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1. Introduction 

 
The Internet of Things (IoT) market is developing with 

rapidly increasing active IoT devices (Majumder et al. 
2018, Khosravani and Reinicke 2020, Rehman et al. 2024, 
Mamun and Yuce 2019, Li et al. 2020, Rigo et al. 2024). 
Powering IoT devices will be a big challenge shortly. Green 
and self-powered IoT needs to eliminate disposable 
batteries. While most available vibration sources are found 
at frequencies below 200 Hz, self-powered vibration 
sensors show promise as a solution for wireless sensor 
nodes (Roundy et al. 2003). Electromechanical transducers 
such as piezoelectric (Li and Lee 2022, Liang et al. 2021, 
Habib et al. 2022, Trentadu et al. 2019, Mishra et al. 2020), 
electromagnetic (Muscat et al. 2022), and electrostatic (Yan 
et al. 2021) act as self-powered vibration sensors. 
Electromechanical transducers convert vibration to 
electrical energy, and simultaneously, the output of the 
transducer is the readout of an event of interest. The 
piezoelectric transducers are low-cost, small-size, no-heat 
generation electromechanical transducers 
(Shirvanimoghaddam et al. 2019, Pecunia et al. 2023, 
Hadidi and Hassanzadeh 2023). 

Piezoelectric transducers use the direct piezoelectric 
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effect to convert vibration to electric charges or an AC 
voltage. Eq. (1) describes the direct piezoelectric effect 

 𝐷 = 𝑑𝑇 + 𝜀𝐸 (1)
 
D is the electric displacement, T and E are the stress and 

electric field, and d and ε are the direct piezoelectric 
coefficient and permittivity (Covaci and Gontean 2020). 

Piezoelectric transducers suffer from narrow bands, low 
power density, and physical uncertainty, such as inherent 
variability in material properties and manufacturing 
tolerances, which impact the resonance frequency. Recent 
studies have focused on developing frequency-tuning 
techniques and exploring the tuning effects on power 
density (Liu et al. 2023, Yoon and Youn 2018, Qin et al. 
2019). The literature primarily concentrates on tuning 
techniques for vibration piezoelectric energy harvesters to 
maximize output power. Both the piezoelectric energy 
harvester and the self-powered piezoelectric sensor exploit 
the direct piezoelectric effect. Specifically, the piezoelectric 
sensor measures vibration, and the sensor’s output serves as 
the readout of an event. Researchers have adjusted the mass 
and stiffness of piezoelectric transducers to tune their 
resonance frequency. Huet et al. (2022) have developed a 
tunable piezoelectric harvester for wireless sensor nodes 
(WSN) to adapt the piezoelectric transducer to the vibration 
source. The coarse tuning is achieved by the mass weight, 
and fine-tuning by mobile clamping. Using a tip mass of 3.9 
grams, moving the clamp position changes the resonance 
frequency from 100.8 Hz to 123.1 Hz. In the tuning range, 
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the power density sharply decreases from 406 µW/cm3 for 
an optimal load resistance of 31 kΩ to 19 µW/cm3 with an 
optimal load resistance of 26 kΩ, under an input 
acceleration of 0.5 g (g = 9.8 m/s2). Dong et al. (2022) have 
proposed an enhanced piezoelectric harvester based on a 
dual-mass configuration for track vibration. The dual-mass 
configuration uses a typical tip mass and an additional 
middle mass to change the resonance frequency. The 
position of the middle mass is used for fine-tuning, and the 
mass weight to coarse adjustment. The middle mass 
position adjusts the resonance frequency from 720 Hz to 
725 Hz, increasing the power density by 32%. Wang et al. 
(2021) have introduced an intelligent piezoelectric vibration 
energy harvesting device to achieve frequency self-tracking. 
The moving of a sliding mass on the longitudinal holes of a 
cantilever beam fine-tunes the resonance frequency from 6 
Hz to 9 Hz. In the adjustment range, the power density 
reduces from 33 mW/cm2 to 14.4 mW/cm2 for a 1.3 g 
acceleration level. Shi et al. (2021) have presented a 
vibration energy harvester based on zigzag piezoelectric 
springs actuated by a rolling ball. The spring length and the 
ball weight adjust the natural frequency from 2.3 Hz to 4.7 
Hz and 1.5 Hz to 3 Hz, respectively. In the 1 Hz to 4 Hz 
range, the maximum power density is 7.5 µW/cm3 for a 
load resistance value of 5.1 kΩ. Sosna et al. (2023) have 
proposed a tunable vibration energy harvester using two 
magnets. The magnetic gap between magnets creates a 
nonlinear magnetic stiffness that tunes the frequency 
response from 20 Hz to 65 Hz by adjusting the magnet 
separation from 9 mm to 1 mm. In the tuning range, the 
power density decreases from 0.56 mW/cm3 to 0.26 
mW/cm3 for an optimal load resistance of 76 kΩ and an 
input acceleration of 0.5 g. Ganapathy et al. (2021) have 
introduced a hybrid energy harvester based on the 
piezoelectric effect that uses a triboelectric layer and two 
magnets. The triboelectric surface area alters the effective 
mass, and magnets change stiffness. Increasing the surface 
area from 3 cm2 to 9 cm2 reduces the resonance frequency 
from 52 Hz to 50 Hz. The 1.5X magnetic stiffness reduces 
the resonance frequency from 54 Hz to 38 Hz. The 
maximum output power is 659 µW at 44 Hz at 180 kΩ, and 
the minimum at 54 Hz is about 350 µW. Le Scornec et al. 
(2020) have investigated the effect of the mass position on a 
piezoelectric energy harvester performance. The distance 
between mass and clamp, from 7.5 cm to 4 cm, changes the 
resonance frequency from 9.9 Hz to 16 Hz. Tuning the 
resonance frequency reduces the maximum extracted power 
from 127 µW to 72 µW for a constant acceleration of 1 g at 
an optimal load resistance of about 250 MΩ. 

Using multi-electrodes instead of a monolithic electrode 
realizes a tunable piezoelectric transducer (Stewart et al. 
2012). Hadidi and Hassanzadeh (2024) have presented an 
electrode-based method to maximize the output power of a 
piezoelectric vibration energy harvester. Due to charge 
redistribution in piezoelectric transducer, halving the 
electrode length maximizes the extracted power. 

In this paper, configurable electrodes tune the resonance 
frequency of a piezoelectric vibration sensor. The proposed 
technique can improve the sensor voltage sensitivity and 
power density. The paper is structured as follows. In section 

2, the sensor principle is described. Section 3 proposes a 
novel tunable piezoelectric vibration sensor and 
theoretically analyzes the effects of the tuning mechanism 
on the resonance frequency, linearity, voltage sensitivity, 
and output power. A connection configuration circuit is 
proposed for controlling the electrodes in section 3.4. 
Section 4 studies simulation and experimental results and 
compares the proposed sensor with previous works. The last 
section presents the paper conclusion. 

 
 

2. Sensor principle 
 
Fig. 1(a) shows a piezoelectric vibration sensor 

consisting of a substrate, a piezoelectric layer, and 
monolithic electrodes. Fig. 1(b) illustrates a mechanical 
model of the vibration sensor, in which M and K are the 
mass and stiffness, and c is the damping coefficient. The 
piezoelectric sensor uses the direct piezoelectric effect, 
converting vibration to an output voltage. According to the 
Hamilton principle, motion equations for the piezoelectric 
vibration sensor are as follows (Xu and Tang 2015, Lee and 
Moon 1990) 

 𝑀𝑞ሷ + 𝑐𝑞ሶ + 𝐾𝑞 + 𝑘ଵ𝜈 = 𝐹 (2a)
 𝐶௣𝜐ሶ + 𝜐𝑅௅ + 𝑘ଵ𝑞ሶ = 0 (2b)
 
q and v represent the sensor displacement and output 

voltage. RL and Cp denote the load resistance and 
piezoelectric capacitance across the electrodes. k1 indicates 
the electromechanical coupling term. F is the excitation 
force. The voltage amplitude (𝑉෨ ) is obtained by solving Eq. 
(2) 

 𝑉෨ = 𝑀𝑟𝛺𝑘௘𝐹෨𝑖𝐶௣൫ሺ𝑟𝛺𝑖 + 1ሻሺെ𝛺ଶ + 𝜍𝛺𝑖 + 1ሻ െ 𝑘௘ଶ൯ (3a)

 𝜔௡ = 𝐴௡𝑙ଶ ඨ𝐾𝑀 , 𝛺 = 𝜔𝜔௡ , 𝜍 = 𝑐√𝐾𝑀 (3b)

 𝑟 = 𝑅௅𝐶௣𝜔௡, 𝑘௘ଶ = 𝐶௣ 𝑘ଵଶ𝐾  (3c)
 𝐹෨ indicates the force amplitude. ωn, Ω, and ς represent 

the natural frequency, dimensionless excitation frequency, 
and mechanical damping ratio. An is the constant 
proportional to the nth natural frequency. l is the cantilever 
length. r and ke denote non-dimensional load resistance and 
electromechanical coupling coefficient. 

 
 

3. Proposed tunable piezoelectric vibration sensor 
 
The self-powered tunable piezoelectric vibration sensor 

based on stress distribution is shown in Fig. 2(a). The 
tunable sensor consists of a substrate, a piezoelectric layer, 
and multiple electrodes coated on the piezoelectric layer. 
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(a) (b)

Fig. 1 (a) Conventional piezoelectric vibration sensor; 
(b) Mechanical model 

 
 

 
(a) (b)

Fig. 2 (a) Tunable piezoelectric vibration sensor; 
(b) Mechanical model

 
 
The sensor’s frequency response is adjusted by turning 

electrically OFF configurable electrodes, as the electrodes 
experience varying stress levels in different positions. The 
stress level diminishes along the beam’s length, from the 

 

 
fixed end to the free end of the cantilever beam, and 
maximum stress occurs when all electrodes are 
activated.The stress level changes the effective stiffness 
(Keff) shown in the mechanical model in Fig. 2(b). Altering 
the stiffness tunes the natural frequency of the vibration 
sensor as follows (Erturk and Inman 2008, ANSI/IEEE Std 
176-1987 1987) 

 𝑓௡ = 𝐴௡2𝜋𝑙ଶ ඨ𝐾𝑀 = 𝐴௡2𝜋𝑙ଶ ඨ𝐾௦ + 𝐾௣𝑀 = 𝐴௡2𝜋𝑙ଶ ඨ𝑌௦𝐼௦ + 𝑌௣𝐼௣𝑀 (4)

 
Y and I represent Youngʼs modulus and moment of 

inertia. YsIs and YpIp denote the substrate bending stiffness 
and piezoelectric bending stiffness, in which the 
piezoelectric Youngʼs modulus is 

 𝑌௣ = ሺ𝑠ଵଵா െ 𝑑ଷଵ𝑔ଷଵሻିଵ (5a)
 𝑔ଷଵ = 𝑑ଷଵ 𝑏𝑙

ℎ𝐶௣ (5b)

 𝑠ଵଵா  is the elastic compliance component. d31 and g31 
represent the piezoelectric charge constant and piezoelectric 
voltage constant. The b, l, and h indicate the piezoelectric 
layer width, length, and thickness. Cp is the piezoelectric 
capacitance. 

Fig. 3 Stress effect on the natural frequency
 
 
The elastic compliance component and piezoelectric 

constants are defined in Eq. (6) for low stress levels (Meeks 
and Timme 1975, Gusarov et al. 2016). 

 𝑠ଵଵா = 𝑠ଵଵா |௱்ୀ଴ + 𝛼 𝑇 + 𝛽 𝑇ଶ = 𝑠ଵଵா ሺ0ሻ + 𝛾ሺ𝑇ሻ (6a)
 𝑔ଷଵ = 𝑔ଷଵ|௱்ୀ଴ + 𝛼 𝑇 + 𝛽 𝑇ଶ = 𝑔ଷଵሺ 0ሻ + 𝛾ሺ𝑇ሻ (6b)
 𝑑ଷଵ = 𝑑ଷଵ|௱்ୀ଴ + 𝛼 𝑇 + 𝛽 𝑇ଶ = 𝑑ଷଵሺ0ሻ + 𝛾ሺ𝑇ሻ (6c)
 𝛾ሺ𝑇ሻ = 𝛼 𝑇 + 𝛽𝑇ଶ. T represents the stress level. α and β 

are constant coefficients and can be determined by the 
Rayleigh law (Damjanovic and Demartin 1996). According 
to Eqs. (4)-(6), the effective natural frequency can be 
rewritten as 

 

 
Fig. 3 shows the effect of the stress level on the natural 

frequency. Increasing the stress level from 0 to 5 MPa 
changes the natural frequency by about 1.5 Hz. Therefore, 
configurable electrodes change the stress level to adjust the 
effective natural frequency expressed in Eq. (7). The 
frequency tuning range (FTR) of the proposed sensor is 
defined in Eq. (8) 

 𝐹𝑇𝑅 = 𝑓௡ሺ𝑚𝑎𝑥ሻ|்ୀ௠௜௡ െ 𝑓௡ሺ𝑚𝑖𝑛ሻ|்ୀ௠௔௫ (8)
 
The stress level and natural frequency have an inverse 

relationship: minimum stress results in maximum natural 
frequency, while maximum stress leads to minimum natural 
frequency. The following sections explore how turning the 
electrodes off affects sensor linearity, voltage sensitivity, 
and output power. 

 
3.1 Sensor linearity 
 
This section analyzes the stress effect on the linearity of 

a segmented beam with electrodes. Using the Bubnov–
Galerkin method, the beam defection, w(x, t), is expressed 
as a summation of eigenfunctions, which involves the 
products of generalized displacements, qr(t), with the 
corresponding orthogonal basis functions, φr(x) (Patel et al. 
2014, Shahabi et al. 2019) 

𝑓௡,௘௙௙ሺ𝑇ሻ = 𝐴௡2𝜋𝑙ଶ ඨ𝐾௘௙௙𝑀 = 𝐴௡ ቂ𝑌௦𝐼௦ + ൫ሺ𝑠ଵଵா ሺ0ሻ + 𝛾ሻ െ ሺ𝑔ଷଵሺ0ሻ + 𝛾ሻሺ𝑑ଷଵሺ0ሻ + 𝛾ሻ൯ିଵ𝐼௣ቃభమ2𝜋𝑙ଶ𝑀భమ  (7)
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𝑤ሺ𝑥, 𝑡ሻ = ෍ 𝜑௥ሺ𝑥ሻ 𝑞௥ሺ𝑡ሻ௠
௥ୀ଴  (9)

 
The nonlinear equation of the beam motion near the 

fundamental frequency is 
 𝑀𝑞ሷ + 𝑐𝑞ሶ + 𝐾𝑞 + 𝐾ଵ𝑞ଷ + 𝐾ଶ𝑞ହ = 𝐹 (10a)
 𝐾ଵ = 𝜆ଵ න 𝜑ሾ𝜑ሷ ଶ𝜑 + 2𝜑ሷ 𝜑⃛ଶሿ௟

଴ 𝑑𝑥 (10b)

 𝐾ଶ = 𝜆ଶ න 𝜑ሾ6𝜑ሷ ଷ𝜑⃛ଶ + 𝜑ሷ ସ𝜑ሿ௟
଴ 𝑑𝑥 (10c)

 
K1 and K2 are nonlinear coefficients. λ1 and λ2 achieve a 

constant magnitude in the steady-state vibration of the 
sensor. l is the beam length. The beam function for the rth 
section’s motion of the segmented beam is 

 𝜑௥ሺ𝑥ሻ = 𝑎 𝑠𝑖𝑛 ൬𝛿௥𝑥𝑙௥ ൰ + 𝑏 𝑐𝑜𝑠 ൬𝛿௥𝑥𝑙௥ ൰                 +𝑐 𝑠𝑖𝑛ℎ ൬𝛿௥𝑥𝑙௥ ൰ + 𝑑 𝑐𝑜𝑠ℎ ൬𝛿௥𝑥𝑙௥ ൰ 
(11)

 
a, b, c, and d represent constants determined using 

boundary conditions. x denotes the distance from the left 
side of the electrode, and lr is the electrode length. δr can be 
defined as 𝛿௥ = ሺ𝜔௡ሻభమ𝑙௥ ൬𝜌௥𝐴௥𝑌௥𝐼௥ ൰భర

 (12)

 
YrIr, Ar, and ρr are the bending stiffness, cross-sectional 

area, and mass density of the rth section of the segmented 
beam. By substituting Eqs. (5)-(6) into Eq. (12) and 
assuming lr = l 

 
Fig. 4 depicts the relationship between δ and stress 

level. Decreasing the stress level negligibly reduces δ from 
2.856 to 2.839 by about 0.017, as shown in Fig. 4. Even 
though turning OFF electrodes decreases the stress level, it 
slightly decreases nonlinear coefficients (K1 and K2) as 
described in Eq. (10). Therefore, the tuning mechanism 
preserves the sensor linearity. 

 
3.2 Voltage sensitivity 
 
In the proposed multi-electrodes piezoelectric sensor, 

the generated charge across the rth electrode is expressed in 
Eq. (14) (Stewart et al. 2012, Hadidi and Hassanzadeh 
2024, Du et al. 2017). 

 𝑄௥ = න െℎ𝑏𝑑ଷଵ 𝐹෨ 𝑠𝑖𝑛ሺ𝜔଴𝑡ሻ𝐼 ൬ 12𝑙 𝑥ଶ െ 𝑥 + 12 𝑙൰ 𝑑𝑥௑ೝ௑ೝషభ (14a)

Fig. 4 Stress effect on δ 
 
 𝐼 = 𝑏ሺℎ + 𝐻ሻଷ12  (14b)
 
lr = Xr – Xr-1 is the rth electrode length. 𝐹෨ and ω0 are the 

amplitude and angular frequency of the excitation force. I 
represents the second moment of area. l, b, and h are the 
piezoelectric length, width, and thickness. H is the substrate 
thickness. Therefore, the piezoelectric current of the rth 
electrode (Ir) is 

 𝐼௥ = 𝑑𝑄௥𝑑𝑡 = 𝐼଴௥ 𝑐𝑜𝑠ሺ𝜔଴𝑡ሻ= 𝜔଴ න െℎ𝑏𝑑ଷଵ 𝐹෨𝐼 ൬ 12𝑙 𝑥ଶ െ 𝑥 + 12 𝑙൰ 𝑑𝑥௑ೝ௑ೝషభ 𝑐𝑜𝑠ሺ𝜔଴𝑡ሻ (15a)

 𝐼଴௥ = െℎ𝑏𝑑ଷଵ 𝐹෨𝜔଴𝐼 න ൬ 12𝑙 𝑥ଶ െ 𝑥 + 12 𝑙൰ 𝑑𝑥௑ೝ௑ೝషభ  (15b)

 
So, the voltage across the rth electrode (Vr) is 
 𝑉௥ = ൫𝑍௥ ∥ 𝑅௅ିை௣௧.൯𝐼଴௥ (16a)
 

 
 𝑍௥ = 𝑅௥ ∥ 1𝜔଴𝐶௣௥ = 𝜌 ℎ𝑏𝑙௥ ∥ ℎ𝜔଴𝜀𝑏𝑙௥ (16b)

 𝑅௅ିை௣௧ ൎ 1𝜔଴𝐶௣௧ (16c)

 
ε is the permittivity. ρ represents the electrical resistivity 

of piezoelectric material. RL-Opt is the optimal load 
resistance. Cpr denotes the piezoelectric capacitance across 
the rth electrode, and Cpt represents the equivalent 
piezoelectric capacitance. Eq. (16c) indicates changing the 
equivalent piezoelectric capacitance by turning off 
electrodes alters the optimal load resistance. 

 
3.3 Output power 
 
Considering Eqs. (15)-(16), the power generated by the 

piezoelectric transducer covered by the rth electrode is 

𝛿ሺ𝑇ሻ = ሺ𝜔௡ሻభమ𝑙൫𝜌௦𝐴௦ + 𝜌௣𝐴௣൯భరቂ𝑌௦𝐼௦ + ൫ሺ𝑠ଵଵா ሺ0ሻ + 𝛾ሻ െ ሺ𝑔ଷଵሺ0ሻ + 𝛾ሻሺ𝑑ଷଵሺ0ሻ + 𝛾ሻ൯ିଵ𝐼௣ቃభర (13)
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Fig. 5 Effect of the electrode position on the normalized 
generated charge, voltage, and power 

 
 

(Stewart et al. 2012, Hadidi and Hassanzadeh 2024, Du et 
al. 2017) 𝑃௥ = 12 ൫𝑍௥ ∥ 𝑅௅ିை௣௧൯𝐼଴௥ଶ  (17)

 
According to Eqs. (14)-(17), Fig. 5 shows the impact of 

the electrode position (Xr) on the normalized generated 
charge, voltage, and power when Xr-1 = 0 and lr(min) = 10 
mm. Considering Q = d31T, the generated charge close to 
the free end is small due to the low-stress level. The 
maximum charge occurs in the monolithic electrode (Xr-1 = 
0 and Xr = 100 mm). Turning OFF electrodes increases the 
normalized generated voltage from 0.37 to 1. Maximum 
power density happens in lr = 44 mm (Xr-1 = 0 and Xr = 44 
mm). Therefore, the tuning mechanism can enhance the 
output power and voltage sensitivity. 

 
3.4 Connection configuration circuit 
 
Fig. 6 illustrates the proposed connection configuration 

circuit for controlling the electrodes. The electrodes 
modeled by a current source in parallel with internal 
piezoelectric capacitance are configured by three MOSFET 
Switches. The optimal load resistance is determined by the 
equivalent piezoelectric capacitance. The amplitude of rth 
current source is obtained by Eq. (15b) (Hadidi and 
Hassanzadeh 2024). 

 
 

Fig. 6 Proposed connection configuration circuit
 

(a) 
 

(b) 

Fig. 7 Tunable piezoelectric sensor in COMSOL 
Multiphysics: (a) Structure; (b) Under stress

 
 
The control circuit is simulated using TSMC’s 0.18 µm 

CMOS technology parameters, with the following 
assumptions: ℎ௕ௗయభி෨ఠబூ = 𝐼଴ = 1 𝑚𝐴, C1 = C2 = C3 = 50 nF, 
and f0 = 120 Hz. Table 1 compares the output power with 
the power consumption of switches in turn-on and turn-off 
modes. Thanks to a high d31 value (274 pC/N) and large 
switches (1000 × (2 µm/0.2 µm)), the power consumption 
of the switches is minimal compared to the output power. 

 
 

Table 1 Power distribution in the connection configuration 
circuit 

Switch State Power consumption Output power

S1 
Turn-on 7.6 µW 

835 µW 
Turn-off 68 nW 

S2 
Turn-on 826 nW 

108 µW 
Turn-off 6.2 nW 

S3 
Turn-on 17 nW 

4.3 µW 
Turn-off 0.9 nW 

 
 

Table 2 Mechanical properties and dimensions of the 
piezoelectric sensor 

Properties Materials Symbol Value 

Youngʼs modulus 
(GPa) 

PZT-5H 
Y 

67 
FR4 22 

Mass density 
(kg/m3) 

PZT-5H 
ρ 

7500 
FR4 1900 

Length 
(mm) 

PZT-5H 
l 120 

FR4 

Width 
(mm) 

PZT-5H 
b 50 

FR4 

Thickness 
(mm) 

PZT-5H h 0.5 
FR4 H 2.5 
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Fig. 8 Frequency response for different electrode 
configurations 

 
 

4. Results 
 
4.1 Simulation results 
 
This section explores the impact of the tuning 

mechanism on the resonance frequency, voltage sensitivity, 
 
 

 
 

 

Fig. 9 Output power versus load resistance for different 
electrode configurations 

 
 

and output power. Fig. 7(a) shows the tunable three-
segment piezoelectric sensor in the COMSOL environment. 
Fig. 7(b) shows the stress distribution in the cantilever 
beam, ranging from 0 to approximately 3.5 MPa. Table 2 
provides the mechanical properties and dimensions of the 
proposed sensor. The frequency response for different 
 
 

 
 

Table 3 Main characteristics of the vibration sensor at optimal load resistance for different electrode 
modes 

Modes Schematic fr 
(Hz) 

-3 dB Bandwidth
(Hz) 

Voltage sensitivity
(V/g) 

Output power 
(mW) RL-opt 

111 
 

116.9 111.8 - 122 7.47 6.98 4 kΩ 

110 
 

117.4 111.7 – 123.2 9.65 7.76 6 kΩ 

101 
 

117.35 112.6 – 122.1 8.67 6.2 6 kΩ 

011 
 

120.7 116.7 – 124.8 4.59 1.76 6 kΩ 

100 
 

118.2 112.3 – 124.1 13.62 7.73 12 kΩ 

010 
 

120.8 116.7 – 125.1 7.85 2.56 12 kΩ 

001 
 

121.4 117.6 – 125.2 1.13 0.053 12 kΩ 
 

(a) (b) 

Fig. 10 Impact of length and thickness on the tuning range: (a) Length; (b) thickness ratio (h/H) 
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electrode configurations is shown in Fig. 8. The presented 
method increases the resonance frequency from 116.9 Hz to 
121.4 Hz, with a tuning range of 4.5 Hz. When electrode 1 
is ON (modes 111, 110, 101, and 100), the voltage 
sensitivity ranges from 7.47 V/g to 13.62 V/g. V/g indicates 
the generated voltage when the acceleration is 1 g (g = 9.8 
m/s2). Turning off electrode 1 decreases the voltage 
sensitivity to 4.59 V/g in mode 011, and turning 
simultaneously off electrode 3 increases it to 7.85 V/g in 
mode 010. Fig. 9 displays output power versus the load 
resistance for different electrode configurations. When 
electrode 1 is ON, the minimum output power is 6.2 mW 
for a 1 g input excitation level. When electrode 1 is OFF 
(modes 011 and 010), output power drops to the minimum 
of 1.76 mW. In mode 001, the output power reduces to 53 
µW. In Table 3, the resonance frequency, -3 dB bandwidth, 
voltage sensitivity, and output power of the proposed 
vibration sensor for electrode modes are detailed. All modes 
except mode 001 exhibit high voltage sensitivity and output 
power. The influence of length and thickness on the tuning 
range is shown in Fig. 10. In Fig. 10(a), the tuning range 
increases from 1.8 Hz to 8.6 Hz by halving the length. 
Decreasing the thickness ratio from 0.6 to 0.2 increases the 
tuning range from 1 Hz to 4.5 Hz, as shown in Fig. 10(b). 
The thickness ratio is the piezoelectric thickness (h) divided 
by the substrate thickness (H). Therefore, split electrodes 
can tune the resonance frequency of the piezoelectric 
vibration sensor. 

 
 

 
 

4.2 Experimental results 
 
Fig. 11 illustrates the measurement setup, which 

includes the tunable piezoelectric sensor, a GW INSTEK 
AFG-2225 function generator, and a GW INSTEK GDM-
8145 multimeter. Three PZT-5H piezoelectric elements are 
mounted on a FR4 substrate to fabricate the tunable 
piezoelectric sensor. Fig. 12(a) compares the resonance 
frequency for different electrode configurations in 
experimental and simulation results. In experimental and 
simulation results, turning off the electrodes increases the 
resonance frequency by about 2.5 Hz and 4.6 Hz, 
respectively. The error in the resonance frequency 
measurement in the experiment compared to simulation 
results is shown in Fig. 12(b). The error defined in Eq. (18) 
is less than 1% for all modes. Fig. 13 shows the normalized 
voltage sensitivity and power density for different electrode 
configurations in simulation and experimental results. The 
normalized response is obtained by dividing the output 
amplitude by the maximum amplitude. The maximum 
voltage sensitivity and power density occur in mode 100 for 
both simulation and experimental results, as shown in Fig. 
13. The power density increases in modes 101, 110, and 100 
compared to the monolithic electrode (Mode 111) in both 
simulation and experimental results, shown in Fig. 13(b). 
Turning off electrode 1 decreases the power density 
compared to mode 111 in simulation and experimental 
results. In all modes, experimental results align with 

 
 

 
 

(a) (b) 

Fig. 11 (a) Measurement setup; (b) schematic

(a) (b) 

Fig. 12 (a) Resonance frequency for different electrode configurations; (b) error 
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simulation results. In modes 111 and 110, an acceptable 
error in the output voltage measurement is observed, as 
shown in Fig. 13(a). As illustrated in Fig. 13(b), the error in 
output voltage causes discrepancies in output power for 
modes 111 and 110. Table 4 compares the proposed tunable 
sensor with previous works. In Table 4, power density is 
calculated by dividing the output power per total device 
volume, including proof masses and the interface circuit. 
Dong et al. (2022), Wang et al. (2021), Ganapathy et al. 
(2021), and Le Scornec et al. (2020) present frequency-
tuning mechanisms based on mass, while Ganapathy et al. 
(2021) use the magnetic effect to adjust the resonance 
frequency by changing the stiffness. Huet et al. (2022) and 
Shi et al. (2021) exploit non-conventional methods to tune 
the resonance frequency that severely reduces the power 
density. The proposed tuning mechanism fine-tunes the 
resonance frequency and increases the power density when 
electrode 1 is ON. Unlike previous works, the proposed 
tunable sensor does not use a magnet or an auxiliary mass 
and can resolve the physical uncertainty challenge of 
piezoelectric vibration sensors. 
 

 
 

 
 
 𝐸𝑟𝑟𝑜𝑟 = |𝑉𝑎𝑙𝑢𝑒ሺ𝐸𝑥𝑝ሻ െ 𝑉𝑎𝑙𝑢𝑒ሺ𝑆𝑖𝑚ሻ|𝑉𝑎𝑙𝑢𝑒ሺ𝑆𝑖𝑚ሻ ൈ 100 (18)

 
 

5. Conclusions 
 
This paper proposes a self-powered tunable 

piezoelectric vibration sensor based on stress distribution. 
Unlike conventional mechanisms, the proposed tunable 
sensor uses split electrodes and does not need a magnetic 
effect or a separate mechanical system to adjust the 
resonance frequency. The configurable electrodes vary the 
stress level to change the resonance frequency. The 
resonance frequency changes from 116.9 Hz to 121.4 Hz. 
The maximum power density is 430 µW/cm3 at 117.4 Hz, 
with an optimal load resistance of 6 kΩ and an input 
acceleration of 1 g. At 121.4 Hz, mode 001, the voltage 
sensitivity and power density are limited to 1.13 V/g and 
approximately 3 µW/cm3, respectively, indicating minimum 
values within the tuning range. A length of 90 mm and a 
thickness ratio of 0.2 expand the tuning range up to 8.6 Hz. 
The new mechanism can tune the resonance frequency, 

(a) (b) 

Fig. 13 Normalized response for different electrode configurations: (a) Voltage sensitivity; (b) power density

Table 4 Comparison of the proposed tunable sensor with previous works 

Reference Technique Geometric 
dimension 

Tuning range
(Hz) 

Minimum 
power density 

Maximum 
power density 

Huet et al. (2022) Mobile clamping 9.7 cm × 4.5 cm
× 2.7 cm 100.8-123.1 19.18 µW/cm3* 

(0.5 g, 31 kΩ) 
401 µW/cm3* 
(0.5 g, 26 kΩ) 

Dong et al. (2022) Position tuning of middle mass - 720-725 - - 
Wang et al. (2021) Sliding mass - 6-9 - - 

Shi et al. (2021) Zigzag piezoelectric springs 
actuated by a rolling ball 

27 cm × 8 cm 
× 3.5 cm 1-4 - 7.5 µW/cm3* 

(0.5 g, 5.1 kΩ) 

Ganapathy et al. 
(2021) Hybrid - 38-54 - - 

Le Scornec et al. 
(2020) Mobile mass 1.82 cm2 9.9-16 94.5 µW/cm3* 

(1 g, 280 MΩ) 
166.7 µW/cm3* 

(1 g, about 200 MΩ) 

This work Stress distribution 18 cm3 116.9-120.8 100 µW/cm3 
(1 g, 6 kΩ) 

430 µW/cm3 
(1 g, 6 kΩ) 

 

*Calculated 

334



 
A self-powered magnet-less tunable piezoelectric vibration sensor based on 

achieve self-powered functionalities, and enhance voltage 
sensitivity compared to the conventional sensor. 
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