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Introduction

The recent advent of Internet of Things (IoT) technology has had a direct and marked impact on the industrial, healthcare, agricultural, automotive, smart homes, and many other sectors [START_REF] Landaluce | A review of iot sensing applications and challenges using RFID and wireless sensor networks[END_REF][START_REF] Mahale | Smart Poultry Farm Monitoring Using IOT and Wireless Sensor Networks[END_REF][START_REF] Islam | Internet of Things (IoT)-Based Wireless Health: Enabling Technologies and Applications[END_REF]. IoT infrastructure makes wide use of WSNs that can simultaneously function as sensors, communication devices, and information processors [START_REF] Raj | Power sources for the internet of things[END_REF][START_REF] Saravanan | An Overview of Energy Harvesting Techniques for Future Internet of Things Applications[END_REF]. WSNs rely primarily on bulky and expensive batteries with limited charge/discharge cycles that to some extent hinder a more widespread implementation due to costly and labor-intensive maintenance requirements and, since battery storage capacity depends on volume, they can also introduce size and weight issues. Furthermore, in heavy machinery, these nodes are often placed in difficult-to-reach positions where battery replacement is problematic and contributes to increasing asset management costs and complexity. Energy-autonomous and battery-free WSNs therefore represent highly favourable solutions for sustainable and autonomous IoT systems, where possible. In this context, energy-autonomous wireless sensors (EAWSs) are a promising solution for boosting the deployment of IoT systems, as they facilitate the deployment of efficient, low-maintenance, ubiquitous, set-and-forget monitoring systems and contribute to a substantial reduction in the number of battery disposals [START_REF] Rosa | Strategies and techniques for powering wireless sensor nodes through energy harvesting and wireless power transfer[END_REF]. Significant interest and research has been invested by the scientific community into battery-free solutions that exploit the energy collected from the environment through different energy sources such as solar, vibration, thermal, and radio-frequency waves, etc., in combination with small capacitors that are intermittently charged and discharged to power the WSN [START_REF] Rosa | An Energy-Autonomous Wireless Sensor with Simultaneous Energy Harvesting and Ambient Light Sensing[END_REF][START_REF] Callebaut | The Art of Designing Remote IoT Devices-Technologies and Strategies for a Long Battery Life[END_REF][START_REF] Rosa | A Fully Autonomous Platform for Power Measurement of Environmental RF Sources based on a Time Domain Readout[END_REF][START_REF] Rosa | Advanced monitoring systems based on battery-less asset tracking modules energized through rf wireless power transfer[END_REF][START_REF] Rabaey | PicoRadios for wireless sensor networks: The next challenge in ultra-low power design[END_REF]. In automotive and avionics industries that use heavy machinery, the failure of components such as rotating shafts can cause severe damage during operation [START_REF] Fu | Rotational energy harvesting for self-powered sensing[END_REF][START_REF] Lee | Magnetostrictive patch sensor system for battery-less real-time measurement of torsional vibrations of rotating shafts[END_REF]. Wireless and energetically autonomous sensors can address these issues in predictive maintenance scenarios based on characteristic trend analyses of vibration data collected by the sensors around mechanical parts in motion. A non-contact vibration monitoring technique employing WSNs could prove especially advantageous in this scenario over more conventional methods involving contact between the sensor and control system. Non-contact techniques to date have been based on magnetostrictive sensors [START_REF] Lee | Magnetostrictive patch sensor system for battery-less real-time measurement of torsional vibrations of rotating shafts[END_REF][START_REF] Kim | A novel Terfenol-D transducer for guided-wave inspection of a rotating shaft[END_REF] and optical sensors [START_REF] Zappalá | Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes[END_REF]. Such non-contact sensors, however, are limited in their dependence on external battery sources and sensitivity to harsh operating environments [START_REF] Micek | Wireless stress sensor based on piezoelectric energy harvesting for a rotating shaft[END_REF]. The use of batteries can in some cases be avoided by introducing an energy harvester that exploits mechanical, solar, thermal, electromagnetic, RF, vibration or similar energy sources around the WSN [START_REF] Behdad | A new relay policy in RF energy harvesting for IoT networks-A cooperative network approach[END_REF][START_REF] Li | An Energy Harvesting System with Reconfigurable Piezoelectric Energy Harvester Array for IoT Applications[END_REF][START_REF] Panayanthatta | Three terminal piezoelectric energy harvester based on novel MPPT design[END_REF][START_REF] Naifar | Survey of electromagnetic and magnetoelectric vibration energy harvesters for low frequency excitation[END_REF]. Recent studies have proposed a triboelectric nanogenerator as the main energy source for self-powered acceleration sensors [START_REF] Liu | Theoretical investigation and experimental verification of the self-powered acceleration sensor based on triboelectric nanogenerators (TENGs)[END_REF][START_REF] Dai | Triboelectric nanogenerators as self-powered acceleration sensor under high-g impact[END_REF]. Further, piezoelectric transducers are also one of the most convenient ways to convert ambient mechanical energy into electrical energy, as piezoelectric harvesters (PEH) are relatively simple to manufacture and have better power densities than most other conversion techniques, including RF, thermal or electrostatic methods [START_REF] Toprak | Piezoelectric energy harvesting: State-of-the-art and challenges[END_REF]. Piezoelectric energy harvesters (PEHs) can be simple, single-clamped cantilever beams with a piezoelectric material and a substrate. This type of device is employed in this study to function as a self-powered sensor simultaneously able to monitor vibration phenomena and power data transmission circuitry [START_REF] Homayouni-Amlashi | Analytical modelling and optimization of a piezoelectric cantilever energy harvester with in-span attachment[END_REF][START_REF] Andò | A Nonlinear Harvester to Scavenge Energy from Rotational Motion[END_REF][START_REF] Andò | A ferrofluid inclinometer with a Time Domain Readout strategy[END_REF]. This paper introduces an energy-autonomous wireless vibration sensor (EAWVS) for monitoring vibrations. Since defective components in machinery have a more pronounced acceleration profile than non-defective components [START_REF] Tang | A fault diagnosis method for loose slipper failure of piston pump in construction machinery under changing load[END_REF], this work develops a failure detection methodology based on the deviation of acceleration measurements from nominal values associated with non-defective componentry. The system can detect vibrations from a minimum limit of detection (LoD) acceleration of 0.6 g, effectively representing an EAWVS consisting of only a PEH for power supply and a Bluetooth low energy (BLE) radio for connectivity. The sensor node can be connected via wireless RF to a base station (BS) that performs data processing and streaming to the cloud. The BLE communication standard was chosen due to its low power consumption and relatively seamless integration of portable devices in BLE WSNs. However, the sensing method proposed in this paper does not depend on the adopted communication system. Nothing prevents adopting another communication system such as LoRa, SigFox, Wifi, Zigbee, and the like provided that the power consumption is compatible with the use case, the sensor duty cycle, and available power generated by the harvester. The sensor node is designed to transmit beacons intermittently, with the radio shutting down after each transmission to minimize energy consumption. The special feature of this system is that the PEH performs the dual-role of an energy transducer and vibration sensor. Input vibration is monitored by measuring the time between successive beacons, also known as the advertising time (t adv ), emitted by the EAWVS radio to the BS. This method eliminates the need for a specific sensor and carries major benefits in terms of power consumption and consequent energy storage requirements. The system consists of fewer components and the absence of any battery or super-capacitors ensures significant cost, dimension and weight reductions. State-of-the-art high-performing PEHs are manufactured on lead-based materials such as PbZr 1-x Ti x O 3 (PZT) [START_REF] Yan | Soft and Hard Piezoelectric Ceramics for Vibration Energy Harvesting[END_REF][START_REF] Zhou | Piezoelectric Performance of a Symmetrical Ring-Shaped Piezoelectric Energy Harvester Using PZT-5H under a Temperature Gradient[END_REF], which although capable of achieving considerable power densities (1039 µW/cm 2 /g 2 [START_REF] Yeo | Effect of piezoelectric layer thickness and poling conditions on the performance of cantilever piezoelectric energy harvesters on Ni foils[END_REF]), contain the toxic Pb element that conflicts with REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) and RoHS (Restriction of Hazardous Substances) regulations. For this reason, the electronics industry is shifting to environmentally friendly materials and processes for next-generation "green" PEHs [START_REF] Kluczek | Quick green scan: A methodology for improving green performance in terms of manufacturing processes[END_REF]. Indeed, innovative lead-free materials and structures represent tremendous challenges and opportunities for energy harvesters and self-powered sensors, and continue to gain interest in scientific circles [START_REF] Marzencki | Integrated power harvesting system including a MEMS generator and a power management circuit[END_REF][START_REF] Jia | Power Optimization by Mass Tuning for MEMS Piezoelectric Cantilever Vibration Energy Harvesting[END_REF][START_REF] Cao | High output power AlN vibration-driven energy harvesters[END_REF][START_REF] Van Minh | High Performance Nonlinear Micro Energy Harvester Integrated with (K,Na)NbO 3 /Si Composite Quad-Cantilever[END_REF]. Concerning piezoelectric LiNbO 3 (lithium niobate-LN), it was demonstrated in [START_REF] Nakamura | Bending vibrator consisting of a LiNbO 3 plate with a ferroelectric inversion layer[END_REF] that the electro-mechanical properties of single LN crystals are highly dependent on orientation, and are comparable with PZT ceramics. An initial demonstration was performed at high frequency and acceleration (1.14 kHz and 3.4 g), with the material integrated on silicon cantilevers in an optimized design approach including an electronic interface, and the harvester was able to attain 71 µW/cm 2 /g 2 at the resonance frequency and form a wireless connection with an RF sensor [START_REF] Clementi | LiNbO 3 films-A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF]. Recently, flexible cantilevers with a tip mass based on 128 • Y-cut LN on Si have been able to achieve a power density of 965 µW/cm 2 /g 2 at 0.1 g and 105.9 Hz resonance frequency [START_REF] Clementi | Highly Coupled and Low Frequency Vibrational Energy Harvester Using Lithium Niobate on Silicon[END_REF]. This result is among the highest with respect to both Pb-based and Pb-free current devices. In this context, this paper also aims to contribute to the study of the widely known lead-free material, LN, in vibrational energy-harvesting applications with a design proposal to increase cantilever sensitivity at lower acceleration and frequencies with a large tungsten tip mass. The aim is to match the typical frequencies and acceleration characteristics of heavy machinery and, together with an optimized BLE connectivity system, deliver a viable EAWVS solution with a resonance frequency of 187 Hz.

The paper is organized as follows: Section 3 describes the system in terms of circuit implementation and functionality; Section 4 deals with the design aspects of the piezoelectric energy harvester; Section 5 covers the techniques and the method based on energy to time conversion used to measure a vibration's intensity from the magnitude of vibrational energy harvested by the EAWSN; Section 6 describes the system setup and environment and presents some experimental results; Section 7 reports the final conclusions.

Related Work

The IoT wireless node has evolved from a simplistic tag transponder used mainly for item identification to an advanced device that is also able to perform sensing and computations simultaneously. Indeed, the evolved node needs more energy, and typically uses a battery that eventually needs to be replaced periodically, incurring increased maintenance costs for wireless sensor networks. In this context, the ubiquitous nature of energy-autonomous WSNs, which are easy to install and simple to connect to a wireless sensor network, makes them attractive in the rapidly growing IoT ecosystem [START_REF] Arshad | Green IoT: An investigation on energy saving practices for 2020 and beyond[END_REF]. All this has aroused much interest in the scientific community by stimulating the production of research and scientific publications. Still, to date, issues related to the power transducer and energy storage devices, power management integrated circuits and radio communication protocols stop the evolution of energy-autonomous wireless sensor nodes from the phase of study and experimentation to use in practical applications available on the market. These issues are highlighted in [START_REF] Wu | Self-powered sensors and systems based on nanogenerators[END_REF], which presents a comprehensive review of the progress made in the study of piezoelectric (PENG) and triboelectric (TENG) nanogenerators. This paper shows how PENGs and TENGs can be used both as active sensing devices and power sources. In practical applications, the energy availability is highly dependent on the use case, which implies that different strategies and energy sources and systems must be used on a case-by-case basis. To this purpose, the authors of [START_REF] Rosa | Strategies and techniques for powering wireless sensor nodes through energy harvesting and wireless power transfer[END_REF] show how to use diverse methods for powering wireless sensor nodes through energy harvesting and wireless power transfer. In general, piezoelectric materials have received considerable attention [START_REF] Mossi | Thin-layer composite unimorph ferroelectric driver and sensor properties[END_REF][START_REF] Sodano | A review of power harvesting from vibration using piezoelectric materials[END_REF] in various fields due to their ability to convert mechanical energy into electrical energy. Indeed, there are also examples of interesting practical use cases such as the self-powered wireless sensor for smart and autonomous pavement described in [START_REF] Xiao | A self-powered wireless sensor for smart and autonomous pavement[END_REF]. Further, ref. [START_REF] Aranda | Self-Powered Wireless Sensor Using a Pressure Fluctuation Energy Harvester[END_REF] describes a self-powered sensor that integrates an energy harvester and a wireless sensing system. The energy harvester converts pressure fluctuations in hydraulic systems into electrical energy using an acoustic resonator, a piezoelectric stack, and an interface circuit. A high-performance and ultra-low-power management IC is a fundamental component in self-powered systems, and the recent advances in ultra-low power chip design techniques have enabled deep research into long-lifetime WSNs. On this topic, ref. [START_REF] Novello | A 1.25-GHz Fully Integrated DC-DC Converter Using Electromagnetically Coupled Class-D LC Oscillators[END_REF] presents a fully integrated dc-dc converter topology based on electromagnetically coupled class-D LC oscillators that enable up to 2.5 GHz switching frequency, allowing aggressive scaling of the on-chip passives. Ref. [START_REF] Rosa | Strategies and techniques for powering wireless sensor nodes through energy harvesting and wireless power transfer[END_REF] proposes an ultra-low-power 2.5 µW highly integrated mixed-signal system on chip for multi-source energy harvesting and wireless power transfer. Ref. [START_REF] Klinefelter | 3 A 6.45 µW self-powered IoT SoC with integrated energy-harvesting power management and ULP asymmetric radios[END_REF] presents a multi-source 6.45 µW self-powered SoC for solar and thermoelectric generator (TEG) energy harvesting and [START_REF] Lee | Energy harvesting chip and the chip based power supply development for a wireless sensor network[END_REF] shows a developed chip to scavenge energy from artificial light. Energy storage devices are a fundamental part of systems supplied through energy harvesting. To date, these devices still require improvement as their quality and performance affect the overall system performance. A contribution to this research is in [START_REF] De Fazio | Limitations and characterization of energy storage devices for harvesting applications[END_REF], which shows a study of the limitations of the energy storage devices, i.e., super-capacitor and lithium-polymer batteries, commonly used in energy-harvesting applications. A WSN must communicate wirelessly with other nodes within a wireless sensor network. The communication unit of a WSN is the most power-hungry part of the system, especially in wide-area networks where long-range communication is required. The authors of [START_REF] Callebaut | The Art of Designing Remote IoT Devices-Technologies and Strategies for a Long Battery Life[END_REF] contribute to this topic by explaining the challenges posed by combining low-power and long-range connectivity and evidence the dominance of the transmission over the quiescent energy while outlining the principles for achieving both low-power and wide-area communication. In some use cases, through careful design at the system level, the energy source can be used simultaneously to perform sensing or measurements with the advantage of having fewer components to power, e.g., the sensors, therefore ensuring a lower power consumption of the system and less stringent specifications relating to energy storage. One example of such a system is shown in [START_REF] Rosa | Advanced monitoring systems based on battery-less asset tracking modules energized through rf wireless power transfer[END_REF], which describes a WSN for identifying and monitoring the speed of assets in a wireless sensor network with battery-less nodes combined with and a unique measurement approach to generate time-domain speed readouts. Ref. [START_REF] Rosa | An Energy-Autonomous Wireless Sensor with Simultaneous Energy Harvesting and Ambient Light Sensing[END_REF] proposes a wireless sensor platform with a single photovoltaic transducer that performs the dual role of harvesting energy and sensing ambient light. The authors show how the dual role played by the harvester/sensor allows smaller and cheaper nodes with a reduced component count. The current applications supplied through energy harvesting or wireless power transfer aim to replace toxic and non-eco-friendly energy sources, e.g., batteries, with more sustainable ones. The future of energy harvesting will be nature-driven, and the trend is to use non-toxic, biodegradable materials. Research on lithium niobate PEHs represents a further contribution towards green computing in wireless sensor networks [START_REF] Khatri | Towards green computing in wireless sensor networks: Controlled mobility-aided balanced tree approach[END_REF] and ultimately a green internet of things [START_REF] Clementi | LiNbO 3 films-A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF][START_REF] Clementi | Highly Coupled and Low Frequency Vibrational Energy Harvester Using Lithium Niobate on Silicon[END_REF]. Furthermore, refs. [START_REF] Janhunen | Wireless energy transfer powered wireless sensor node for green IoT: Design, implementation and evaluation[END_REF][START_REF] Shaikh | Enabling technologies for green internet of things[END_REF] systematically review effective ways of addressing green applications and energy-neutral systems, which operate with the energy harvested from their environment.

System Description

Figure 1 depicts the block diagram of the system consisting of the following units:

•

The energy-autonomous wireless vibration sensor (EAWVS): the main requirement of this block is to be energy-autonomous and battery-free.

•

The base station (BS): This device is powered by a stable power source such as a battery or wired power supply. Its function is to process the incoming wireless data from one or more EAWVSs and process the subsequent implementation phases to control the machinery, including sending the data to the cloud. The EAWVS consists of a specially designed PEH to transduce input mechanical vibrations into electrical energy stored in the storage capacitor C storage . The PEH supplies the energy stored in the storage capacitor and also acts as the transducer for the sensing activity. In this implementation, the harvested AC voltage is rectified using a full-bridge voltage rectifier and is used to charge the capacitor C storage . The energy stored in the capacitor powers the BLE radio to transmit data from the EAWVS in advertising non-connectable mode. The system implements a programmable voltage detector (PVD) circuit that detects the voltage V stor across the storage capacitor C storage with the help of an STM32L0 ultra-low-power microcontroller (STMicroelectronics) [START_REF]Ultra-Low-Power 32-Bit MCU Arm-Based Cortex-M0+, up to 64 KB Flash Memory, 8 KB SRAM, 2 KB EEPROM[END_REF]. It is worth noting that the use of the STM32L0 microcontroller is to uniquely exploit its ultra-low-power analog IPs, such as the power voltage detector (PVD) and the ultra-low-power timer (LPTIM). Indeed, the ultra-low-power mode functionalities of the STM32L0 microcontroller, such as the stop mode, are fundamental in this kind of application to achieve the lowest quiescent power consumption during the harvesting phase, ≈2.5 µW. The quiescent power is a fundamental parameter as it is the minimum power necessary to operate the system and ultimately defines its LoD. Reducing the quiescent power consumption as much as possible is essential in energy-harvesting applications to obtain lower values of LoD and, therefore, to be able to carry out a smaller implementation or operate with tenuous vibrations.

The EAWVS also includes the HTS221 (STMicroelectronics) temperature and humidity sensors on the board. These sensors are powered and interrogated every time the BLE sends a beacon. The data packet sent during a beacon also contains information on humidity and temperature. There is nothing to prevent the inclusion of other sensors on the EAWVS if the power consumption is compatible with the power generated by the vibrational transducer and the size of the storage capacitor that also defines the size and system form factor. In this specific case, given the low consumption of the humidity and temperature sensor IC, it was possible to perform sensing and data transmission in a single action. When the power consumption of the sensors is so high as to not allow it to carry out the two phases simultaneously, the solution adopted is to carry out solely the sensing phase, store the data in the memory of the microcontroller and then send them in the next beacon.

The BS uses the same BLE radio device as the EAWVS, but configured in scanning mode. Both the EAWVS and the BS effect BLE communication through the low-energy system on chip (SoC) BLUENRG-2 (STMicroelectronics) [START_REF]Bluetooth ® Low Energy Wireless System-On-Chip[END_REF]. The widespread availability of BLE connectivity in mobile devices also greatly facilitates humans being able to interface with the node.

Figure 2 shows that as soon as the voltage V stor reaches the highest value V H = 3.0 V, the system enters the transmission phase, where the microcontroller supplies the voltage V blue to the BLE through one of its general-purpose input/output (GPIO) pins. Shortly after the transmission phase, when the voltage drops to the lowest value V L = 2.0 V, the microcontroller shuts down the BLE radio and enters the stop mode, during which the whole system resumes its energy-harvesting activity. The sensor method exploits the proportional relationship between the elapsed time between two successive beacons and the acceleration imparted on the PEH. The values of V L and V H are chosen such that the voltage never breaches the rated maximum (3.6 V) or minimum (1.6 V) supply voltage of the microcontroller. The power requirements of the microcontroller and BLE SoC, the settings of the BLE radio in terms of operation mode, transmitted power, and length of the data packet have already been described in detail in [START_REF] Rosa | An Energy-Autonomous Wireless Sensor with Simultaneous Energy Harvesting and Ambient Light Sensing[END_REF][START_REF] Rosa | An energy autonomous and battery-free measurement system for ambient light power with time domain readout[END_REF]. The paper [START_REF] Rosa | An Energy-Autonomous Wireless Sensor with Simultaneous Energy Harvesting and Ambient Light Sensing[END_REF] shows a detailed description of how the communication protocol between the EAWVS and the BS minimizes data collisions and flooding of the network in which they operate. Since the minimum energy requirement E harvested of the EAWVS is ≈ 100 µJ per beacon, the minimum value of the storage capacitor C storage can be determined by (1):

C storage_min = 2 • E harvested V 2 H -V 2 L = 40 µF. (1) 
To allow some margin and extra energy capability to optionally activate the other embedded sensors (HTS221) and thereby render system performance less sensitive to inevitable parametric variations of the various components involved, the chosen value for the C storage capacitor was 200 µF. This choice, together with the selected values of the voltages V H and V L , allows the harvesting of a quantity of energy per cycle as given by Equation ( 2):

E harvested = 1 2 • C storage • (V 2 H -V 2 L ) = 500 µJ/cycle. ( 2 
)
Figure 2. Functional evolution of the voltage V stor and V blue vs. time.

Piezoelectric Energy Harvester Design and Fabrication

The PEH is designed to meet the typical vibration levels of most transportation and industrial environments (cars, trains, heavy machinery, etc.), with typical frequency peaks between 100 Hz and 300 Hz, and with an acceleration of 0.1 g up to 2 g [START_REF] Neri | A real vibration database for kinetic energy harvesting application[END_REF]. The device is therefore designed to meet the application specifications in terms of resonance frequency ( f 0 = 187 Hz) and acceleration levels (0.5 g-1.2 g), with the aid of LiNbO 3 high-quality piezoelectric single crystals, in order to optimize the electro-mechanical conversion. The PEH must produce a minimum power P PEH_min to supply the EAWVS during the energyharvesting phase under the minimum vibrational acceleration a cc_min , which can represent the limit of detection (LoD) of the system in its function as a vibration sensor. To ensure that the capacitor C storage is effectively charged from V L to V H , the power P PEH must be greater than the quiescent power P q consumed by the voltage monitoring circuit (P PEH > P q ). During the harvesting phase, the only current consumption is through the voltage detection unit of the STM32L0 microcontroller, which operates in sleep mode with a quiescent current consumption I q of ≈ 1 µA. The voltage V stor ranges between V H and V L , for an average voltage V stor_avg given by Equation (3).

V stor_avg = V H + V L 2 = 2.5 V. (3) 
The quiescent power consumption P q of the EAWSN during the harvesting phase is given by (4):

P q = V stor_avg • I q = 2.5 µW. (4) 
Therefore, the minimum power P PEH_min that the PEH must generate at the minimum acceleration a cc_min is given by (5):

P PEH_min > P q η rect f ier (5) 
η rect f ier is the power conversion efficiency of the full-bridge voltage rectifier, whose theoretical maximum value is equal to 8/π 2 . Equation ( 5) shows the specification for the minimum power that PEH must generate when stressed by vibrations with minimum acceleration a cc_min , which is given by Equation (6).

P PEH_min > P q • π 2 8 ≈ 3 µW. (6) 
Another electrical parameter to specify for the PEH design is the PEH open-circuit voltage V oc . The value of V oc is greater than the minimum supply voltage of the voltage detector circuit (V dd_min = 1.8 V) and ensures the maximum power transfer between the PEH and the rest of the EAWVS system at the minimum acceleration a cc_min . Equation ( 7) defines the condition of V oc to achieve the maximum power transfer.

V oc -2 • V f 2 = V stor_avg , (7) 
where V f is the forward conduction voltage of the voltage rectifier diode. From Equation (3) and Equation [START_REF] Rosa | An Energy-Autonomous Wireless Sensor with Simultaneous Energy Harvesting and Ambient Light Sensing[END_REF], and assuming a forward voltage drop V f of the diode of 0.6 V, Equation ( 8) provides the specification value for the PEH open-circuit voltage.

V oc = 2 • V f + V stor_avg = 6.2 V. (8) 
The maximum detectable acceleration a cc_max of the EAWVS relates to the highest stress level that the PEH substrate material can withstand (3-6 GPa for Si) [START_REF] Tsuchiya | Tensile testing of single-crystal silicon thin films at 600 C using infrared radiation heating[END_REF]. The PEH form factor is another key aspect of the design phase as the typical specification is to implement a PEH that is comparable with the electronic circuit section in size [START_REF] Shirvanimoghaddam | Towards a green and self-powered Internet of Things using piezoelectric energy harvesting[END_REF]. Z-cut LN has been subjected to little investigation with respect to energy harvesting due to its low strain piezoelectric coefficient (d 31 = -1 pm/V). Instead, the LN (YXl)/128 • single-crystal orientation presents much lower dielectric constant than PZT family ( / 0 = 50.5) and higher piezoelectric coefficient compared with other Pb-free materials (d 23 = 27 pm/V) [START_REF] Nakamura | Bending vibrator consisting of a LiNbO 3 plate with a ferroelectric inversion layer[END_REF]. The LN on silicon PEH is manufactured using Au-Au bonding technology developed by FEMTO-ST [START_REF] Clementi | LiNbO 3 films-A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF], in the form of a 1 cm 2 unimorph clamped cantilever beam PEH. The active piezoelectric layer is a 30 µm thick LN (YXl)/128 • single crystal, which is fabricated to attain roughly 1.4 nF clamped capacitance for optimal electronic interfacing. The substrate is produced with a silicon wafer (500 µm thick), as illustrated in Figure 3a. The maximum limit of the input acceleration was determined to be ≈ 2 g from the Finite Element Method (FEM) simulations in COMSOL Multiphysics V5.5 as shown in Figure 3b. In this research, device testing was limited to 1.2 g, or 60% of the theoretical maximum acceleration, to ensure a safety margin for not exceeding the material stress reliability limits. The proof mass m attached to the cantilever beam allows tuning of the PEH resonance frequency f 0 , which equates to 187 Hz in this design. At the resonance frequency f 0 and the minimum acceleration a cc_min of 0.5 g, the PEH provides an open-circuit voltage V oc of 6 V and can supply a minimum power P PEH_min of 12 µW, enough to compensate the quiescent power consumption P q and successfully charge the storage capacitor C storage . The V oc was measured in the open-circuit condition with an oscilloscope and the RMS power P PEH of the harvester was obtained at the optimal load of 550 kΩ. Figure 4 shows the experimental measurements of the variation of V oc and P PEH as the acceleration a cc varies. 

Vibrational Energy to Time Convertion

The PEH illustrated in Figure 3a, when subjected to the applied force F that induces the acceleration a cc , generates the voltage V PEH across its electrodes in the d31 mode given by Equation ( 9) [START_REF] Bowen | Piezoelectric and ferroelectric materials and structures for energy harvesting applications[END_REF].

V PEH = d 23 • F • l A • = d 23 • l • m A • • a cc (9) 
The power P PEH generated on a load Z load when the PEH is excited by a harmonic oscillation is given by Equation [START_REF] Rosa | Advanced monitoring systems based on battery-less asset tracking modules energized through rf wireless power transfer[END_REF] [59] A is the area of the electrode (1 cm 2 ); • / 0 is the relative dielectric permittivity of LN (YXl)/128 • (50.5).

P PEH = V 2 2 • Z load = 1 2 • Z load • d 23 • l • m A • 2 • a 2 cc ( 10 
During the harvesting phase, the load Z load is constant; hence, P PEH varies proportionally with the square of the acceleration a cc , as given by Equation ( 11)

P PEH = K acc • a 2 cc , (11) 
where, K acc is a constant of proportionality given by Equation ( 12)

K acc = 1 2 • Z load • m • d 23 • l A • 2 (12) 
The power harvested after each beacon in the C storage capacitor is given by Equation ( 13)

P harvested = η p • P PEH , (13) 
where η p is the power conversion efficiency of the EAWVS system when converting the power P PEH into the power harvested P harvested in the storage capacitor C storage . By combining Equations ( 11) and ( 13), the power P harvested can be related to the acceleration a cc as in ( 14)

P harvested = η p • K acc • a 2 cc (14) 
Equation ( 15) relates P harvested , E harvested and the time t rise that it takes to charge the C storage capacitor from the voltage V L to voltage V H during the energy-harvesting phase.

P harvested = E harvested t rise (15) 
The EAWVS communicates with the BS via the BLE wireless protocol by periodically transmitting beacons of duration t adv , which is the advertising time that elapses between successive beacons. The time t adv is remotely measured by the BS while receiving the beacons and is used to indirectly measure the acceleration a cc induced on the PEH. The time t rise is related to the advertising time t adv , as in Equation [START_REF] Micek | Wireless stress sensor based on piezoelectric energy harvesting for a rotating shaft[END_REF].

t rise = t adv -t f all (16) 
The fall time t f all is related to the parameters of the system, V H , V L , C storage and I ble , as in Equation [START_REF] Behdad | A new relay policy in RF energy harvesting for IoT networks-A cooperative network approach[END_REF].

t f all = C storage • (V H -V L ) I ble (17) 
The parameter I ble represents the average current consumption of the BLE radio during the transmission phase and has a constant value of ≈9 mA for the BLE radio configured in non-connectable advertising mode to transmit an output power of 8 dBm and a data length of 20 bytes. Therefore, the time t f all is also constant, and equates to ≈45 ms in this implementation. By combining Equations ( 2), ( 13)- [START_REF] Micek | Wireless stress sensor based on piezoelectric energy harvesting for a rotating shaft[END_REF] and Equation [START_REF] Li | An Energy Harvesting System with Reconfigurable Piezoelectric Energy Harvester Array for IoT Applications[END_REF], one can see how the acceleration a cc can be indirectly derived from the measurement of the time t adv .

a 2 cc = C storage • (V 2 H -V 2 L ) K acc • η p • (t adv -t f all ) (18) 
The parameter η p is specific to the EAWVS system and is derived experimentally from its post-production characterization. Figure 5 shows the experimental characterization of the parameter η p while varying the acceleration a cc . At 0.5 g, the PEH provides just enough power to sustain the system, and the η p at this acceleration is low. The PEH provides more power with increasing a cc , such that η p becomes stable for accelerations above 0.6 g. The high initial variation of η p at lower acceleration levels between 0.5 g, and 0.6 g affects the linearity of the EAWVS in its sensor function. Therefore, even though the EAWVS remains self-powered from an input acceleration of 0.5 g, the system efficiency is so low and variable that the use of the EAWSN as a sensor is more or less compromised. Therefore, the LoD of the EAWVS is set at the higher level of 0.6 g, where the η p is higher and remains almost constant at the average value of 65% with a max variation <±8% in the acceleration range [0.6 g-1.2 g]. Since η p remains nearly constant within the acceleration range [0.6 g-1.2 g], Equation (18) can be rewritten as:

a cc = S v (t adv -t f all ) , ( 19 
)
where S v , given by Equation [START_REF] Naifar | Survey of electromagnetic and magnetoelectric vibration energy harvesters for low frequency excitation[END_REF], is the sensitivity of the EAWVS.

S v = C storage • (V 2 H -V 2 L ) K acc • η p (20) 
Furthermore, the high imbalance between the current produced by the PEH during the harvesting phase (µA) and that consumed by the EAWVS during the transmission phase (mA) results in a large difference between t adv (s) and t f all (ms). Hence, it is reasonable to assume that in a real application scenario, t adv t f all , implying that the following approximation t advt f all ≈ t adv is possible for negligible errors, so Equation ( 19) can be simplified as Equation [START_REF] Liu | Theoretical investigation and experimental verification of the self-powered acceleration sensor based on triboelectric nanogenerators (TENGs)[END_REF].

a cc ≈ S v √ t adv (21) 
Equation ( 21) is easily implemented in the embedded firmware of the BS, so the acceleration a cc_BS can be remotely and indirectly measured at the BS that can measure the time t adv from the received beacons. It is worth noting that, since the EAWVS exploits measurements in the time domain, the data reading interface are inherently digital. This feature is very convenient as it involves less complicated electronics for data reading than analog architectures and, more importantly, a lower energy consumption, which is a fundamental criterion of energy-autonomous and battery-free systems [START_REF] Middelhoek | Sensors with digital or frequency output[END_REF]. Since the BS can measure the time t adv , the only remaining parameter required to calculate the acceleration a cc_BS via Equation ( 21) is S v , which is derived experimentally through the characterization of the EAWVS in Section 6. Figure 7 shows the experimental setup, the top view and layout of the PCB that implements the EAWVS, and the top view of the PEH. The EAWVS characterization in terms of LoD and sensitivity in response to the vibrational acceleration was carried out at room temperature in ambient air. The EAWVS was clamped on the shaker and was excited with amplitude of acceleration a cc_in in the range [0.5 g-1.2 g]. Figure 8 shows several measurements of the output voltage V blue and the corresponding time t adv , probed with an oscilloscope for the various acceleration levels. Figure 8 shows how the time t adv decreases with the increase in acceleration a cc , in agreement with Equations ( 18), ( 19) and (21). The EAWVS sensitivity S v is the inverse of the fitting line slope reported in Figure 9. Hence, from the EAWVS characterization, S v = 5.26 g • s 1/2 ; therefore, the acceleration at the BS can be indirectly measured by knowing S v and measuring time t adv using Equation [START_REF] Dai | Triboelectric nanogenerators as self-powered acceleration sensor under high-g impact[END_REF].

Experimental Setup and Measurements

a cc_BS = 5.26 √ t adv (22) 
The intrinsic error with the proposed measurement technique is indicated with Error acc and calculated through Equation ( 23), representing the acceleration measurement error between the acceleration a cc_BS , indirectly measured at the BS and the forced acceleration a cc_in at the EAWVS.

Error acc = 100 • a cc_in -a cc_BS a cc_in (23) 
Figure 10a-c show the variation of a cc_in and a cc_BS vs. t adv . Figure 10d-f shows the variation of the error Error acc as the input acceleration a cc_in varies over the range [0.6 g-1.2 g]. It is worth highlighting that the discrepancy reported between the measured data reported in Figure 10d-f and the theoretical from Equation ( 22) is due to the variation of the system's energy-harvesting efficiency which is not constant along with the given acceleration range as reported by the results shown in Figure 5. The test measurements confirm that a remote and wireless measurement of the acceleration forced onto the EAWVS is possible at the BS. The measurement results are repeatable with an error consistently below 11%.

By observing Figure 10, it is worth considering that the error has a wide variation in the considered acceleration range that is mainly due to the efficiency variation on the system power conversion efficiency η p . Therefore, to implement a better approximation, one of the strategies employs a piecewise approximation [START_REF] Rosa | An energy autonomous and battery-free measurement system for ambient light power with time domain readout[END_REF]. The whole acceleration range [0.6 g-1.2 g] is divided in two sub-ranges, [0.6 g-0.9 g] and [0.9 g-1.2 g]. In the operating range [0.6 g-0.9 g], it is possible to calculate the acceleration at the BS through [START_REF] Homayouni-Amlashi | Analytical modelling and optimization of a piezoelectric cantilever energy harvester with in-span attachment[END_REF], which represents the linear regression, with an error lower than ±7.3%, while in the sub-range [0.9 g-1.2 g], it is possible to calculate the acceleration at the BS through [START_REF] Andò | A Nonlinear Harvester to Scavenge Energy from Rotational Motion[END_REF], with an error lower than ±6.8%. 

Equations ( 24) and ( 25) can be implemented in the firmware of the BS that continuously monitors the advertising time and calculates the acceleration a cc_BS . Table 1 reports a summary of the equations and related errors. The BS can therefore receive beacons from one or more EAWSNs placed on the vibrating components of machines under test and implement critical predictive maintenance or fault detection functionality by measuring the advertising time t adv of the received beacons as shown in Figure 11. For the long-term predictive diagnosis of machines, the EAWVS can be embedded on specific mechanical parts that require regular maintenance, such as bearings, gears, conveyors, turbines, shafts, valves, etc. Experiments have also been carried out with a remote BS. The BS was implemented with the BLUENRG-2 IC set to scanning mode to receive the data transmitted by the battery-free EAWVS, configured in advertising non-connectable mode to transmit output power of 8 dBm. The EAWVS and the BS were placed at an average distance of 5 m. During the measurements, several other devices using Bluetooth and Wi-Fi were active, including a 2.4 GHz Wi-Fi access point and various personal computers and smart devices. The EAWSN and BS have also been tested in a free space environment reaching a reliable communication distance of 100 m.

Conclusions

This paper studied a novel self-powered and battery-free device for vibration sensing based on the conversion of vibration energy to time data. The underlying principles and physical equations form the basis of a measurement technique using temporal data to determine the amplitude of vibrational acceleration experienced by an object. The proposed approach generates remote measurement readouts at a designated base station (BS) from the wireless BLE transmission of sensor data expressed in easy-to-implement time-domain readouts. The design of a specially designed lead-free PEH able to perform the double function of energy harvester and vibrational sensor is integral to the proposal, and the experimental results demonstrate reliable sensing in the acceleration range [0.6 g-1.2 g]. Experimental tests have shown that the EAWVS and BS system can deliver repeatable and accurate sensing functionality with less than 11% maximum error. It has been evidenced how the simplicity of the EAWVS architecture translates into several advantages, such as eco-friendliness, size, cost and, above all, the capacity to function as a maintenance-free install-and-forget device in practically any application where vibration energy is available. Finally, all experimental measurements were performed using a 2 cm × 2 cm PCB with a thickness of 0.45 cm, implemented (except for the PEH) with standard components to demonstrate the feasibility of a proof of concept, the operational performance of which can only improve with advances in relevant materials and electronic components. Our aim is to therefore build on the encouraging results reported herein with further research into more advanced materials and architectures that can ensure greater versatility and applicability across an even wider range of use case scenarios.
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 1 Figure 1. System block diagram EAWVS/BS.
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 3 Figure 3. PEH cross sectional schematic and FEM analysis: (a) Cross sectional schematic of the PEH. (b) Zoom view of maximum mechanical stress distribution area obtained from FEM in the cantilever beam at a cc = 2 g.
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 4 Figure 4. PEH experimental characterization as a function of acceleration a cc : (a) Open-circuit voltage V oc in volts vs. acceleration a cc in g in log scale; (b) PEH generated power P PEH in µW vs. acceleration a cc in g in log scale.
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 5 Figure 5. EAWVS power conversion efficiency η p vs. acceleration a cc (experimental results).
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 6 Figure 6 shows the block diagram of the experimental setup, which consists of: • A signal generator: this equipment (Agilent 3500B) is used to control the input frequency and the vibration amplitude of the shaker; • Power amplifier: a 100 W power amplifier (PA 100E Data Physics) that amplifies the signal provided by the signal generator; • Shaker: the electrodynamic shaker (SignalForce from Data Physics) provides the input vibration for the PEH; • Accelerometer and charge amplifier: these devices are implemented with the PCB Piezotronics 355B04 accelerometer. They are connected to the shaker to measure the input acceleration in real time.
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 6 Figure 6. Block diagram of the experimental setup.
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 7 Figure 7. Experimental setup, EAWVS PCB and PEH.
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 8 Figure 8. V stor and V blue vs. time at three different accelerations: (a) a cc = 0.6 g, (b) a cc = 0.8 g and (c) a cc = 1 g.
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 9 Figure 9. Linear fit of the experimental measurement data for various accelerations from 0.6 g to 1.2 g.

Figure 10 .

 10 Figure 10. (a-c) a cc_in and a cc_BS vs. t -1/2 adv for three tests to study reproducibility. (d-f) Measurement of corresponding Error acc vs. the input acceleration a cc_in for three different tests.

Figure 11 .

 11 Figure 11. Application scenario with BS and several EAWVSs.

  

Table 1 .

 1 Experimental results with maximum error in measurement for two different acceleration rages.

	a cc Range (g)	Fitting Equation	Max Error acc (%) Test 1	Test 2	Test 3
	[0.6-0.9]	a cc_B_S = 5.1 √ t adv	3.9	7.3	6.7
	[0.9-1.2]	a cc_B_S = 5.34 √ t adv	6.5	6.8	5.4
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