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We propose implementing an onboard energy scavenging subsystem utilizing piezoelectric materials, which serves the dual purpose of generating electrical energy and facilitating data acquisition for multifaceted applications. In a practical demonstration, we have engineered a fully functional prototype adept at gathering data via a piezoelectric-centric energy scavenging mechanism. This gathered data is seamlessly synchronized with GPS coordinates and timestamps, meticulously organized within a system architecture, and harnessed through meticulously crafted Python code. The wealth of data that we obtain from an onboard energy scavenging subsystem holds significant potential. It empowers us to discern road irregularities and potholes through intricate analytical methodologies while also facilitating a thorough assessment of asphalt quality. Furthermore, it enables real-time surveillance of vehicular suspension system health and offers a nuanced exploration of driver behavior patterns. In a pragmatic pursuit of actionable insights, the amassed data can be expeditiously conveyed to relevant authorities. These authorities can perform even deeper Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning (DL) to proactively initiate timely corrective measures, thereby elevating road safety standards and ensuring the maintenance of critical infrastructure. The Results and Discussion section underscores the attainment of substantial and noteworthy outcomes, further affirming the significance of our findings.
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1 INTRODUCTION
Problem Statement: Increasing demands for autonomous data collection and innovative energy sources have spurred interest in onboard energy scavenging subsystems. However, gaps exist in understanding the full potential of such systems to generate valuable data. This study aims to explore and uncover the untapped capabilities of onboard energy scavenging subsystems, evaluating their viability for efficiently harvesting energy and generating valuable data in diverse applications.
Motivation: In today’s technology-driven world, the quest for sustainable and autonomous solutions has fueled intense interest in harnessing ambient energy sources. Onboard energy scavenging subsystems hold the promise of revolutionizing data generation, offering a unique synergy between energy harvesting and valuable data acquisition. By delving into the uncharted territory of these systems, our study aims to unlock their untapped potential, paving the way for more efficient and self-sustaining technologies that can reshape industries, enhance data-driven decision-making, and contribute to a more environmentally conscious future.
This work aims to use piezo material to scavenge electrical energy for powering meso-to-micro scale devices and to detect and analyze information from energy creation patterns. This system can detect and locate road roughness, such as potholes and corrugations, monitor the health of a vehicle’s suspension system, evaluate a driver’s behavior, and profile asphalt quality. AI-based data analytics is used to provide meaningful information to those responsible for taking corrective actions. A prototype model of the system was constructed to carry out this endeavor, and the investigation results are described in this paper.
Road roughness (that may include corrugations, potholes, asphalt quality, etc. (Abulizi et al., 2016) health of vehicle suspension system (that may include springs, shock absorbers, and struts, etc., (Zhang et al., 2020), driving styles (that may include reckless, anxious style, and careful, etc., (Peng et al., 2022), all affect onboard energy scavenging. The motivation behind this work is to use piezo material not primarily to scavenge electrical energy for powering meso-to-micro scale devices but also to expose and utilize the information concealed in energy creation patterns. Thus, we suggest a system capable of extracting information concealed in energy creation patterns and using the data analytics techniques to i) detect and locate potholes, corrugations on the road surfaces, and road roughness, ii) monitor the health of car suspension system, iii) evaluate the driver’s behavior behind the wheel, and iv) conduct asphalt quality profiling for the assessment of contractors’ performance. We also suggest performing AI-based data analytics and dispatching meaningful information to the parties responsible for taking corrective actions. We constructed a prototype model of the system to carry out this endeavor, and this paper describes the investigation results.
The study of harvesting energy using piezoelectric material in a partial or complete car model is discussed in [(Chukwu and Mahajan, 2017; Ndoye et al., 2011; Yaqub et al., 2012)]. It reports that a passenger car traveling at a speed of 13 m/s can produce a power of around 200 W and is worth being harvested. However, it is mute about exposing the information concealed in energy creation patterns. Pothole detection and warning the drivers about it is demonstrated in (Rode et al., 2023) however, it employs sensors based on force balance pendulous accelerometers and piezoelectric material to detect the presence of potholes. Unfortunately, the pendulous accelerometer is very bulky and expensive while having outstanding performance. Also, the scope of the work is very limited as it does not alert the appropriate authorities for taking corrective measures (Motus engineering solutions, 2023). Due to their lower cost and smaller footprint, piezoelectric-based sensors were the ones we ultimately settled on. We could not find any work suggesting extracting information hidden in energy creation patterns, applying data analytics techniques to extract valuable and actionable information, and dispatching the information to the appropriate authorities. These authorities may include, for example, the Department of Transportation responsible for road planning, construction, and maintenance and taking corrective measures (US Department of Transportation, 2023), the Alliance of Automobile Manufacturers for Automotive Innovation (Autosinnovate, 2023), and State Driving Licensing Agencies. Since we do not append the vehicle, or the driver identification data with the collected information, therefore it does not pose any privacy and security concerns. (Davidson and Mo, 2014). This paper comprehensively examines recent advancements in energy harvesting technologies for Structural Health Monitoring (SHM) applications. The system encompasses embedded sensors, data acquisition, wireless communication, and energy harvesting components, including vibration, thermal gradients, solar, wind, pressure, piezoelectric materials, electromagnetic, and magnetostrictive materials. However, the objective of this paper is to explore advanced energy harvesting technologies to power low-power sensors and wireless communication components.
(De Fazio et al., 2023). The objective of this research is to explore and categorize existing energy harvesting technologies that can extract energy from various sources available on roadways, both natural and related to vehicular transit. The aim is to identify and analyze the most promising solutions and technologies for creating energetically autonomous smart road systems (Shaikh and Zeadally, 2021).
(Beeby et al., 2007; Ahmad et al., 2019). The main objective of this research work is to comprehensively address the energy efficiency challenges in Wireless Sensor Networks (WSNs) and the Internet of Things (IoT). The focus is on designing and developing efficient and high-performance energy harvesting systems for WSN and IoT environments. The book covers various energy harvesting sources, techniques, energy management, and prediction models to maximize harvested energy. It also highlights architectural advancements for cost-effective, efficient, and reliable energy harvesting systems. This reference serves researchers, engineers, practitioners, and students in developing practical energy harvesting models and technologies for WSN and IoT deployments, benefiting professionals and industries in IoT, sensing, and energy harvesting technologies. The main objective of this research is to provide a comprehensive review of energy harvesting from pavements, focusing on sources such as solar radiation, mechanical energy from vehicles and pedestrians, geothermal energy, rainwater, and wind. The study aims to present the current state of research, progress in energy harvesting methods, material developments, practical system creation, commercial status, technology comparison, challenges, and potential future directions. The findings emphasize the potential for broader implementation of pavement and roadway energy harvesting technologies through further research and feasibility studies.
Though we found these references closely related to our work, their objectives are quite different from our work. There are several limitations of previous studies on energy harvesting using piezoelectric materials, such as some studies focused solely on energy generation without fully exploring the potential for valuable data collection and utilization (Yaqub et al., 2012; Chukwu and Mahajan, 2017). Previous research is confined to specific applications (Abulizi et al., 2016; Zhang et al., 2020), overlooking the broader spectrum of possibilities for onboard energy scavenging subsystems. Most of the prior art primarily adopted theoretical and simulation approaches, lacking practical implementations or real-world testing (Chukwu and Mahajan, 2017; Rode et al., 2023; Jazar, 2017). The research on “Exploring the Potential of Onboard Energy Scavenging Subsystems for Generating Valuable Data” addresses these limitations as this study takes a holistic perspective, considering both energy scavenging and data generation, thus providing a more complete understanding of the technology’s potential. In addition, this research explores a wide range of potential applications for onboard energy scavenging subsystems, ensuring a more comprehensive assessment of their capabilities. By exploring both energy harvesting and data collection, the study emphasizes the integrated design of systems that simultaneously scavenge energy and generate valuable data. Also, the research includes practical experimentation, demonstrating the feasibility and real-world performance of the proposed onboard energy scavenging subsystems. By addressing these limitations, the research contributes to a more comprehensive and practical understanding of the potential of onboard energy scavenging subsystems for generating valuable data across diverse applications and contexts.
Thus, we decided to use the Piezoelectric-based sensors based on the following reasons and the advantages offered by the Piezoelectric based sensors. The Piezoelectric-based sensors directly convert mechanical vibrations into electrical energy, yielding high energy conversion efficiency compared to some other methods, which may involve more complex mechanisms. Piezoelectric sensors are inherently compact and lightweight, making them suitable for integration into vehicles for energy scavenging, which might not be as feasible with bulkier energy harvesting technologies. Further, Piezoelectric materials have durability and resilience, leading to longer operational lifespans for energy-scavenging subsystems. Also, Piezoelectric devices can produce instantaneous electrical power in response to vibrations, making them suitable for applications requiring rapid power bursts, and last but not least, the Piezoelectric sensors require minimal maintenance due to the absence of moving parts and their inherent robustness.
In contrast, other vibration-based data collection technologies might have different advantages and limitations. Accelerometers provide a broader motion detection range but may require additional power sources. Fiber optic sensors offer high precision but can be complex to install and maintain. By comparing these technologies, choosing the most appropriate solution is possible based on factors such as application, power efficiency, sensitivity, and budget.
2 DESCRIPTION
Figure 1A shows the proposed prototype. It is a battery-operated toy car that installs i) piezoelectric sensors at strategic locations in the suspension system, ii) a GPS data logger for measuring location coordinates, iii) a Wi-Fi-based communication interface for data transmission, and iv) a LattePanda host machine, amplified in Figure 1B. LattePanda host machine is a single-board computer. It is conceptually similar to the Raspberry Pi, but it runs Intel processors, has more RAM, speed, and power, and can run a full version of Windows 10 or Linux. It receives data from the above-noted onboard components and processes it. It displays the needed information on an onboard display, see Figure 1D and also sends the complete datasets to a remote server over a Wi-Fi communication link or cellular communication link (if it is provisioned with the Subscriber Identity Module (SIM)) to carry out data science related tasks comprising of Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning (DL) as shown in Figure 1C.
[image: Figure 1]FIGURE 1 | The overall concept of the proposed prototype.
The above noted components are grouped into different subsystems for easy explanation. These subsystems are listed below; inter-subsystem information flow is depicted in Figure 2, and their functions are elaborated in the below paragraphs. Figure 2 also portrays that the subsystem responsible for data analytics uses the data for diversified applications, such as detecting and locating potholes and road roughness, monitoring the health of the car suspension system, evaluating the driver’s behavior, and conducting asphalt quality profiling.
1) Energy Scavenging Subsystem (ESS)
2) Data Acquisition Subsystem (DAS)
3) Data Integration and Dispatch Subsystem (DIDS), and
4) Data Analytics, Display and Dispatch Subsystem (DADS)
[image: Figure 2]FIGURE 2 | Block diagram of information flow in subsystems.
2.1 Energy scavenging sub-system
Although there are several onboard excitation sources, such as engine vibration and occupants’ movement, the road roughness, health of the vehicle suspension system, and driving styles are the main excitation sources for all vehicle energy scavenging subsystems (Chukwu and Mahajan, 2017; Ndoye et al., 2011). A suspension system connects a vehicle to its wheels and allows relative motion between the two (Jazar, 2017) to keep the wheels in contact with the road surface as much as possible. Therefore, defining a place for quartz (SiO2), a piezoelectric material, inside the suspension system of the small-scale model that would produce a sufficient voltage signal is very important. So, as shown in Figure 3, we put it between the front lower suspension arms of the remote-controlled automobile.
[image: Figure 3]FIGURE 3 | The quarter car suspension system.
By simulating the road surface as a periodic wave (Chukwu and Mahajan, 2017), we can determine its amplitude (the average height of the bumps) and wavelength (the average distance between them). Thus, using the quarter car non-linear model depicted in Figure 3, we can define a relationship between the vibrational energy harvested from the vehicle suspension systems (Chukwu and Mahajan, 2017; Davidson and Mo, 2014) (that are directly impinged) by i) the road surface landmarks, ii) the speed of the vehicle (that determines the frequency of vibrational excitation), iii) the health of the suspension system, and iv) the driving habits of the vehicle operator behind the wheel. Refer to Figure 3; the harvested power Pe, for such a system, is given in terms of the system’s natural frequency of vibration, the spring constants, and the roughness of the road as shown in Eq. 1:
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Where,
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The maximum power is obtained when ω = ωn and ξm = ξe (Yaqub et al., 2012).
[image: image]
The average power Pav generated by the piezoelectric material’s vibration is given by (Zhang et al., 2020; Ndoye et al., 2011; Davidson and Mo, 2014; De Fazio et al., 2023).
[image: image]
Where:
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The piezoelectric strip may produce the most electrical power when the input and natural frequencies are matched. The following equation (Davidson and Mo, 2014).gives the maximum harvested power, assuming the vibration is acceleration and displacement is y:
[image: image]
Where:
[image: image]
The power generated from the ESS is very valuable for two reasons, firstly, it can be used to power the onboard electronics, and secondly, the energy generation patterns data contain much information that can be processed and used for several applications. Thus, the ESS passes the data to the next subsystem DAS as shown in Figure 2.
The proposed methodology utilizes a quarter-car suspension system integrated with piezoelectric material to harvest vibrational energy to collect valuable data from the vehicle’s operation. The process starts by simulating the road surface as a periodic wave with a defined amplitude (average height of bumps) and wavelength (average distance between them). By using the quarter car non-linear model, the relationship between the harvested vibrational energy and various factors such as road surface landmarks, vehicle speed (frequency of vibrational excitation), health of the suspension system, and driving habits of the vehicle operator can be defined. The harvested power (Pe) from the system is determined based on the system’s natural frequency of vibration, spring constants, and road roughness, as shown in Eq. 1.
The average power (Pav) generated by the piezoelectric material’s vibration is given by Eq. 3, which considers the piezoelectric strip’s properties and its input and natural frequencies. The goal is to maximize the harvested power, which can be achieved by matching the input and natural frequencies of the piezoelectric strip, as shown in Eq. 4. The parameters in Eq. 4 are related to the vibration’s acceleration and displacement. The generated power from the Energy Scavenging Subsystem (ESS) has two main advantages: it can be used to power the onboard electronics, and the data generated from the energy generation patterns carry valuable information that can be processed and utilized for various applications.
2.2 Data acquisition subsystem (DAS)
As the name implies, this subsystem extracts data from the energy generation pattern of the ESS. The information contained in this data can be analyzed and used for diversified applications. Some of the applications are shown in Figure 2 and are described in Section 3.
Each voltage signal produced by the piezoelectric material when the vehicle follows a course has a particular value at a specific time and place that is connected to the degree of road roughness. We employed the Accuzact DAQ 823 Voltage Data Logger to capture these voltage signals. This dual-channel data-collecting device monitors two different 0 to +30V DC measurement ranges with analog pins and a USB connection. Additionally, this device runs a virtual data logger program that can graph, print, and export data to other programs. Because the virtual data logger software requires power and a physical connection to a computer, we chose to install LattePanda Host Machine, see Figure 1B as an onboard host computer on the vehicle. Our virtual logger software works better on a development board that uses the x86 Framework. We utilized a 10,000mAh Romoss USB Battery pack with a maximum current to power the host PC.
2.3 Data integration and dispatch subsystem (DIDS)
The three pieces of information (GPS coordinates, Voltage pulses, and timestamp) are needed to be combined into a valuable digital data format. DIDS uses the Canmore GT-730FL universal Serial Bus GPS data recorder and performs aggregation of voltage signals, GPS coordinates, and timestamps. The USB port on the host computer is used to connect this dongle. The ESS, DIDS, and DADS are all assembled and mounted on a toy automobile. Figure 1A shows the miniature model. These subsystems gather and compile valuable data. DIDS also displays the most needed information by the driver on the onboard display. It may contain road health, suspension system health, etc.
DIDS is further charged with information dispatch. Thus, this subsystem sends the combined data to the remote machine that is computationally more powerful and capable of running data science/data analytics software for intense data analytics. We used a cell phone as a Wi-Fi hotspot to send the data to a remote computer server. We also used TeamViewer software to manage and track the prototype’s data production via a remote desktop client program. Additionally, we completed all startup activities without needing physical interfacing tools because of the prototype’s independence from direct I/O to the host system.
The DADS assume a pivotal role in efficiently processing and harnessing the data generated by the Energy Scavenging Subsystem (ESS). Leveraging cutting-edge AI algorithms, the DADS proficiently analyzes the vast data streams received from the ESS, empowering it to extract real-time insights. Furthermore, ML algorithms are adeptly employed within the DADS to construct adaptable models that continually enhance their performance over time. This facilitates optimal energy harvesting by allowing the DADS to adjust to dynamic road conditions, driving patterns, and suspension system health. The ML models constantly evolve and fine-tune their predictions using fresh data, resulting in more precise energy harvesting and the optimized use of collected data for a multitude of applications. Moreover, the incorporation of AI, ML, and DL on third-party servers at remote locations, enables comprehensive data evaluation across multiple vehicles, unveiling trends and anomalies that might remain hidden to a single vehicle.
2.4 Data analytics, display and dispatch subsystem (DADS)
The AccuLogger Data Logger and Canmore GPS dongle, the integral components of the prototype, each supplied files with voltage and position data important to our proof-of-concept. These files were initially kept locally on the LattePanda host system in the current prototype design.
The Accuzact Voltage Logger creates files (see Figure 4A) with three sections: voltage measurements, a start time, and a stop time (both are the host computer system times). The GPS logger’s file contents (see Figure 4B) conform to National Marine Electronics Association (NMEA) 0183 standards (Baddeley, 2001). Offloading these files is required, retrieved, then structured to provide an easily readable table via our user interface. Microsoft Excel and the Visual Basic Integrated Development Environment are the tools utilized for this. This was done by writing several different subroutines. These subroutines perform various tasks required to achieve our organizational objectives, such as data extraction from files, data manipulation, data comparison using data type, and many more. This section briefly overviews our Organize_GPS function (see Figure 4C).
[image: Figure 4]FIGURE 4 | Data collection and analytics.
Time comparison is the most effective way to link the GPS data with the voltage information. However, Excel cannot recognize the data entered from the NMEA file as time (which stores time internally as a decimal). As a result, we are forced to develop a procedure that modifies the data to enable a straightforward string comparison. This method must match the timestamp of the GPS coordinates and the date of another sub-pair that contains the voltage information. For charting on our user interface, the latitude and longitude must also be translated from decimal degrees to degrees.
The Organize GPS sub begins by organizing the GPS time into a comparable format using a series of mid functions (which grab a specific range of data within a cell), colon characters, counters, and concatenating operations within a loop. It then uses coordinate conversions to enable the merging sub to prepare the data in a way that can be easily integrated into our user interface. A table (see Figure 4D) is created when our subroutines have finished running, and it is then made accessible to our Python script (see Figure 4E), which creates our user interface (see Figure 4F).
As a result of our system’s prototype voltage recording capabilities, which can measure up to seventeen samples per second, the road’s state is accurately represented at any moment throughout a run. The lower amplitudes associated with smoother road conditions may be filtered using a high pass filter that is already built into our algorithms. But further research is needed on the threshold at which this filter is established.
One sample of coordinates is recorded by the Canmore GPS dongle every second. As a result of the significant disparities in sample speeds between the voltage logger and the GPS dongle, both minor timing errors and the inherent resolution limitations of global positioning systems affect the resolution at which a peak occurs. However, it has been proven that our prototype is precise enough for this experiment’s purposes to express road roughness characteristics with a fair margin of error (2–6 m).
Our last method of informing a user regarding our prototype is the Dashboard. Users will be able to see an approximate representation of the gathered data shown on a map after capturing the voltage peaks and combining the voltage logger data with the global positioning data. We need to develop a mechanism to identify one point from the next since all the data will represent the degree of road roughness in terms of different voltages. Given these considerations, our strategy involves transferring all important aggregated data to the ZeeMaps website to produce a visual display. This procedure needed a Python script to read the complete merged table (as seen in Figure 4D) and run several export and comparison algorithms to present the user with points of interest.
There is a mechanism to extract the data from the data spreadsheet in the first section of the Python script. The Openpyxl Library enabled us to achieve that. This library includes routines that can extract data from an Excel file in several ways (Gazoni and Clark, 2010). Importing the whole Excel file and putting it in a variable were the steps to get the data out of the spreadsheet. After that, we read over each row and took five cells from each row using a row variable. The algorithm then compared the current row variable value to the previously recorded variable value. This cycle will continue until the file variable storing the complete spreadsheet is exhausted.
Secondly, to verify that all the points on the map are unique, we had to create an algorithm to compare variables. During our early runs, we tested our procedures by charting all the points along a path. Additionally, to compare the row variables, we would need to devise a way to differentiate the level of road roughness. This problem was resolved by color labeling the voltage peak ranges.
The last phase was taking the supplied data and displaying it in a simple fashion for a user to understand using a functional file reading and comparison approach. Web-driver functions that communicate with website components are available in the Selenium Library (Muthukadan, 2011). Usually, automation is accomplished with this tool. This library would allow quick insert of useful data from the test run into the user display. The entire procedure requires going to ZeeMaps and accessing the website’s map component. From this point, settings must be changed to allow users to enter information. The current row variable delivers the data from the captured voltage signal to the description space. The timestamp data is then taken by the current row variable and sent to the area designated for the Entry Name. Additionally, the current variable delivers the latitude and longitude data to the location-specific space.
Finally, a color will be assigned to the row variable’s current greatest value between the two channels of voltage logger data. This color will be transmitted to the marker field. This procedure will continue until the entire file is executed. The web-driver closes the add entry box once the procedure reaches the end of the file and then zooms in on the region with the greatest concentration of plots. The console will then ask the user if they want to save the current map and create another one when they’ve finished. A finished map with an abundance of sites of interest is shown in Figure 1D. The locations of the potholes are displayed on a map using the measurements that have been continuously taken from the toy car over time.
DADS is capable of analytics and dispatching the information to the authorities responsible for taking corrective actions.
3 RESULTS AND DISCUSSION
3.1 Strain and temperature impact on piezo sensor energy generation
Figure 5, the Piezo Sensor Strain vs. Energy Generation graph, illustrates the relationship between the strain applied to a piezo sensor and the amount of energy generated. As the strain on the sensor increases, the energy generation also rises, indicating a direct correlation. This graph also shows the impact of temperature variation on the output energy generation of piezo sensors under varying strain levels. The energy generation of a piezo sensor decreases as the temperature rises. This is due to the change in material properties of the piezoelectric material used in the sensor. Higher temperatures lead to increased electrical resistance, reduced piezoelectric coefficients, and decreased overall sensitivity of the sensor. Therefore, it is important to compensate for temperature effects for applications explained in this manuscript.
[image: Figure 5]FIGURE 5 | Strain and temperature impact on piezo sensor energy generation.
In this particular scenario, a road bump induces strain. As the vehicle encounters the road bump, the strain on the sensor increases, leading to a corresponding voltage or signal output change. This change in voltage is captured and analyzed to assess different parameters, as explained in the rest of the figures.
3.2 Impact of piezoelectric sensor sensitivity on energy harvesting
Figure 6 depicts the relationship between energy generation and the sensitivity of a piezo sensor and thus highlights the importance of selecting a piezo sensor with an appropriate sensitivity level to optimize energy generation based on specific application requirements. It shows how the sensor sensitivity impacts the output voltage. A highly efficient or sensitive piezo sensor will generate higher energy pulses even with minimal strains (road bumps) applied to it, as revealed by (Figure 6A). A moderately sensitive sensor will generate moderate energy pulses, as depicted in Figure 6B, while a poorly sensitive sensor will produce significantly lower energy pulses, as represented by Figure 6C.
[image: Figure 6]FIGURE 6 | (A). Quality and efficiency of piezo sensor (good sensitivity). (B). Quality and efficiency of piezo sensor (moderate sensitivity). (C). Quality and efficiency of piezo sensor (poor sensitivity).
The sensitivity of piezoelectric sensors depends on several factors that include i) the intrinsic characteristics of the piezoelectric material used, such as the piezoelectric coefficient, mechanical quality factor, and dielectric constant, that significantly influence sensor sensitivity, ii) material thickness, as thinner piezoelectric layers generally exhibit higher sensitivities due to increased strain levels and more efficient energy conversion, iii) mechanical resonance frequency, as Operating a piezoelectric sensor close to its mechanical resonance frequency enhances sensitivity, as the material responds more strongly to vibrations at this frequency, and iv) electrode arrangement and design also influence how strain is distributed across the piezoelectric material, affecting sensitivity. Since these parameters vary based on manufacturing quality, we acquired the piezoelectric material from three different vendors, as we acknowledged that the precision and quality of sensor manufacturing influence the consistency and reliability of sensitivity.
Utilizing a piezo sensor with the appropriate higher sensitivity is crucial for the applications described. This sensitivity level allows for accurate recording of road roughness, drivers’ behavior, and evaluation of asphalt quality.
3.3 Application 2- assessment of road roughness
Figures 7A, B illustrate the correlation between voltage amplitude (in volts) and time (in seconds). Through careful analysis, it is evident that voltage amplitude is directly proportional to road roughness. The study investigates five levels of roughness, ranging from moderate (level 1) to highly rough roads (level 5). Peaks observed in both level 1 and level 5 indicate the intensity of roughness, highlighting the influence of road quality, bumps, and potholes on the measured voltage. Notably, level 5 exhibits a significantly higher degree of roughness compared to level 1, which reflects the probable potholes. This graph provides valuable insights into the relationship between voltage amplitude and road roughness, aiding in understanding road quality, bumps, and potholes.
[image: Figure 7]FIGURE 7 | (A). Effect of Road Roughness on the measured voltage. (B). Effect of road roughness and potholes on the measured voltage.
As noted, Figures 7A, B depict the correlation between voltage amplitude (in volts) and time (in seconds) for different levels of road roughness. The study investigates five levels of roughness, ranging from moderate (level 1) to highly rough roads (level 5). The observed peaks in both level 1 and level 5 graphs indicate the intensity of roughness in the road. However, level 5 exhibits a significantly higher degree of roughness compared to level 1. The significant difference between instantaneous level 5 and level 1 in terms of road roughness implies that level 5 roads may have probable potholes. Potholes are typically deeper depressions or cavities in the road surface. When a vehicle encounters a pothole, it experiences a sudden jolt or impact, which can lead to a higher magnitude of vibrations and disturbances in the onboard energy scavenging subsystem. Also, the presence of frequent peaks in the voltage amplitude graph indicates a higher occurrence of bumpiness, disturbances, or obstacles on the road surface. This information can aid in assessing road conditions, identifying areas with higher risk for vehicle damage, and informing maintenance efforts to ensure safer and smoother roadways.
We think that capturing instantaneous values capture the nuanced variations in real-time intensity, while RMS carries the scientific merit of revealing trends, patterns, and predictions over time, as RMS values provide a representative measure of the overall energy content of the signal. Instantaneous values shown in Figure 6 enable the nuanced representation of real-time intensity variations, providing a detailed perspective on the immediate fluctuations. On the other hand, RMS values offer the scientific advantage of revealing long-term trends, patterns, and predictive behaviors by quantifying the overall energy content of the signal.
The amount of energy generated by a piezo sensor is influenced not only by the impact of the induced road bump but also by the sensor’s sensitivity, which is determined by the quality of the material used in its construction. Therefore, choosing high-quality materials with excellent piezoelectric properties can significantly enhance the sensor’s sensitivity and increase the energy generated in response to the road bump.
3.4 Application 4- assessment of driving behavior
In addition to the above, the amount of energy generated by a piezo sensor can also be influenced by the By analyzing the data collected from the sensor, it becomes possible to classify the driver’s behavior as either sober, reckless, or risky, as depicted in Figure 8A–C.
[image: Figure 8]FIGURE 8 | (A). Sober driver and piezo sensor energy generation. (B). Distracted driver and piezo sensor energy generation. (C). Risky driver and piezo sensor energy generation.
Different driving behaviors result in varying levels of strain and vibration on the piezo sensor. A sober driver typically maintains a smooth and controlled driving style, resulting in relatively low strain on the sensor. On the other hand, a reckless driver may exhibit sudden accelerations, hard braking, and aggressive maneuvers, leading to higher strain levels. Similarly, a risky driver may frequently encounter bumps, potholes, or uneven surfaces, causing significant strain on the sensor.
Monitoring the energy generation patterns from the piezo sensor and analyzing the associated data makes it feasible to classify the driver’s behavior based on the observed strain levels. This classification can provide valuable insights for various applications, such as driver safety assessments, risk analysis, and driver training programs.
3.5 Application 5- assessment of asphalt quality
In addition to the impact of induced road bumps, the amount of energy generated by a piezo sensor is influenced by the quality of the asphalt surface. Analyzing the data collected from the sensor makes it possible to classify the asphalt quality as top, medium, and low grade, as shown in Figures 9A–C.
[image: Figure 9]FIGURE 9 | (A). Top-grade asphalt and piezo sensor energy generation. (B). Medium-grade asphalt and piezo sensor energy generation. (C). Low-grade asphalt and piezo sensor energy generation.
Different asphalt qualities result in varying levels of strain on the piezo sensor. Top-grade asphalt surfaces typically provide a smoother driving experience and, thus, lower strain levels. Conversely, low-grade asphalt surfaces may exhibit cracks, potholes, and unevenness, leading to higher strain levels. Medium-grade quality asphalt falls somewhere in between, with medium-grade strain levels observed.
Monitoring the energy generation patterns from the piezo sensor and analyzing the associated data makes it feasible to classify the asphalt quality based on the observed strain levels. This classification can provide valuable insights for road maintenance and infrastructure planning, allowing authorities to identify low-grade asphalt areas requiring repair or improvement. Furthermore, it helps assess the overall road condition and ensures safer and more comfortable driving experiences for motorists.
3.6 Application 6- assessment of vehicle health
Graphs in Figures 10A–C illustrate the relationship between the amount of energy generated by a piezo sensor, the type of suspension system, and the impact of induced road bumps. They show that the stiffness of the suspension system influences energy generation, as the suspension system absorbs the impact forces and minimizes vibrations. In the context of energy harvesting using a piezo sensor, the stiffness of the suspension system directly affects the amount of energy generated.
[image: Figure 10]FIGURE 10 | (A). Stiff suspension system and piezo sensor energy generation. (B). Soft suspension system and piezo sensor energy generation. (C). Softer suspension system and piezo sensor energy generation.
Figure 10A demonstrates that a stiff suspension system produces less energy than a soft one. This is because a stiff suspension resists the vertical movement caused by road bumps, reducing the mechanical strain and deformation on the piezo sensor. Consequently, less energy is converted from mechanical vibrations into electrical energy.
On the other hand, a soft suspension system, as indicated in Figure 10B, allows more significant vertical movement in response to the road bumps, resulting in increased strain and deformation on the piezo sensor. As a result, more energy is generated by the piezo sensor. Furthermore, Figure 10C indicates that an even softer suspension system produces the most energy. This is because a very soft suspension allows for even greater vertical movement, maximizing the strain and deformation on the piezo sensor and consequently increasing the energy generation. These findings emphasize the importance of evaluating the suspension system characteristics and effective life.
The data collected and analyzed by the proposed onboard energy scavenging subsystem contributes significantly to improved road infrastructure, enhanced vehicle performance, and overall safety through the system’s data collection capabilities that allow for the continuous monitoring of road roughness and potholes. This data can be used by road maintenance authorities to identify areas in need of repair or maintenance, leading to smoother and safer road surfaces. By analyzing data related to road vibrations and conditions, the system can contribute to assessing the quality of asphalt used in road construction. Identifying areas with subpar asphalt can lead to more durable and long-lasting roadways. And the data collected on road vibrations and vehicle responses can help monitor the health of a vehicle’s suspension system. Early detection of issues can prevent mechanical failures and improve overall vehicle performance and comfort. Additionally, the system can provide insights into driver behavior patterns, such as acceleration, braking, and steering. This information can be used to offer personalized feedback to drivers, encouraging safer driving practices and potentially reducing accidents. Above all, the onboard energy scavenging subsystem’s ability to capture real-time road conditions provides overall safety that allows authorities to i) to detection of hazardous situations such as sudden braking, slippery road conditions, or obstacles. This information can be communicated to drivers and relevant authorities for prompt response and accident prevention, ii) use the collected data to make informed decisions about road maintenance, infrastructure development, and traffic management, and iii) in the event of accidents or emergencies, the system’s data can provide valuable insights into the conditions leading up to the incident, aiding emergency responders in understanding the context and providing timely assistance. Overall, the data collected and analyzed by the proposed system empowers road authorities, vehicle manufacturers, and drivers with valuable insights to make informed decisions, optimize road infrastructure maintenance, enhance vehicle performance, and prioritize safety measures. This holistic approach has the potential to lead to safer and more efficient roadways, benefitting both individual drivers and the broader community.
4 CONCLUSION
In this comprehensive study, we have meticulously analyzed the rich dataset acquired from energy scavenging subsystems integrated within automobiles. Our exploration has illuminated the vast spectrum of their applications, which span from vital road condition monitoring to intricate car health assessment, strategic road maintenance prioritization, and even insightful driver behavior tracking.
At the heart of our endeavor lies a groundbreaking concept—a pioneering system adeptly extracting nuanced road condition data by harmonizing energy-scavenging device outputs, seamlessly integrated GPS coordinates, and precisely recorded timestamps. This fusion, while elegantly simple, holds the potential to revolutionize how we perceive, analyze, and respond to road-related challenges.
While our initial investigations were anchored by a single vehicle, our visionary roadmap foresees a networked fleet of vehicles contributing to a centralized Data Analytics and Display Dashboard (DAD). This forward-looking approach augments the robustness and dependability of our insights, effectively elevating the accuracy and reliability of the information harnessed. Furthermore, the pragmatic implementation of our study, accompanied by the judicious methodology deployed in prototyping, coupled with the tangible outcomes witnessed, substantiates the practical viability of this innovative model for real-world deployment.
In essence, our empirical findings resoundingly endorse the seamless assimilation of this transformative concept into practical domains, marked by attributes of simplicity, reliability, and operational efficiency. The innovation we present transcends technological advancements, extending into a realm of reshaped perspectives on road-oriented predicaments. As we chart our course into the future, this study stands as a cornerstone, laying the bedrock for not only further exploration but also resolute implementation. In essence, it is a pivotal stride towards a future where road infrastructure, vehicle performance, and overall safety converge into a harmonious symphony of enhanced societal wellbeing.
5 FUTURE WORK
In our current work, we used piezoelectric sensors in suspension systems only; however, in the future, we plan to use them at numerous strategic locations to harness more data. We also plan to perform extensive code development and in-depth data analytics for each application shown in Figure 2.
At this stage, our primary goal is to establish the fundamental relationship between vehicle states, road conditions, and piezoelectric signals. However, in our next phase, we plan to explore frequency domain analysis for comparing piezoelectric signals under different vehicle states or road conditions. This would allow us to delve deeper into the intricacies of the frequency characteristics of the signals and provide a more comprehensive perspective.
We will perform a thorough analysis of instantaneous values and RMS values for voltage peaks. This dual approach will allow us to present future trends and predictions. In our forthcoming work, we will conduct an in-depth analysis encompassing both instantaneous values and RMS values for voltage peaks. This dual-pronged approach will allow us to present not only real-time insights but also forecast future trends and predictive patterns.
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