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Autonomous wireless sensor networks (WSNs) have been identified as playing a crucial role in monitoring 
applications in hard-to-access and industrial environments. This study presents a comprehensive investigation 
of multi-piezoelectric configurations, including series, parallel, and hybrid configurations, for vibration-based 
energy harvesting in wake-up receiver (WuRx) nodes, with a particular focus on the gearbox of bucket wheel 
excavators. A novel analytical model has been developed to predict the electrical behaviour and power output of 
identical piezoelectric elements under various connection schemes and operating conditions. The experimental 
validation of the model yielded maximum deviations of 14% in the load power and 9% in the impedance 
estimates, thereby underscoring the model’s reliability. A total of ten distinct configurations were evaluated, 
each comprising four piezoelectric elements. The four-in-parallel (0S4P) arrangement was found to demonstrate 
superior performance by enabling supercapacitor power peaks of 75mW, representing the peak instantaneous 
power stored in the capacitor and sustained over 240ms. These outcomes emphasise the potency of optimised 
piezoelectric configurations in facilitating autonomous, self-su�icient WuRx-enabled sensor nodes. The findings 
offer critical insights for designing resilient, energy-autonomous WSNs tailored for predictive maintenance and 
monitoring in high-vibration industrial environments.

1. Introduction

In recent times, there has been a notable increase in the deployment 
of sustainable wireless sensor networks (WSNs) within a variety of moni
toring applications. This is largely attributable to their capacity to gather 
data from remote or inaccessible regions without the requirement for 
wired connections. In the domain of environmental monitoring, these 
devices play a pivotal role. They are utilised to monitor parameters such 
as temperature, humidity, air and water quality, and pollution levels in 
various ecosystems, including forests, oceans, and urban environments 
[1]. In the domain of smart agriculture, WSNs facilitate precision farm
ing through the monitoring of soil moisture, temperature, and plant 
health. This assists in optimising irrigation, controlling pests, and en
hancing yields while conserving resources [2].

In smart cities, WSNs facilitate real-time data collection and commu
nication across urban systems, enhancing efficiency, sustainability, and 

* Corresponding author.
E-mail addresses: lydia.schott@htwk-leipzig.de (L. Schott), ghada.bouattour@leuphana.de (G. Bouattour), robert.fromm@htwk-leipzig.de (R. Fromm), 

florian.strakosch@htwk-leipzig.de (F. Strakosch), olfa.kanoun@etit.tu-chemnitz.de (O. Kanoun), faouzi.derbel@htwk-leipzig.de (F. Derbel).

resource management to meet long-term social, economic, and environ
mental objectives [3]. In the field of healthcare, wireless sensors have 
been utilised for the purpose of monitoring vital signs, patient mobility, 
and environmental conditions. This is facilitated through the utilisation 
of wearable devices that are equipped with the capability to transmit the 
gathered data to designated user applications. This approach enables 
remote monitoring, which is a significant advancement in healthcare 
monitoring and management.

WSNs have also been employed for indoor localisation, with the 
purpose of tracking objects or people within buildings. This has been 
demonstrated to facilitate warehouse logistics and indoor navigation 
[4]. In industrial contexts, these sensors facilitate predictive mainte
nance by monitoring parameters such as temperature, pressure, and 
vibration, thereby reducing downtime and enhancing safety [5].
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Fig. 1. Illustration of wireless sensors and vibration-based energy harvester in an excavator gearbox. 

However, despite these advantages, WSN devices are confronted 
with significant challenges, including high energy consumption, partic
ularly due to the continuous active listening feature, which results in a 
reduction in battery life [6]. Duty-cycling schemes have been demon
strated to reduce power consumption; however, they frequently result 
in increased latency and compromised data timeliness.

In order to address issues of energy constraints, sustainable WSNs 
have been developed to leverage battery-free designs that are powered 
by energy harvesting [7] or wireless charging [8], with energy stored in 
supercapacitors. As demonstrated in Fig. 1a, the utilisation of sustain
able nodes has been shown to be advantageous for applications such as 
gearbox fault detection. This assertion is supported by the works of [9] 
and [10].

The selection of an appropriate energy supply for wireless sensor 
node (WS) is contingent upon application-specific requirements, energy 
demands, and the availability of suitable energy sources [11,12]. The 
harvesting of ambient energy has been identified as a strategy that is 
both environmentally friendly and conducive to the extension of the 
lifespan of devices. In addition, this approach has been shown to engen
der a reduction in recycling costs when compared with conventional 
batteries. A wide variety of energy sources and transducers are em
ployed, including solar cells [13], thermoelectric generators [14], and 
vibration harvesters. In industrial environments, mechanical energy is 
particularly abundant and can be converted using electrostatic [15], 
electromagnetic [16], or piezoelectric [17] methods.

Among these options, piezoelectric energy harvesters (PEHs) are par
ticularly promising owing to their widespread availability, mechanical 

durability, rapid response, and high power density [18--20]. The func
tion of the PEHs is to convert ambient vibrations into electrical energy. 
This process serves to prolong the operational lifetime of sensor nodes 
and support long-term monitoring without the need for frequent manual 
maintenance. In order to enhance the harvested energy output and sys
tem reliability, piezoelectric elements (PZs) can be arranged in series, 
parallel, or hybrid configurations. The selection of an optimal multi
array piezoelectric energy harvester (MPEH) configuration necessitates 
a balanced consideration of the voltage, current, and total power in or
der to meet the specific requirements of the given application.

However, relying on a single PEH may not ensure a stable and suf
ficient energy supply. Recent research has explored the potential of ad
vanced PZ designs and hybrid harvesters that combine piezoelectric and 
electromagnetic converters with a view to enhancing output [21--27]. 
Furthermore, active rectifier circuits, including the synchronized switch 
harvesting on inductor (SSHI) and synchronous electric charge extrac
tion (SECE), have the capacity to enhance power extraction efficiency. 
However, they also introduce complexity and frequently result in the 
necessity for additional power supplies [28,29].

The integration of a secondary radio interface, designated as a wake
up receiver (WuRx), has been identified as a pivotal strategy to effec
tively minimise the overall power consumption in wireless sensor net
works. The WuRx device is capable of detecting a specific wake-up sig
nal, thereby ensuring that the main transceiver is activated solely when 
required. This function significantly reduces losses due to idle listen
ing [30,31]. This architecture facilitates the implementation of energy 
harvesting as a viable supply method, even for low-power nodes [32]. 
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For instance, nodes equipped with the WuRx system can be mounted 
on industrial machinery to continuously monitor vibrations and other 
parameters with minimal maintenance requirements.

Recent advances in ultra-low-power wireless sensor networks have 
highlighted the complementary but distinct roles of RF energy har
vesting (RF-EH) and WuRx architectures. It is evident that RF-EH sys
tems generally necessitate incident RF power levels of approximately 
−30 dBm or higher to operate within the rectifier’s linear region, where 
RF-to-DC conversion efficiency becomes feasible. For instance, practical 
rectennas achieve an efficiency of over 40% at −10 dBm and main
tain functionality down to approximately −20 dBm. However, they en
counter difficulties below −30 dBm [33]. In contrast, WuRx circuits are 
engineered to detect extremely weak RF signals, often below −60 dBm, 
by leveraging the square-law region of the rectifier characteristic to max
imise sensitivity. Some implementations have been reported to achieve 
detection thresholds as low as −61.6 dBm at microwatt-level power con
sumption [34]. This operational contrast highlights the inherent trade
off between maximising the harvested power and achieving a high sensi
tivity for reliable wake-up signal detection in ambient RF environments.

The selection of the optimal configuration for a MPEH system neces
sitates a comprehensive evaluation of the merits and demerits of three 
distinct configurations: series, parallel, and hybrid. Each of these config
urations influences the power, voltage, and current output of the system. 
The present study focuses on the design and testing of an MPEH system 
that has the capacity to reliably power a sensor node with a WuRx, 
which is utilised for the purpose of monitoring the condition of a coal 
excavator gearbox. The objective is to establish an efficient configura
tion and to validate its performance through experimental analysis. The 
remainder of this paper is structured as follows: Section 2 provides a 
review of the existing literature concerning MPEH systems and their 
application with sensor nodes. Section 3 elaborates on the proposed 
methodology, including the design of the WuRx and the gearbox’s op
erational range. Section 4 offers a comprehensive presentation of the 
MPEH model. Section 5 details the practical implementation and test
ing of the system within the context of gearbox monitoring. Section 6
discusses the experimental findings and possible enhancements, while 
Section 7 offers a conclusion to the paper and outlines prospective future 
research directions.

2. Related works

It is evident that PEH has attracted considerable attention as a means 
to facilitate self-powered WSNs, particularly within industrial contexts 
where uninterrupted monitoring is crucial but battery maintenance is 
impractical. A substantial body of research has evidenced the feasibil
ity of utilising mechanical vibrations as a means of generating power 
for sensor nodes by employing piezoelectric transducers [35--41]. The 
reported power outputs exhibit a substantial range, spanning from ap
proximately 1.3mW to over 20W. This observation underscores the 
potential of PEH to sustain low-power devices under variable condi
tions.

As demonstrated by other researchers, there is a clear shift towards 
highfidelity modelling and advanced material integration, which are 
used to address the limitations of classical methods. [42] employed 
a nonlocal coupled stress meshless model to assess microscale effects 
in nanocomposite beams, while [43] used a strain gradient Kriging 
method to analyse the thermo-electro-mechanical stability in graded 
microshells. As demonstrated by [44], there has been an advancement 
in the field of shell modelling through the utilisation of isogeometric 
Reissner-Mindlin formulations. In the present study, recent progress in 
geometric design and multi-physics optimisation is synthesised by [45].

A crucial strategy for enhancing the efficiency and flexibility of PEH 
is the implementation of multi-array configurations. The arrangement 
of PZ in a series configuration has been demonstrated to result in an en
hancement of voltage output, while the parallel configuration has been 
shown to yield an increase in current output [46--50]. Consequently, the 

configuration of combined series-parallel topologies can be adapted to 
satisfy particular load requirements through the optimisation of volt
age, current, and impedance characteristics. However, extant models 
are principally concerned with theoretical and experimental analyses, 
rather than providing a unified framework for selecting the optimal 
number of elements and their interconnections under diverse operat
ing conditions [51--54].

In order to facilitate effective power transfer from the harvester to 
the load, it is essential to ensure that impedance matching is carried 
out with the appropriate degree of care. The ideal load would counter
balance the capacitive nature of piezoelectric devices through complex 
conjugate impedance. However, this is impractical due to the need for 
excessively large inductances [55]. Consequently, resistive loads are 
typically employed, with the maximum power transfer being achieved 
by matching the resistance to the Thevenin equivalent impedance [56]. 
However, the presence of dynamic variations in load conditions poses 
additional challenges for the practical design of circuits [57].

A number of studies have been conducted on multi-array piezoelec
tric structures with a view to enhancing energy harvesting efficiency. 
For instance, [58] conducted simulations to demonstrate the perfor
mance benefits of different array configurations, although experimental 
validation was lacking. Li et al. [52] investigated adaptive beamform
ing with multi-array piezo-ceramic structures, by employing a P-SSHI 
rectifier to improve efficiency. However, practical limitations such as 
parasitic losses and circuit complexity were not fully addressed. In a 
similar context, research by [59] and [60,61] analysed hybrid configu
rations and footstep-based harvesting. However, these studies focused 
on predefined setups and did not offer a systematic method for determin
ing optimal combinations. A comprehensive comparison of the reviewed 
multi-array piezoelectric energy harvesting configurations is provided in 
Table 1.

Despite the valuable contribution of [62] in developing equivalent 
circuit models for series, parallel, and series-parallel PEH configura
tions, their experimental validation is limited to series and parallel cases 
tested separately. The absence of direct testing on actual serial-parallel 
arrays leaves the potential effects and impedance interactions unveri
fied. While [63] provide a comprehensive analysis of the aerodynamic 
and mechanical interactions in MPEH arrays, their experimental vali
dation of electrical configurations is limited to purely series or parallel 
connections within sub-arrays. However, the investigation did not ex
tend to fully integrated series-parallel electrical interconnections.

It is evident that, despite these advances, the majority of investiga
tions remain confined to the harvester structures. However, there was 
no extension to integrated end-to-end systems combining multi-array 
harvesters with fully functional sensor nodes and advanced energy man
agement strategies. It is noteworthy that the incorporation of WuRx has 
been identified as a potentially effective approach for significantly re
ducing standby energy consumption in WSNs. The primary function of 
WuRx architectures is to activate sensor nodes only when necessary, 
thereby mitigating idle power drain. This is a critical concern for low
duty-cycle applications, such as gearbox condition monitoring.

A body of research that has been conducted in parallel has demon
strated the feasibility of piezoelectric-powered sensor nodes under real
world conditions. For instance, the works of [64] and [65] illustrate how 
single or multiple cantilever configurations can sustain sensor nodes 
through optimized power management. In addition, studies such as 
[66,67] explored buffering and scheduling techniques, while [68--70] 
highlighted the benefits of ultra-low-power modes and simple wake-up 
strategies. However, these implementations primarily rely on single
element or basic stacked configurations, which limits their adaptabil
ity to complex vibration sources and variable mechanical inputs. As 
outlined Table 2 outlines key studies on PEH supplying WSs are sum
marised.

In summary, significant progress has been made in both MPEH and 
energy-autonomous WSs. However, to the best of the author’s knowl
edge, no existing study has demonstrated a combined system that in
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Table 1
Characteristics of MPEH Approaches: Array Configurations, Operating Vibration Frequencies, Output 
Performance, and Load Resistance Parameters.
Ref. array 

variations 
vibration 
frequency 
(Hz) 

energy 
output 
(mW) 

rectifier resonant 
circuit 

load 
resistance 
(kΩ) 

[51] 
2S1P, 1S2P, 
1P, 2P, 3P, 
1S, 2S 

3 0.597 FBR P-SSHI 10 
- 1000 

[60] 8P, 8S, 
6S2P, 2S6P 0.5 12.3 n. A. n. A. 0.001 

- 0.680 
[61] 10 

not specified n. A. 0.242 n. A. n. A. 0.140 
- 0.280 

[52] 8S1P, 4S2P, 
2S4P, 1S8P 200 0.017 -

0.100 FBR P-SSHI 1000 

[59] 1P, 2S1P, 3S1P 
2P1S, 3P1S 68 5.05 AC AC 4.5 

[58] 1S2P 1 0.0035 AC AC 1000 

This 
work 

1P, 2P, 3P, 4P, 
1S1P, 2S1P, 3S1P, 
1S2P, 2S1P, 1S3P 

63 Hz 2.85 FBR -
1 -
1000 

Table 2
Components of a Sensor Node with PEH: Vibration Frequency Range, Rectifier Type, and Energy 
Storage Elements.
Ref. Carrier 

Frequency 
(MHz) 

Trans-
ceiver 

Micro-
controller 

Vibration 
Frequency 
(Hz) 

Number 
of PZ 

Rectifier 
Converter 

Energy 
Storage 
(mF) 

[64] 2450 CC2650 CC2650 64 - 78 3 LTC333 470 
[65] 2450 CC2530 STM32 100 3 3x 

LTC 3588 
16 

[66] 868 LoRaWAN RFM95 100--250 5 LTC3588 4.7 
[71] 2450 n.A. MBS-6003z 60-150 1 LTC3331 10 
[70] 868 CC1100 Atmega32L 20 1 n.A. 150 
[69] 2450 CC2530 CC2530 100 1 LTC3106 0.680 
[68] 2450 CC2530 CC2530 25 1 LTC3588-1 

& LTC3505 
15 

[67] 2450 NRF51822 MSP430 22.3 1 LTC3588-1 4.66 
This 
work 

868 SPIRIT1 MSP430 63 4 LTC3588 3 

tegrates a MPEH with a dedicated WuRx-enabled sensor node. Such 
integration is especially critical for applications such as gearbox con
dition monitoring, where variable mechanical input, selective sensing, 
and ultra-low-power standby operation are required simultaneously.

In order to address this gap, the present study proposes a novel inte
grated solution that combines a robust MPEH architecture with a sensor 
node that is equipped with a WuRx. The novel approach is evaluated 
through the development of a prototype in a laboratory setting. The ob
jective is to ensure stable, maintenance-free, and battery-less operation 
in realistic industrial conditions by maximising the harvested energy 
and minimising the wasted standby power. The system under discus
sion represents a significant advance in the field of industrial gearbox 
monitoring, due to its capacity for practical, long-term, self-sustained 
monitoring.

3. Proposed approach and methodology

The present study investigates the utilisation of the WSNs equipped 
with WuRxs for the purpose of monitoring the condition and predicting 
the maintenance requirements of a bucket wheel excavator gearbox. The 
vibrations generated by the machine are harnessed by PEHs to power 
these components. The combination of series and parallel circuits has 
been demonstrated to enhance the sustainability of wireless sensor sys
tems. In selecting the number of PZs, a number of challenges must be 
given full consideration. Chief among these is the stability of the sys
tem in the face of element failure, as well as the requisite energy and 

power. Consequently, particular aspects and selection strategies should 
be given due consideration. The implementation of this process neces
sitates the utilisation of a bespoke design model, which facilitates the 
selection of the parameters of series or parallel PZ. In addition, a va
riety of series and parallel AC/DC combinations are feasible, ensuring 
the requisite power level is attained. In order to reduce the losses of the 
combined connection, identical PZs are excited with the same frequency 
and acceleration, where no current of one PZ is supplied to the others.

Initially, the vibration frequency, acceleration, size and energy con
sumption profile of the WSN must be defined. Subsequently, the appro
priate selection of PZ is made, alongside their specific characterisation 
with regard to the application vibration profile. In view of the preceding 
data, it is necessary to execute estimations of possible PZ numbers and 
combinations by means of the proposed model. The proposed analyti
cal model illustrates the output power and voltage, taking into account 
the equivalent load impedance, which is defined as the average energy 
consumption. The developed analytical model was then subjected to ex
perimental verification. This was achieved by carrying out all possible 
combinations of a case of four PZs.

The utilisation of vibrations in industrial machinery necessitates the 
employment of piezoelectric bending beams, which are the optimal so
lution for this purpose. The bending beam can be adapted for specific 
applications, rendering it an exceptionally versatile actuator. The com
pact design of the piezoelectric bending beam enhances its appeal for 
technical applications. Moreover, the elevated reliability of the device 
under discussion has been shown to engender a marked reduction in 
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Fig. 2. MPEH configuration approach in two variants. 

Fig. 3. Proposed sensor node with piezo electric power supply. 

downtime, with disruptions becoming a rare occurrence [72]. As illus
trated in Fig. 2a, two PZs are linked in series, with one additional PZ 
connected in parallel. This configuration is regarded as robust due to 
the fact that the failure of a single PZ does not result in the failure of 
the entire generator.

However, it should be noted that the configuration of the array, 
as illustrated in Fig. 2a, is not without its limitations. Specifically, the 
voltage is constrained by a single PZ in parallel, thereby impeding any 
potential enhancement in performance that might be achieved through 
the connection of multiple PZs. Conversely, the configuration of figure 
Fig. 2b, exhibits two PZs arranged in parallel and a single PZ arranged in 
series. Despite its reduced robustness, a failure in the series-connected 
PZ results in a complete cessation of power generation and the absorp
tion of all power by the weaker PZ. However, it offers the advantage 
of unrestricted voltage. Therefore, the utilisation of multiple piezos in 
this configuration has been demonstrated to enhance power output, as 
evidenced by the works of [58] and [63].

3.1. Wake-up receiver system design

It has been demonstrated that WuRx has gained recognition as an ef
fective mechanism for supporting asynchronous communication within 
WSN. The technology, known as WuRx, when implemented in wireless 
sensor nodes, offers several advantages, primarily concerning energy ef
ficiency, reduced delays, improved reliability, and enhanced scalability 
within the WSN. Firstly, WuRx technology conserves energy by enabling 
sensor nodes to spend the majority of their time in a low-power sleep 
state. This results in a significant reduction in energy consumption when 
compared with traditional methods. This contributes to the prolongation 
of the operational longevity of battery-powered sensor nodes, thereby 
rendering them suitable for long-term deployment in remote areas [73]. 
Secondly, the WuRx technology has been demonstrated to reduce delays 
by enabling sensor nodes to rapidly initiate activity in response to spe

Fig. 4. Block diagram of the WuRx architecture. 

cific signals or events, thereby ensuring the timely transmission of data. 
This is of particular importance for applications that necessitate real
time monitoring and control.

Furthermore, the WuRx technology enhances network reliability by 
reducing the probability of missed or delayed transmissions. It has been 
demonstrated that nodes are capable of promptly activating upon recep
tion of the signal wake-up packet (WuPt), thereby mitigating the risk of 
interruptions in data transmission, even in challenging environments 
[74]. Furthermore, the technology in question supports network scala
bility, allowing the deployment of large-scale wireless sensor networks 
with numerous nodes across wide areas. As demonstrated in [75], a re
duction in energy consumption has been shown to facilitate denser node 
deployments and broader network coverage without compromising per
formance.

It is imperative that event-driven communication is employed in 
order to ensure the timely identification of any malfunctions in the 
gearbox system of a coal excavator. The excavator exhibits a range of 
operational states, including idling, light, and heavy loads. These states 
are identified by the data collection unit located on the exterior of the 
gearbox, owing to its connection to the excavator’s control system. The 
measurement phases for the sensors were initiated by triggering events. 
It has been determined that the power consumption of standard RF 
transceivers exceeds 10 mW, thus rendering idle listening for sensors a 
non-viable option. In order to address this issue, the use of an ultra-low 
power WuRx is employed, which exhibits negligible power consumption 
below 20 μW, thereby facilitating event-driven communication.

The WuRx model adheres to the architectural framework delineated 
in [76]. As illustrated in Fig. 3, the proposed architecture is depicted as a 
block diagram. The device under consideration contains the SPIRIT1 as 
the primary radio for communication and data transmission, and a 16
bit MSP430G2553 as the primary microcontroller. The energy generated 
by the PEH is then utilised to supply the WuRx via a storage capacitor.

The fundamental components of this framework are illustrated in 
Fig. 4. The architecture is characterised by a passive front end, which is 
employed to convert the RF signal into the LF. In order to circumvent the 
potential for interference from extraneous systems, the implementation 
of an RF band-pass filter is incorporated into the WuRx input. It has 
been demonstrated that the sensitivity of the entire design is increased 
by amplifying the LF signal with a corresponding amplifier built out of 
bipolar junction transistors (BJTs).

The AS3933 LF wake-up receiver IC is responsible for the detection of 
the WuPt. The system is capable of detecting packets within the 18.7 kHz
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Fig. 5. Signal timings of wake-up interval. 

range and performing an address match, as outlined in the study by [34]. 
In the event of a match, an interrupt signal is dispatched to the MCU. 
Thereafter, the sensor data are transmitted to the central unit via the ra
dio module (SPIRIT). The active period is restricted to a few milliseconds 
for data exchanges. It is evident that the MCU and SPIRIT subsequently 
enter a state of sleep mode. The operating principle of the WuRx over 
a wake-up interval alpha is illustrated in Fig. 5. In order to ensure the 
efficacy of these operational behaviours, it is imperative that the mini
mum requisite input power of the energy-harvesting source exceeds the 
energy consumption during the listening mode.

3.2. Gearbox working band

The optimal performance of the PEHs is dependent on its reso
nance frequency range; therefore, the determination of the gearbox’s 
frequency range is essential for the selection of suitable PEHs. In order to 
achieve this objective, it is necessary to position sensor nodes equipped 
with acceleration sensors, which have been specifically designed for 
low-frequency measurements, within the gear wheel. This approach is 
outlined in the work of [77]. As demonstrated in Fig. 6a and Fig. 6b, 
the sensor placement within the gearbox is of paramount importance. 
These sensors are connected to the MSP430 microcontroller, which en
ables data transmission to a central receiver unit via the SPIRIT1 RF 
module. Data spanning 36 s, capturing the acceleration under varying 
load conditions, is recorded for each sensor. The analysis is undertaken 
using a fast Fourier transformation, which reveals distinct modes of the 
gearbox [10,78].

The response of an excavator to varying mechanical loads results 
in distinct vibrational characteristics. When the gearbox is subjected to 
a high load (refer to Fig. 7a), two prominent frequency bands emerge 
at 1.91Hz and 60Hz, each with a notable amplitude of approximately 
0.03 𝑔. In contrast, under low load conditions (refer to Fig. 7b), only the 
60Hz frequency demonstrates a heightened acceleration level of 0.025 𝑔. 
The PZs has been demonstrated to generate significant energy across a 
range of standard operating conditions, thereby validating the selection 
of the 60Hz frequency as the primary operational frequency for the PEH.

4. Piezoelectric harvester array system

4.1. Basics of piezoelectric within cantilever beam

The piezoelectric effect is the process by which mechanical stress is 
directly converted into electrical charge. This is due to the asymmetrical 
crystal lattice of piezoelectric materials [79]. The resulting open-circuit 
voltage is determined by the coupling between the mechanical loading 
and electrical polarization.

The associated electrical voltage is defined by the following relation
ship

𝑉piezo =
𝑑ij ⋅ 𝐹

𝐶
(1)

The term was coined by [80]. In this context, the symbol 𝐹 rep
resents the mechanical force acting, 𝐶 denotes the electrical material 

capacitance, and 𝑑 is the direction-dependent piezoelectric charge con
stant.

For a cantilever beam operated in the transverse 𝑑31 mode, the rel
evant constitutive relationship is expressed as follows [81,82]:

𝐷3 = 𝑑31𝑇1 + 𝜖𝑇33𝐸3

𝑆1 = 𝑠𝐸11𝑇1 + 𝑑31𝐸3
(2)

where 𝑇1 denotes the axial stress induced by bending, 𝐷3 signifies the 
transverse electric displacement, 𝐸3 represents the electric field across 
the piezoelectric layer thickness 𝑡𝑝, 𝑑31 is the transverse piezoelectric 
coefficient, 𝜖𝑇33 is the transverse permittivity at constant stress, and 𝑠

𝐸
11

is the axial elastic compliance at a constant electric field.
In the context of open-circuit conditions, it can be deduced that the 

dielectric displacement is rendered null (𝐷3 = 0), thus giving rise to

𝐸3 = −
𝑑31

𝜖𝑇33

𝑇1. (3)

The open-circuit voltage across the piezoelectric layer can be ex
pressed as:

𝑉𝑂𝐶 =𝐸3 ⋅ 𝑡𝑝 = −
𝑑31 ⋅ 𝑡𝑝

𝜖𝑇33

𝑇1. (4)

As demonstrated in Fig. 8, for a bending cantilever, the 𝑑31 mode 
pertains to the scenario in which the axial stress resulting from bend
ing instigates a transverse electric field, consequently leading to a har
vestable voltage [83--85]. This model forms the basis for estimating the 
piezo-generated voltage in practical vibration energy-harvesting appli
cations.

4.2. Modeling of multi-array piezoelectric energy harvesters system

The development of a piezoelectric energy harvester is represented 
by its Thevenin equivalent, which is defined as a voltage source in se
ries with a capacitance and a resistive load. In the event of excitation at 
either the electrical or mechanical port, the two-port piezoelectric sys
tem can be reduced to a single-port equivalent consisting of a Thevenin 
generator and impedance [86].

The open-circuit voltage, denoted by 𝑉OC, is a measure of the dy
namic response of the cantilever to external excitations, such as ap
plied force and acceleration. The resonant frequency and output voltage 
are critical parameters for selecting suitable PZs, as stipulated in the 
datasheets provided by the manufacturers. The simplified equivalent cir
cuit for energy harvesting is presented in Fig. 9, comprising the voltage 
source 𝑉OC, the capacitive impedance 𝑍 , and the load resistance 𝑅𝐿.

The capacitance impedance, denoted

𝑍 = 1 
𝑗𝜔𝐶0

(5)

exhibits a frequency-dependent variation, thereby causing the fraction 
of the load voltage to also vary.

In order to enhance the harvested power, it is possible to intercon
nect several PZs in either a series or parallel configuration. As [58] 
demonstrate, the configuration of multiple PZs can be divided into the 
following combination possibilities: fully series, fully parallel, and a 
combined series and parallel architecture. The development of an equiv
alent circuit for the piezoelectric array architecture is founded upon the 
fundamental model and the successful simulation. The model is based 
on a voltage source connected to an equivalent impedance in series, and 
from Eq. (5)is obtained, as illustrated in Eq. (6). The symbol 𝑍s is em
ployed to denote the number of PZs that are connected in series.

𝑍s =
1 

𝑗𝜔𝐶
⋅ 𝑠 (6)

with 𝑠 as the number of PZ connected in series.
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Fig. 6. Construction of gearbox and WS for condition monitoring on the bucket wheel excavator. 

Fig. 7. Real measurement of acceleration from excavator gearbox. 

Fig. 8. Schematic of a piezoelectric bimorph cantilever beam with a tip mass 
for harvesting energy from vibrations.

The model proposed in this study intentionally isolates the electri
cal dynamics from the mechanical aspects of the PEH system, focusing 
exclusively on the electrical domain [62]. However, this deliberate de
coupling, however, introduces additional layers of uncertainty, which 
are addressed by incorporating a corrective adjustment parameter, des
ignated here as 𝑐.

The voltage with factor 𝑉OC is given by the equation

𝑉0 = 𝑉OC ⋅ 𝑐 (7)

Fig. 9. Equivalent circuit representation of the piezoelectric transducer with a 
resistive load.

The equivalent voltage 𝑉s of the circuit is defined as the voltage 
sources 𝑉0 which are connected in series.

𝑉s = 𝑉0 ⋅ 𝑠 (8)

In the event of the equivalent piezoelectric circuits being connected 
in parallel, an equivalent impedance of

𝑍p =
1 

𝑗𝜔𝐶
⋅
1
𝑝 

(9)

is observed, with 𝑝 denoting the number of PZs connected in parallel.
It can be demonstrated that the equivalent voltage

𝑉p = 𝑉0 (10)

of the circuit is equal to the voltage source for parallel connected PZ 
(𝑉p). The term 𝑉0is used to denote a single PZ voltage. According to 
Eq. (10), it can be deduced that the parallel connected PZ do not con
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Fig. 10. Combination possibilities with fully Series or Parallel as well as combined architecture of Series and Parallel. 

tribute to an increase in the equivalent voltage. In the context of a 
combined piezoelectric structure operating in both series and parallel 
configurations, the equivalent model voltages, currents, and impedance 
are found to be contingent upon the specific nature of the connection 
structure employed.

For instance, in the case of the PZ associated in series and parallel ac
cording to the structure depicted Fig. 10, the equivalent voltage (𝑉p,s) is 
expressed in Eq. (11), where 𝑠 and 𝑝 refer to the number of piezoelectric 
elements connected in series and parallel, respectively.

𝑉p,s = 𝑉s + 𝑉p = 𝑉0(1 + 𝑠) (11)

The combined equivalent impedance 𝑍p,s is expressed in Eq. (12). 
The notation 𝑍s and 𝑍p refer to Eq. (6) and Eq. (9), respectively. It can 
be seen that the impedance 𝑍p,s exhibits an increase with rising 𝑠, yet 
remains constant with increasing 𝑝.

𝑍p,s =𝑍s +𝑍p =
1 

𝑗𝜔𝐶

(
𝑠+ 1

𝑝 

)
(12)

According to the delivered equivalent multi of PZ voltage (Eq. (11)) 
and impedance (Eq. (12)), the load voltage 𝑉L is defined based voltage 
divider rule in Eq. (13).

𝑉L = 𝑉p,s ⋅
𝑅L

𝑅L ⋅𝑍p,s
=

(1 + 𝑠) ⋅𝑅L
1 

𝑗𝜔𝐶
(𝑠+ 1

𝑝 ) +𝑅L
𝑉0 (13)

It is evident that the voltage 𝑉L is complex; therefore, the product of 
a complex voltage 𝑉 and a conjugate complex current 𝐼∗ becomes the 
complex apparent power line.

𝑆 = 𝑉 ⋅ 𝐼∗ = 𝑉 ⋅
𝑉

𝑅 

∗
= |𝑉 |2

𝑅 
(14)

In view of the fact that the resistive load is given by ||𝑆|| =𝑅𝑒{𝑆} =
𝑃L the power is derived to

𝑃𝐿 =
𝑉 2
L

𝑅L
(15)

Substituting equation Eq. (13) into Eq. (15) results in

𝑃L =
⎛⎜⎜⎝

𝑉0(1 + 𝑠)  𝑅L
1 

𝑗𝜔𝐶
(𝑠+ 1

𝑝 ) +𝑅L

⎞⎟⎟⎠
2

⋅
1 
𝑅L

=
(𝑉0(1 + 𝑠))2𝑅L

( 1 
𝑗𝜔𝐶

(𝑠+ 1
𝑝 ) +𝑅L)2

(16)

Table 3
The parameters serve as the founda
tion for model development.
Parameter Value 
Open Circuit Voltage (𝑉0) 14V
Capacitance of PEH (𝐶p) 22nF
Frequency (𝑓p) 63Hz

As shown in Eq. (17), for an optimum load, when the load is equal 
to the impedance of the piezoelectric arrays, the power is maximised.

𝑅L = |𝑍p,s| = |||||
1 

𝑗𝜔𝐶

(
𝑠+ 1

𝑝 

)||||| (17)

This was demonstrated through the derivation of the load power 
( d𝑃 
d𝑅L

= 0) as expressed in Eq. (18).

d𝑃𝐿

d𝑅L
= −

(𝑉0(1 + 𝑠))2(𝑅L −
1 
𝜔𝐶

(𝑠+ 1
𝑝 ))

( 1 
𝜔𝐶 𝑅L

(𝑠+ 1
𝑝 )

3
= 0 (18)

The power reaches its maximum when the PEH characteristics are 
appropriate, and when the number and connection approach match the 
system load.

𝑃max =
𝑉 2
L

𝑍p,s
=

(𝑉0(1 + 𝑠))2

4𝜔𝐶(𝑠+ 1
𝑝 ) 

(19)

4.3. Investigation on multi-piezoelectric element

As shown in Eqs. (13) and (15) to (19) the series and parallel connec
tions influence the equivalent impedance, generated voltage and output 
power. This effect is illustrated in Fig. 11, which depicts the theoreti
cally generated power, system impedance, and load voltage for various 
array configurations, ranging from one to ten elements. In this simula
tion, the model adopted a PEH with the values listed in Table 3.

Fig. 11a illustrates when PZs are connected in parallel, the overall 
impedance decreases. In contrast, it increases in a pure series connec
tion, as shown in Eq. (12). For devices with internal resistance in the 
high-impedance range, optimal power output requires at least two PZs 
connected in series. In contrast, devices with low impedance are better 
matched with PZ connected in parallel. The increase in voltage with in
creasing series connections is shown in Fig. 11b. According to Eq. (13), 
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Fig. 11. 3D plots of impedance, voltage load, power load and power maximum. 

the voltage increases with an increase in the number of connections, 
whereas a pure parallel connection does not affect the voltage.

For a 1 kΩ load, the maximum power output generated by the PZs 
s approximately 1.4mW of power, as illustrated in Fig. 11c. This maxi
mum power is attained in a purely parallel configuration, which results 
in lower effective impedance. Conversely, series configurations enable 
the use of higher load resistances, albeit at the expense of reduced power 
output. The parallel connection of the PZ array and load maximises 
the power output when their impedances are matched. Fig. 11d shows 
that the power of elements in series connection increases significantly, 
whereas the yield of parallel and series connected elements changes al
most insignificantly. Ten PZs in parallel produce an output similar to 15 
PZs in series and parallel.

5. Model validation and experimental results

To confirm the relevance and accuracy of the model, laboratory ex
periments were conducted to validate its theoretical predictions. These 
results provide a clear basis for evaluating the model’s practical feasi
bility.

5.1. Experimental setup of multi-piezo elements

The analytical model of the MPEH was evaluated and established 
using the experimental setup shown in Fig. 12a. The PZ is excited using a 
shaker (TIRA TV 51110), which is powered by a TIRA BAA 120 amplifier 
and driven by a sine wave generated by an Agilent Technologies 33210A 
function generator. The frequency and amplitude of the sine wave are 
adjusted to match the resonance frequency of the transducer, ensuring 
optimal excitation.

Table 4
Properties of selected PEH.
Parameter Value 
Length (𝑙) 71.0mm
Width (𝑤) 10.3mm
Thickness (𝑡) 0.74mm
Bending mass (𝑚b) 1.4 g
Capacity (𝐹 ) 22 × 10−9 F
Piezoelctric Voltage Constant (𝑔31) −9.5 × 10−3 Vm/N
Piezoelectric Charge Constant (𝑑31) −320 × 10−12m/V

The energy harvesting setup is designed around a cantilever configu
ration and incorporates up to four MIDE S129-H5FR-1803YB piezoelec
tric bending transducers. As depicted in Fig. 12b, these transducers are 
arranged adjacent to and beneath each other. This arrangement enables 
flexible interconnection of the transducers, allowing them to be linked 
in parallel or in series depending on the experimental requirements.

Table 4 shows the selected PEH properties, including dimensions and 
electrical properties. During the system evaluation, the bending beams 
were actuated at a frequency of 63Hz and an acceleration of 1 𝑔. This 
implementation includes ten different array configurations that were 
investigated experimentally, as shown in Fig. 14. Here, s refers to the 
number of series elements labelled S, and p refers to the number of paral
lel elements labelled P. In reality, an energy harvesting system requires 
at least one PZ is required in an energy harvesting system; therefore, the 
number of parallel elements starts at 1, as can be seen by looking at Eq. 
(12), where 𝑝 cannot become 0. The numbers of connected PZs ranges 
from 4S, where four PEHs are connected in parallel to 3S1P, where four 
PEHs are connected in series.
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Fig. 12. Experimental setup. 

Fig. 13. Determining the maximum output power with frequency sweep measurement in 0S1P configuration. 

5.2. Model validation

To achieve the maximum output power, the resonant frequency of 
the PEHs was experimentally determined based on the gearbox’s fre
quency range. As previously described, the setup included a frequency 
generator, an amplifier, a vibration tester, and a PEH in the 0S1P con
figuration. The proposed PEHs from Mide was tested using a frequency 
sweep at accelerations of 1 and 2𝑔 within a frequency range of 10 to 
65 Hz.

The open-circuit voltage was used as the measured output variable. 
As can be seen in Fig. 13, the peak voltage is observed at 63Hz, which 
is the frequency at which the power output is also maximised. This in
dicates that the resonant frequency 𝑓res of the PEH is well matched to 
the acceleration profile of the gearbox. The resonant frequency can be 
tuned by adjusting the tip mass [87], in accordance with the relation
ship [88,89]

𝑓res = 𝑓0 ⋅
√

𝑚b
𝑚t

(20)

where 𝑓0 denotes the resonant frequency in the absence of a tip mass, 
𝑚b is the mass of the bending beam, and 𝑚t represents the combined 
mass of the beam and the attached tip mass.

To validate the proposed model, experiments were performed using 
four identical PZ to derive ten arrays of combinations between series 
and parallel stages, as illustrated in Fig. 14. To determine the optimal 
impedance, load sweeps are performed for different array configura
tions.

The optimum voltage and power for the proposed array varia
tions were investigated through calculations and experiments. Based on 
Eq. (13), the generated output voltage across a resistance sweep is shown 

in Figs. 15a, 15c and 15e. As expected, the output voltage remains al
most constant with a pure parallel connection. It increases with both 
variants of the pure series circuit and the mixed circuit. Using the Eq. 
(19), Figs. 15b, 15d and 15f show the optimum output power of the 
MPEH with varying resistance.

The power reached a maximum of almost 3mW for both the pure 
parallel and pure series connections of the PEH. The optimum load re
sistance of the 0S4P circuit is approximately 28 kΩ, while of the 3S1P 
circuit is 450 kΩ. Conceptual modelling of a PEH system usually re
lies on idealised assumptions, such as optimal material integrity, stable 
thermal conditions and precisely configured components. However, ac
tual operating environments frequently deviate from these assumptions 
due to various influencing factors. A correction factor of 𝑐 = 0.87 was 
introduced to account for these deviations and for mounting in the 
holder.

Figs. 16a, 16c and 16e show the voltage across the resistance sweep 
obtained from the experimentalmeasurements. These demonstrate a 
strong agreement with the calculated curves. The RMS voltages mea
sured at the optimal load for each configuration are shown below: 0S4P 
– 8.8V, 3S1P -- 33.0V. Figs. 16b, 16d and 16f display the measured maxi
mum output power across the resistor, including the statistical variation 
observed in the measurement series. Compared with the calculated val
ues, the maximum power in the 0S4P circuit is 2.85mW at an optimum 
resistance of 27 kΩ, while the 3S1P variant delivers 2.6mW at an op
timum resistance of 419 kΩ. Power was calculated using the measured 
RMS voltage across the known resistive load, according to the formula 
𝑃 = 𝑉 2

RMS∕𝑅.
Measurements were taken using a Rigol DS1054Z oscilloscope with 

a high-impedance probe, and the waveforms were confirmed to be si
nusoidal. This indicates that the pure series circuit deviates from the 
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Fig. 14. Ten variants of multi-piezo arrays which are scope of the following investigations. 

Fig. 15. Calculated AC output values of resistance sweep from proposed model. 

theoretical prediction by less than 1%, whereas the pure parallel con
figuration exhibits a deviation of approximately 9%. The measurements 
exhibit a standard deviation of ± 2%. Error bars have been omitted 
from the diagrams to enhance their clarity. Although impedance match

ing was not explicitly performed, as the focus was on maximum power 

transfer through resistive sweep, the observed peak power points reflect 

implicit impedance alignment.
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Fig. 16. Experimental AC output values of resistance sweep from PEH. 

Table 5 compares the results obtained from the theoretical model 
with those from the experimental measurements. The optimum imped
ance, maximum output power, and respective error rates were compared 
for various piezoelectric arrays. The power results for the 0S2P variant 
differ by a maximum of 14% between the theoretical and experimental 
values. The calculated and measured impedances differ by a maximum 
of 9%. These discrepancies highlight the need for further refinement of 
the theoretical model to better match experimental conditions. In addi
tion, variations in material properties and measurement precision could 
contribute to these discrepancies. The discrepancies between the the
oretical and experimental results are also due to the non-ideal diodes 
employed for the measurements and the inability to cause the PEH bend
ing beams to oscillate uniformly in terms of both phase and amplitude.

The results show that each array configuration can achieve its peak 
power within a specific impedance-matching range of the load. In an 
implementation environment with a device within a certain range of 
load resistance, adjusting the array variation can increase output power 
and efficiency. The data show reasonable agreement between theory and 

Table 5
Error rate of proposed model and validation results.
Array Model Experiment Error Model Experiment Error 

𝑍pzt (kΩ) 𝑍pzt (kΩ) 𝑍pzt 𝑃L (mW) 𝑃L (mW) 𝑃L

0S1P 114.8 110.1 4% 0.72 0.69 4%
0S2P 57.4 54.5 5% 1.43 1.23 14%
0S3P 38.2 34.9 9% 2.15 1.94 10%
0S4P 28.7 27.8 3% 2.86 2.85 1%
1S1P 229.6 225.6 2% 1.43 1.53 7%
1S2P 172.2 168.9 2% 1.91 1.74 9%
1S3P 153.1 164.3 7% 2.15 2.03 5%
2S1P 344.5 332.8 4% 2.15 1.92 10%
2S2P 287.1 272.4 5% 2.58 2.51 3%
3S1P 459.3 419.5 9% 2.86 2.60 9%

experiment, providing a basis for optimising PEH array configurations 
for practical applications.

However, the proposed model has certain limitations as it does 
not account for mechanical factors, environmental conditions, material 
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Table 6
Power consumption of component values for the wake-up receiver according 
to working state.
Component Listening Detection Receiving Transmitting 
SPIRIT1 2.8 μW 2.8 μW 29.7mW 69.3mW
MSP430 Microcontroller 4.1 μW 4.1 μW 6.6mW 6.6mW
AS3933 LF Wake-Up-

Receiver IC
10.2 μW 39.6 μW 10.2 μW 10.2 μW

LF Amplifier 4.3 μW 4.3 μW 4.3 μW 4.3 μW
Duration 450 s1 26ms2 27ms3 243ms4
Energy 9.6mJ 1.3 μJ 1mJ 18.4mJ

1 wake-up intervall 𝛼.
2 for 16-bit address.
3 for 100 byte receiving message.
4 for 1000 byte data package.

characteristics or mounting precision. The model focuses exclusively on 
the electrical dynamics of the PEH by design. Consequently, this simpli
fication results in discrepancies between the theoretical predictions and 
the outcomes observed during experimental validation.

5.3. Energy budget analysis of gearbox monitoring system

The sensor node described in Section 3 requires different energy lev
els for its various operating states. The device’s energy consumption per 
update period is calculated as follows:

𝐸WuRx =
𝑁∑
𝑖=1 

𝑃i𝑡i (21)

where 𝐸WuRx is the total energy consumed by the node, 𝑃i is the power 
consumption in working mode, 𝑡i is the operation period, and 𝑁 is the 
maximum power consumption in working mode.

For the operating mode of WuRx, which is illustrated in Fig. 5, there 
are four working modes (𝑁 = 4): listening, detection, receiving and 
transmitting are introduced. In this case, the energy consumption is cal
culated as

𝐸WuRx = 𝑃l𝑡l + 𝑃d𝑡d + 𝑃r 𝑡r + 𝑃t 𝑡t (22)

where 𝑃l, 𝑃d, 𝑃r and 𝑃t are the power consumption in the listening, 
detection, receiving, and transmission modes respectively, and 𝑡l, 𝑡d, 𝑡r
and 𝑡t are the durations of each working mode.

Table 6 presents the detailed power consumption of the individual 
components within the WuRx across its four primary operational states: 
listening, detection, receiving, and transmitting. During the listening 
phase, the WuRx remains idle for an extended period of 450ms, con
tinuously monitoring for a WuPt while maintaining an ultra-low power 
draw. The AS3933 LF wake-up receiver IC and the LF amplifier are the 
dominant contributors to energy consumption in this state, with power 
requirements of 10.2 μW and the LF amplifier with 4.3 μW respectively, 
resulting in a total energy consumption of 9.6mJ.

In the detection state, which lasts only 26ms, the AS3933 enters a 
higher-power mode of 39.6 μW to decode the incoming address, while 
other components remain in a low-power standby configuration. Despite 
its brief duration, this higher instantaneous power results in an energy 
cost of 1.3 μJ. Following successful address matching, the receiving state 
is triggered and lasts 27ms for a 100-byte message. During this time, 
the SPIRIT1 transceiver consumes 29.7mW of power, which contributes 
significantly to the 1.0mJ energy expenditure. During the transmission 
phase, which is required to send a 1000-byte data packet, the SPIRIT1 
operates at 69.3mW for 243ms, resulting in the highest per-event energy 
cost of 18.4mJ.

This energy profile is used to capture the relationship between lis
tening and communication duration and total energy consumption. This 
forms the basis for deriving the battery lifetime by quantifying energy 
usage across all operational phases.

𝑇WuRx = 𝑡l + 𝑡d + 𝑡r + 𝑡t (23)

The number 𝑁 of communication update a node can perform during 
its entire battery’s lifetime is

𝑁 =
𝐸Bat
𝐸WuRx

(24)

with 𝐸Bat being the battery’s lifetime initial energy. The duration of the 
battery life 𝑡Bat can be determined using the following equation

𝑡bat =𝑁 ⋅ 𝑇WuRx ⋅
1 

3600
1 
24

1 
365

(25)

Based on Eqs. (22) to (25) and the parameter values presented in 
Table 6, assuming a 1100mAh 2/3 AA-format battery powers the sensor 
node, the estimated battery lifetime 𝑡Bat is approximately 6.5 years.

Under a realistic operational duty cycle involving a communica
tion event every 450.3 s, comprising 450 s in passive listening mode 
followed by 300ms of active engagement encompassing detection, re
ception, and transmission, the total energy expenditure per cycle is 
approximately 29mJ, as presented in Table 6. This results in an average 
power demand of 64.4 μW. Since the PEH provides a continuous output 
of 2.86mW, it substantially exceeds the system’s average power require
ment. However, since transient peak power demands of up to 75mW are 
incurred during the active phase, an energy storage device is necessary 
to buffer these short-duration loads and ensure uninterrupted power 
delivery. Supercapacitors are well suited to this purpose as they can dis
charge rapidly to accommodate high instantaneous power demands and 
recharge during the low-power listening phase. Furthermore, they op
erate on direct current, which corresponds to the voltage requirements 
of the sensor node’s components.

The electrical output of the PEH is an AC voltage by nature, which 
requires conversion to a DC voltage to ensure compatibility with the 
sensor node and the energy storage components. This conversion is 
usually achieved by integrating power management circuitry that incor
porates the appropriate DC-DC converters. Several commercially avail
able converters are suitable for this application, such as the LTC3129, 
AEM30940-QFN, LTC3588-1, and TPS62125. These devices facilitate ef
ficient energy transfer and voltage regulation, thereby supporting the 
continuous and reliable operation of the Wake-up Receiver under the 
defined duty cycle, even in the presence of power management over
head. The LTC3588-1 is selected for its high efficiency of around 90%
and its wide operating range, which can achieve an input voltage of up 
to 20V. While the WuRx is supplied by the MPEH, an energy manage
ment circuit is required to charge the supercapacitor while the system 
is operating.

The harvested energy can be stored in the input capacitor. The wide 
voltage input range takes advantage of the fact that energy stored in a 
capacitor is proportional to the square of its voltage. Furthermore, this 
AC-DC converter incorporates a rectifier stage, making it a compact solu
tion. The rectifier and buck converter provide a constant output voltage 
of 3.3V meaning that the microcontroller of the sensor node is not ex
posed to fluctuating voltages.

Fig. 17 illustrates the schematic structure of the test setup. The MPEH 
is connected to PZ1 and PZ2 of the LTC3588, and a 3mF capacitor is 
connected to 𝑉IN, the size of which is determined by Eq. (26) and the 
values from Table 6.

𝐶 = 2 ⋅𝐸
𝑉 2 (26)

A small smoothing capacitor 𝐶OUT with a capacitance of 100 μF is 
connected to the output along with WuRx as the load. A transmitter 
node sends a WuPt signal and a data packet to the WuRx to request 
sensor data. The WuRx receives the WuPt, decodes it and retrieves the 
data for querying data. It then transmits the required measurement data 
back to the transmitter node.

Fig. 18 shows the voltage of the supercapacitor and the load cur
rent of the sensor node. The capacitor compensates for load peaks and 
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Fig. 17. Block Diagram of the Energy Harvesting Module Utilizing the LTC3588-1. 

Fig. 18. Supercap is supplying WuRx node. 

maintains an uninterrupted power supply. Most of the required energy is 
consumed by communication between the sensor nodes. For a data size 
of 920Byte, the transmitted and received currents can peak at 20mA for 
up to 240ms. The evaluation showed that the voltage remained stable 
despite the high current demand. The capacitor buffers the energy re
quired for active communication between the sensor nodes. In this case, 
the number of PEH can be designed according to application-specific 
power requirements, as well as existing frequency and acceleration lev
els.

6. Discussion

This study introduces a modelling framework for evaluating the 
power output in MPEH circuits, with focus on impedance matching 
between the PEH and a resistive load. The proposed approach elimi
nates the need for matching networks, supporting autonomous energy 
delivery to ultra-low-power electronic systems. This is particularly ad
vantageous for maintenance-free deployments in industrial monitoring 
scenarios.

Experimental validation was performed using a sensor node equipped 
with a WuRx, which was selected for its passive front end and asyn
chronous communication architecture, both of which significantly re
duce power consumption relative to traditional sensor platforms. To 
evaluate the model under application-relevant conditions, vibration
based energy harvesting was explored using gearbox excitation pro
files. The mechanical energy, which was emulated using laboratory
controlled inputs, was transduced by the PEH to power the WuRx sensor 
node.

This work is a proof-of-concept study based on controlled laboratory 
experiments conducted using a TIRA vibration shaker system. While no 
field tests were conducted on an actual gearbox, the experimental excita
tion conditions were derived from real-world vibration profiles provided 
by the system operator. This ensures the testing environment is both 
practical and realistic.

The resonance frequencies of both the PEH and the emulated gearbox 
structure were determined, enabling precise alignment of the harvester 
impedance characteristics with the WuRx power demands. Theoretical 
predictions were validated by experimental outcomes, demonstrating 
that the WuRxnode, which requires approximately 29mJ per monitoring 
cycle, can be reliably powered using harvested vibration energy. Peak 
transmission loads of up to 75mWwere effectively buffered using a 3mF
supercapacitor, enabling stable, repeatable operation.

These results demonstrate the feasibility of implementing energy
autonomous WS systems in vibration-rich environments, with signifi
cant implications for deployment in hard-to-access industrial machin
ery. Although the research was conducted in a laboratory setting, the 
findings confirm that the energy requirements of WuRx-enabled nodes 
can be met using MPEH designs under realistic excitation conditions. Ef
ficiency could be further enhanced by optimising the voltage converter 
circuit, which currently assumes a constant excitation frequency. Incor
porating variable-frequency behaviour in future iterations would im
prove the system’s adaptability and resilience. Furthermore, significant 
performance improvements can be achieved through targeted circuit re
finement, despite the use of commercially available components.

In terms of configuration, parallel PEH architectures are recom
mended when the excitation is non-uniform or asynchronous, as is of
ten observed in rotating or industrial equipment. These setups ensure 
consistent voltage output and fault-tolerant energy contribution from 
individual elements. Conversely, series configurations are suitable for 
applications requiring synchronised excitation and high-voltage output, 
albeit under more controlled or structured conditions. The choice be
tween these configurations should be based on the expected vibration 
profile and energy management requirements of the target application.

7. Conclusion

The experimental findings unequivocally demonstrate that the 
4P (0S4P) configuration offers the most effective trade-off between 
impedance level and energy delivery for short-duration, high-current 
discharges, which are essential for data transmission in WuRx-based 
sensor nodes. Peak power levels of up to 75mW were successfully man
aged through the utilisation of a 3mF supercapacitor in conjunction 
with the LTC3588-1 energy management module. The findings empha
sise that the deliberate selection of the PZ configuration can significantly 
enhance the reliability of event-driven sensor operations in demanding 
environments, such as gearbox condition monitoring applications. Fur
thermore, the present study corroborates the viability of vibration-based 
energy harvesting for powering gearbox monitoring systems utilising a 
PEH-powered WuRx sensor node.

The experimental validation closely aligns with the theoretical 
model, thereby establishing that the harvested energy is sufficient to 
meet the operational demands of the WuRx sensor. This approach fa
cilitates the development of energy-autonomous wireless sensors for 
deployment in inaccessible or hazardous locations. It is recommended 
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that future research efforts concentrate on the optimisation of the volt
age converter circuitry with a view to enhancing the overall efficiency 
of PEH systems. The incorporation of variable frequency operation 
in subsequent designs has the potential to enhance the adaptability 
and resilience of the system in dynamic environmental conditions. De
spite the reliance on commercially available components, significant 
performance improvements are possible through careful circuit-level 
improvements.

• The selection of PZ configuration has been demonstrated to directly 
enhance the reliability of WuRx-based event-driven sensors in harsh 
environments. The 4P (0S4P) configuration has been demonstrated 
to provide an optimal balance between impedance and energy out
put for brief, high-current bursts.

• It has been demonstrated that power peaks of up to 75mWcan be ef
fectively managed by utilising a 3mF supercapacitor in conjunction 
with the LTC3588-1 module. Vibration-based energy harvesting has 
been identified as a viable method for powering gearbox monitor
ing systems.

• Theoretical models were subjected to experimental validation, 
thereby confirming the sufficiency of harvested energy for the op
eration of the WuRx sensor.

• Future research should concentrate on voltage converters and the 
integration of variable-frequency control to enhance efficiency, 
adaptability, and performance using standard components.
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