an accelera-
tion signal with a constant root mean square (RMS) 
value and linearly varying frequency. Figure 6 shows 
the displacement envelopes as a function of vibration 
frequency (ranging from 10 to 45 Hz). As can be ob-
served, despite the identical resonance frequencies of 
the analyzed beams, their displacement characteristics 
differ. The higher the vibration acceleration, the more 
pronounced these differences become. The most simi-
lar responses were obtained for the fiberglass and car-
bon fiber beams, while the ABS beam shows a slightly 
larger deviation. The aluminum beam, however, ex-
hibits the most distinct displacement behavior com-
pared to the others.

Figure 7 illustrates the frequency characteristics of 
the voltage amplitude generated by the energy har-
vester with a load resistance of RL = 100Ω, evalu-
ated across different beam materials under identical 
operating conditions. As vibration acceleration in-
creases, the aluminum beam demonstrates a broad-
er operational frequency band, indicating its ability 
to maintain a response over a wider range of exci-
tation frequencies. However, this broader bandwidth 
comes at the cost of lower voltage output compared to 
the other materials. The voltage gap between the alu-
minum beam and the higher-performing composite 
beams–particularly carbon fiber and fiberglass–wid-
ens with increasing acceleration, reaching approxi-
mately 0.5 V at 7.5 m/s². This trade-off highlights the 
aluminum beam’s limited voltage efficiency despite 
its extended frequency response.

Figure 8 shows the output power characteristics ob-
tained across a resistive load of 100 Ω. The observed 

35.002 Hz 35.07 Hz

35.039 Hz 35.067 Hz
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trends are fully consistent with those presented in Fig-
ure 7 – given the quadratic relationship between volt-
age and power, it is possible to predict the output pow-
er values based on the voltage amplitude.

Figure 9 presents a comparison of voltage char-
acteristics depending on the direction of frequency 
sweep (increasing and decreasing), at a constant vi-
bration acceleration of 5 m/s². Differences in the posi-
tion and shape of the resonance peak can be observed 
depending on the sweep direction, indicating the pres-
ence of frequency hysteresis typical for systems with 
nonlinear stiffness.

Mechanical analysis
The mechanical analysis of the energy harvester 

system was conducted for beams made of different ma-
terials subjected to excitations with varying accelera-
tion levels, as shown in Figure 6. Particular attention 
was given to two key mechanical parameters: the maxi-
mum displacement at the beam tip and the correspond-

ing maximum stress occurring in critical cross-sectional 
regions. The analysis considered three vibration accel-
eration values: 2.5 m/s², 5 m/s², and 7.5 m/s². The sim-
ulation was conducted using static analysis, with one 
end fixed and the other displaced to reproduce the max-
imum displacement corresponding to the vibration ac-
celeration. The results are summarized in Table 3.

Despite similar deflections, significant differenc-
es in stress values are observed, which result directly 
from the mechanical properties of the applied materi-
als–primarily from Young’s modulus.

To enable a direct comparison of stress distribu-
tions arising solely from material and geometric dif-
ferences–independent of acceleration–an addition-
al numerical analysis was conducted, in which each 
beam was subjected to an identical yoke displace-
ment of 5 mm. This approach allowed for visualiza-
tion of the maximum stress values and their locations 
(Fig. 10).

Regardless of the material, the locations of max-
imum stress remain similar–they are concentrated 

Fig. 6. Frequency characteristics of envelope of beam tip displacement 
for different beam materials and acceleration of vibration – frequency 
sweep from 10 to 45 Hz

Fig. 7. Frequency characteristics of voltage amplitude for different 
beam materials and acceleration of vibration – frequency sweep from 
10 to 45 Hz

Fig. 8. Frequency characteristics of output power for different beam 
materials and acceleration of vibration – frequency sweep from 10 to 
45 Hz

Fig. 9. Frequency characteristics of voltage amplitude for different 
beam materials – rms value of vibration acceleration is equat to 5 m/s2
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in the clamping zone of the beam, which is a typical 
characteristic of cantilever systems operating under 
bending conditions. To evaluate the fatigue durabili-
ty of the beams under dynamic excitation, the maxi-
mum stress values obtained at the highest excitation 
level (acceleration of 7.5 m/s²) were compared with 
the typical fatigue limits for each material, as summa-
rized in Table 3. These reference values were adopted 
based on data available in the literature and experi-
mental studies [31-36] The analysis shows that stress-
es in the fiberglass beam remain well below its fatigue 
threshold, indicating safe long-term operation. In the 
case of carbon fiber, the stress level approaches the 
lower bound of the fatigue range, but with proper fiber 
orientation and laminate quality, the material can still 
be considered safe. In contrast, the stress levels in the 
aluminum and ABS beams reach or exceed common-
ly accepted fatigue limits, indicating a risk of fatigue 
failure under prolonged dynamic loading.

Conclusions
Based on the conducted study, it was found that 

the dynamic characteristics of the energy harvester 
system–including displacements, voltages, and out-
put power–differed significantly depending on the ma-
terial properties. In particular, systems with beams 
made of composite materials such as carbon fiber and 
fiberglass exhibited higher voltages and power out-
puts compared to beams made of aluminum or ABS, 
especially at lower acceleration levels. However, the 
aluminum beam demonstrated a broader frequency 
bandwidth within which relatively high voltage was 
generated.

The stress analysis revealed that, for identical 
beam tip displacements, there were substantial differ-
ences in the maximum stress values, primarily deter-
mined by the Young’s modulus of the material. The 
highest stresses were recorded in carbon fiber beams, 
while the lowest were observed in ABS beams, which 
was attributed to the varying thicknesses of the beam 
cross-sections. It has been shown that, taking the fa-
tigue limit into account, only the fiberglass beam has 
an adequate safety margin under the considered oper-
ating conditions.

In the next stage of research, the authors will focus 
on fatigue analysis of the considered beams.

Received: 30.09.2025, Accepted: 24.10.2025, Published: 24.11.2025

Table 3. Summary of stress values for different yoke displacements

Acceleration Beam 
materials

Max 
displacement 

[mm]

Max stress 
[MPa]

Typical 
Fatigue Limit 

[MPa]

2.5 m/s2

Fiberglass 3.14 26.64 ~100-150

Carbon fiber 3.24 166.55 ~400-800

Aluminium 3.07 90.185 ~97

ABS 3.2 12.3 ~15-25

5 m/s2

Fiberglass 5.63 47.76 ~100-150

Carbon fiber 5.66 290.95 ~400-800

Aluminium 5.45 160.1 ~97

ABS 5.62 21.6 ~15-25

7.5 m/s2

Fiberglass 7.55 64.05 ~100-150

Carbon fiber 7.58 389.64 ~400-800

Aluminium 7.4 217.38 ~97

ABS 7.55 29.02 ~15-25

Fiberglass

Carbon fiber

Aluminium

ABS

Fig. 10. Stress values for a yoke displacement of 5 mm
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