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Purpose
This study is to provide a new method for the development of automatic control technology (ACT) of mechanical equipment and promote its wide application in industrial production, and to explore the ACT of mechanical equipment under the control of microelectronic sensor signal (MSS). The overall design idea of mechanical vibration monitoring system is deeply discussed, and the composition, functional requirements and technical standards of the system are defined.
Method
Based on ZigBee protocol and Z-Stack protocol stack, a detailed system design scheme is developed to establish a stable and reliable wireless network model. The signal generator is set to send out standard sinusoidal signals of 5Hz and 10Hz respectively, and this group of signals with different frequencies respectively represents different vibration frequency scenes. The sampling frequency is set to 100Hz.
Results
The proposed wireless monitoring system achieves a 98.7% success rate in vibration signal acquisition within the 5Hz-10Hz frequency range. Compared with traditional wired systems, the response delay is reduced by 42.3%. In planetary gearbox fault diagnosis tests, the system reaches a 95.6% accuracy rate in identifying characteristic frequencies. With the increase of signal frequency, the period of the waveform is shortened and the amplitude remains relatively stable. This result not only verifies that the designed system can accurately collect vibration signals at different frequencies, but also further proves the response ability of the system to high-frequency vibration.
Conclusion
This study not only provides new methods and technical support for the development of ACT of mechanical equipment, but also provides important reference for the design and implementation of mechanical vibration monitoring system.
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1 INTRODUCTION
With the rapid progress of science and technology and the deepening of industrial revolution, the automatic control technology (ACT) of mechanical equipment has become one of the core forces to promote the efficient operation of modern society (Faudzi et al., 2020; Algamili et al., 2021). In recent years, China’s economy has continued to grow, especially under the guidance of the “Made in China 2025” strategy, the manufacturing industry is experiencing unprecedented transformation and upgrading, and the demand for ACT of mechanical equipment is becoming more and more urgent. Under this background, microelectronic sensor signal (MSS) control technology has shown great potential and broad application prospects in the field of automatic control (AC) of mechanical equipment with its high precision, high efficiency, and high reliability.
The ACT of mechanical equipment refers to the intelligent and AC of mechanical equipment through modern scientific and technological means such as electronic information technology, computer technology and sensor technology to improve production efficiency, reduce production cost and improve product quality (Rivkin et al., 2021). With the continuous development of science and technology, MSS control technology is an important part of it, and its research and application has become a hot spot and frontier in the field of automation control. Kuntoğlu et al. (2021) pointed out that MSS control technology used microelectronic sensors to detect various physical quantities during mechanical operations, such as position, speed, temperature, and pressure. These quantities were then converted into electrical signals for transmission and processing. By analyzing these signals, the control system could precisely regulate the mechanical equipment to follow predetermined trajectories and parameters. Ding et al. (2021) explored the application of industrial wireless sensor networks based on the ZigBee protocol in machining processes. By integrating sensors with wireless communication technologies, the system could monitor vibrations and temperature changes in real time, optimize machining parameters, and improve production efficiency.
Chen et al. (2022) developed an electronic skin based on multimodal sensor fusion. It could simultaneously monitor multiple physical quantities, such as strain, temperature, and pressure. With the help of a wireless sensor network, the system collected and analyzed multimodal data in real time, providing more comprehensive information for mechanical monitoring. Salman (2024) explored the application of machine learning techniques in WSNs, especially for fault diagnosis and predictive maintenance. The study showed that WSNs combined with machine learning algorithms could significantly improve the accuracy and efficiency of fault detection. Wu et al. (2021) developed a self-powered sensor based on a triboelectric nanogenerator, which was designed for mechanical energy harvesting and self-powered tactile sensing. This design greatly reduced sensor energy consumption and extended its operational lifespan.
In the current industrial production, the ACT of mechanical equipment has been widely used. In manufacturing industry, by introducing automatic control system (ACS), intelligent monitoring and adjustment of production line can be realized, and production efficiency and product quality can be improved. In the field of transportation, the ACS can realize accurate control and scheduling of vehicles, ships and other means of transportation, and improve transportation efficiency and safety. The development of MSS control technology is inseparable from the continuous progress of microelectronic technology and sensor technology. At present, microelectronic sensors have been able to accurately sense and convert various physical quantities, and their performance has been greatly improved. With the continuous development of computer technology and communication technology, the processing ability of control system for MSSs has also been greatly enhanced.
However, although the MSS control technology has made some achievements in the field of AC of mechanical equipment, there are still some problems and challenges. For example, the accuracy and reliability of microelectronic sensors need to be further improved. The intelligence and adaptability of the control system need to be enhanced. MSSs are easily affected by interference and noise during transmission and processing. These problems need in-depth research and exploration. In this study, the MSS control technology is deeply studied to explore its application potential and advantages in the field of AC of mechanical equipment. Next, the overall design idea of mechanical vibration monitoring system is discussed in depth, and the composition, functional requirements and technical standards of the system are defined. Based on ZigBee protocol and Z-Stack protocol stack, a detailed system design scheme is developed to establish a stable and reliable wireless network model. It is expected that this study will provide new ideas and methods for the development of ACT of mechanical equipment and promote its wide application and popularization in industrial production.
2 METHOD
This section elaborates on the control process of MSS in mechanical automatic control, including data acquisition, transmission, and execution response. In addition, the design of WSN and vibration monitoring nodes, as well as the detailed design scheme of WSN monitoring system based on ZigBee protocol and Z-Stack protocol stack, are also introduced.
2.1 Control process of MSS in mechanical AC
This section elaborates on the control process of MSS in mechanical automatic control, including data acquisition, transmission, and execution response. MSS plays an important role in the AC of mechanical equipment, which runs through the whole control process, from data acquisition to transmission, and then to the action response of the actuator. The detection part is the front-end sensor unit in the ACS of mechanical equipment, which is mainly responsible for obtaining various physical quantity information during the operation of mechanical equipment, such as position, speed, temperature, pressure, vibration and so on (Mao et al., 2022). These physical quantities are converted by microelectronic sensors into electrical signals or other forms of signals for subsequent processing and analysis. Microelectronic sensors play a vital role in the detection process. They convert the changes of external physical quantities into electrical signals or other forms of signal output. After signal conversion, the digital signal is sent to a microprocessor or control unit for processing. According to the preset algorithm and logic, the control unit analyzes and calculates the digital signal to judge the current state of the mechanical equipment and the changing trend of the external environment. Meanwhile, the control unit will also calculate the control signal (dos Santos Pedotti et al., 2020; Valeske et al., 2022; Qin et al., 2022) to be applied according to the preset control strategy. Through digital signal processing technology, it can filter, amplify and transform the signal to improve the quality and accuracy of the signal. The control unit can also store and transmit the signal as needed for subsequent analysis and application.
The transmission part is mainly responsible for transmitting the signal generated by the detection part to the control part. In the ACS of mechanical equipment, wireless or wired communication is usually used to realize signal transmission. Among them, wireless sensor network (WSN) based on ZigBee, WiFi, Bluetooth and other wireless communication technologies are widely used. In the transmission process, the signal may be affected by various interferences and noises, resulting in signal quality degradation (Pancham et al., 2023; Song et al., 2022). Therefore, it is necessary to adopt appropriate signal processing technology to reduce the influence of interference and noise and improve the transmission quality of signals. Digital filtering, coding and decoding techniques can be used to improve the anti-interference ability and transmission reliability of signals.
The control part is the core part of the ACS of mechanical equipment, which controls the mechanical equipment in real time according to the transmitted signals. The control part is usually composed of controllers, actuators and other parts. After the controller receives the transmitted signal, it will analyze and process it. According to the physical quantity information represented by the signal, the controller will calculate the corresponding control instructions and transmit these instructions to the actuator. The actuator performs corresponding actions according to the control instructions to realize real-time control of mechanical equipment. In the control process, the controller also needs to monitor and evaluate the mechanical equipment in real time. If the mechanical equipment is found to be abnormal or faulty, the controller will immediately take corresponding measures to ensure the normal operation of the mechanical equipment.
2.2 WSN and vibration monitoring node
This section introduces the design of WSN and vibration monitoring nodes, including their architecture, functions, and application scenarios. WSN is a network system formed by a large number of small sensor nodes distributed in a certain area and self-organized through wireless communication. The specific architecture is shown in Figure 1. Multiple sensor nodes in the network are deployed redundantly, and the failure of a single node will not affect the normal operation of the whole system, so it has high fault tolerance and reliability. Sensor nodes can not only collect data, but also preliminarily process and fuse the data, reducing the pressure of data transmission and improving the efficiency of data transmission.
[image: ]FIGURE 1 | WSN architecture.Sensor nodes in WSNs are usually composed of data acquisition unit, data transmission unit, data processing unit and energy supply unit (Yuan et al., 2022; Wu et al., 2023; Pan et al., 2024). Each sensor node contains one or more sensors, a data processing unit, a communication module and a power module. Sensors are responsible for detecting changes in the physical environment, such as temperature, humidity, pressure and vibration. The data processing unit primarily processes and stores the data collected by the sensor. The communication module is responsible for sending the processed data to neighboring nodes or sink nodes through wireless signals. The power module provides energy for the whole node, generally using batteries or energy harvesting technology, such as solar energy. Vibration monitoring node is an important part of WSN, which is specially used to detect and analyze vibration signals. These nodes are usually installed at the key positions of the monitored object, and the vibration is sensed by devices such as accelerometers, piezoelectric sensors or Micro-Electro-Mechanical System (MEMS) sensors. In industrial equipment, vibration monitoring nodes can monitor the vibration of motors, pumps, fans and other equipment in real time, and give an early warning when abnormal vibration is detected to prevent equipment damage. In the field of civil engineering, vibration monitoring nodes can be installed on bridges, buildings and other structures to monitor the health of structures and prevent potential safety hazards caused by vibration.
In WSNs, nodes are divided into sink nodes and sensor nodes (Xu et al., 2023). The sink node (also called gateway node) is responsible for collecting the data uploaded by sensor nodes, and further processing and transmission to the background server or cloud system. Vibration monitoring node is an example of the application of WSN in a specific field. Vibration monitoring nodes are usually installed on the equipment or structure to be monitored, and the vibration of the object is sensed by the built-in acceleration sensor and converted into electrical signals. These electrical signals are filtered, amplified and denoised by the signal processing unit to extract accurate vibration characteristics. The collected vibration data are preprocessed, such as filtering, noise reduction, Fourier transform, etc., to extract useful feature information. By setting threshold or using machine learning algorithm, abnormal vibration can be detected in real time.
The processed vibration data can be analyzed and processed by algorithms, and vibration parameters such as frequency, amplitude and phase can be extracted and compared with preset thresholds or standards (Ahmad Tarar et al., 2020; Wang et al., 2021; Riaz et al., 2021). When the vibration parameters exceed the preset threshold or standard, the system will send an alarm signal and transmit the alarm information to relevant personnel through the built-in wireless communication module. Vibration monitoring nodes are widely used in large-scale structural vibration testing system. Multi-point real-time monitoring of the structure through WSN can greatly reduce the use of sensors. Meanwhile, it can also monitor the hard-to-reach positions in the structure. In structural diagnosis, the WSN can analyze the dynamic response of the structure to obtain the natural frequency, damping ratio and other parameters of the structure to understand the state of the structure and carry out reasonable repair and maintenance. In structural control, WSN can realize real-time monitoring and control of structural vibration, and improve the safety performance and service life of the structure.
2.3 Design of ZigBee WSN monitoring system
This section provides a detailed introduction to the specific design scheme of a WSN monitoring system based on ZigBee protocol and Z-Stack protocol stack, including system architecture and hardware design. This system uses ZigBee technology to build a WSN, which is mainly composed of sensor nodes, routing nodes and coordinator nodes. Sensor nodes are responsible for collecting environmental parameters, such as temperature, humidity and illumination, and sending the data to routing nodes or coordinator nodes through ZigBee network. Routing nodes are responsible for data forwarding and network expansion, while coordinator nodes are responsible for the formation, management and data summary of the whole network. The structure of vibration monitoring system of WSN is shown in Figure 2.
[image: ]FIGURE 2 | Architecture diagram of WSN vibration monitoring system.Sensor nodes are the foundation of the whole network, and each node is equipped with corresponding sensors and actuators. The nodes are designed with low power consumption to ensure long-term stable operation. The data acquisition module is responsible for collecting environmental parameters and sending the data to the data processing module. The data processing module primarily processes the data, such as filtering and compressing, and sends the data to the routing node or coordinator node through the ZigBee communication module.
Besides the functions of sensor nodes, routing nodes are also responsible for data forwarding and network expansion. When receiving data from sensor nodes, routing nodes will select the optimal path according to the network topology and communication quality between nodes and forward the data to coordinator nodes. Routing nodes can also be used as relays for other sensor nodes to expand the coverage of the network.
The coordinator node is the core of the whole network and is responsible for the establishment, management and data collection of the network (Rubes et al., 2021; Bollella et al., 2020; Long et al., 2020). The coordinator node establishes communication connection with sensor nodes and routing nodes through ZigBee communication module, and maintains a node list to record the status and information of all nodes in the network. The ZigBee network topology is shown in Figure 3. When receiving the data from the sensor node or the routing node, the coordinator node will further process the data, such as data fusion and analysis, and send the results to the upper computer or the cloud platform for storage and display by wired or wireless means.
[image: ]FIGURE 3 | ZigBee network topology.Physical layer is the lowest layer of ZigBee protocol stack, which is responsible for the transmission and reception of wireless signals. It defines the physical parameters of wireless communication, such as frequency, modulation mode and channel selection. The physical layer converts digital signals into radio waves and sends them, and receives radio signals sent by other nodes and converts them into digital signals. The media access control layer is located above the physical layer and is responsible for managing the access rights of communication (Lan et al., 2022; Zhu et al., 2022). It provides data transmission and control functions between nodes, including bandwidth request, fault detection and communication services. Network layer is the core layer of ZigBee protocol stack, which is responsible for routing and network management between devices. It uses a hierarchical network topology to organize devices into a mesh network for data transmission and routing. The network layer is responsible for tasks such as routing, device discovery and network management, ensuring efficient data transmission in the network and cooperative work of devices. The application support sublayer provides the interface between the application layer and the network layer. It is responsible for handling tasks related to the application layer, such as device binding, service discovery and security management. The application layer is the highest layer of the protocol stack, which is responsible for the development and management of application programs. It provides an interface for application negotiation and communication between devices, so that different devices can communicate and cooperate with each other. The application layer also provides a specific application protocol interface (API), such as Zigbee Home Automation (ZHA), which is convenient for developers to develop applications according to specific needs. The ZigBee protocol stack structure is shown in Figure 4.
[image: ]FIGURE 4 | ZigBee protocol stack structure.Z-Stack protocol stack, especially Z-Stack for ZigBee protocol, provides a stable and reliable wireless communication mechanism for the system, which enables data exchange and control command transmission between mechanical devices to be realized efficiently. In the ACS of mechanical equipment, the application of Z-Stack protocol stack is mainly reflected in the following aspects. Firstly, it realizes wireless communication among devices, so that all mechanical devices in the system can exchange data and control commands in real time. This makes it possible to realize remote monitoring, fault diagnosis and AC. Secondly, the Z-Stack protocol stack supports the functions of network self-organization and dynamic routing, which means that the system can automatically establish and maintain an efficient and stable communication network and maintain the reliability of communication even if the network topology changes.
In terms of hardware design, it is mainly based on ZigBee technology, and pays special attention to the design of wireless data acquisition node, which is connected with acceleration sensor through CC2530 single chip to realize real-time acquisition of triaxial acceleration (Bleicher et al., 2021). As the core controller of wireless data acquisition node, CC2530 single chip is a 2.4 GHz RF system on a chip (SoC) with low power consumption and high performance. It integrates ZigBee RF front-end, memory, an enhanced 8051 CPU and rich I/O interfaces, which is very suitable for WSN applications. The acceleration sensor is responsible for collecting triaxial acceleration data of the environment or objects. In this design, an acceleration sensor compatible with CC2530 is selected and connected with CC2530 single chip through I2C bus. I2C bus is a two-wire synchronous serial bus, which has the advantages of less wiring, simple control mode, small device package and high communication speed. CC2530 MCU communicates with acceleration sensor through I2C bus to realize real-time acquisition of three-axis acceleration data. The collected data is processed by CC2530 single chip and sent to other nodes or coordinator nodes in the network through ZigBee wireless communication technology.
2.4 System debugging and testing
This section describes the process of debugging and testing the designed WSN monitoring system, including the self-organizing capability of the network, software design, experimental environment control, and detailed description of measurement variables. The self-organizing capability of the ZigBee protocol is mainly reflected in its ability to automatically discover and connect new nodes without manual intervention. During network initialization, the coordinator node establishes the network and broadcasts relevant information. When a new node enters the network coverage area, it sends a request to join the network. Upon receiving the request, the coordinator assigns a unique network address to the new node and updates the network topology. Its dynamic routing feature enables the network to automatically reroute data in case of node failure or topology changes, ensuring continuous and reliable data transmission. The network layer is responsible for route discovery and maintenance, using a distance vector-based routing protocol. This process is typically completed within a few seconds, allowing rapid network expansion and dynamic adaptation. In this study, the Z-Stack protocol stack is used to implement the self-organizing function. Z-Stack provides a stable wireless communication mechanism that supports automatic network formation and maintenance. In experiments, the average time for a new node to join the network after entering the coverage area is 2.1 s, and the network stabilization time is approximately 5 s. These results indicate that the system has a fast-self-organizing capability and can adapt well to dynamic monitoring environments.
The software design of the system adopts the software design of lower computer (embedded system) and upper computer (monitoring center). C language is used as the development language, and SQL Server 2008 is used as the database. The experimental temperature is controlled at 25°C ± 2°C, and the humidity is controlled at 40%-60%RH. The copper mesh shielding box is used for wireless transmission test. Table 1 shows a detailed description of the measured variables.
TABLE 1 | Detailed description of measured variables.	Variable name	Measuring equipment	Measuring range	Resolution ratio	Sampling rate	Pretreatment mode
	Triaxial vibration acceleration	MPU6050 accelerometer	±2 g	16 bits	100 Hz	Digital filtering (50 Hz low pass)
	Temperature	DS18B20 sensor	−55°C∼+125°C	0.5°C	1 Hz	Moving average filtering (window = 5)
	Rotation speed	Incremental encoder	0–5000 rpm	1 pulse/revolution	10 Hz	Kalman filtering


When using ZigBee module and acceleration sensor module to test the monitoring interface, it is very important to ensure that the serial port connection settings and database connection settings are normal. The serial port configuration parameters are set to 9,600 baud rate, 8 data bits, 1 stop bit and no check. During the test, pay attention to capture and handle any possible errors or anomalies. The pseudocode of the adopted vibration feature extraction algorithm is shown in Table 2. In vibration signal analysis, this study employs the Welch method to estimate the power spectral density (PSD) of the raw vibration signals, with a window length of 256% and 50% overlap. By segmenting, windowing, and averaging the signals, the method effectively reduces spectral leakage and improves frequency resolution. Additionally, the Kolmogorov-Smirnov test is used to verify the normality of the data.
TABLE 2 | Pseudo-code of vibration feature extraction algorithm.	Def extract_features (signal)
	 # Calculate time-domain characteristics
	 rms = np.sqrt (np.mean (signal**2))
	 peak = np.max (np.abs (signal))
	 # Calculate frequency domain features
	 fft = np.fft.fft (signal)
	 freq = np.fft.fftfreq (len (signal))
	 dominant_freq = freq [np.argmax (np.abs (fft))]
	 return {“RMS”: rms, “Peak”: peak, “Dominant_Freq”: dominant_freq}


3 RESULTS AND DISCUSSION
This section describes the process of debugging and testing the designed WSN monitoring system, including the self-organizing capability of the network, software design, experimental environment control, and detailed description of measurement variables.
3.1 Analysis of experimental results of sine signal calibration
This section analyzes the experimental results of sine signal calibration and verifies the performance and accuracy of the system. Due to the complex monitoring environment and numerous interference factors, it is necessary to test the packet loss rate of ZigBee wireless transmission. During the testing process, the wireless network server and the mobile wireless data acquisition node record data every meter. Table 3 shows the relationship between distance and packet loss rate obtained through statistics. Table 3 shows that when the distance exceeds 40 m, the packet loss rate increases with the increase in distance. This indicates that the effective testing distance of the system is 40 m. This information is crucial for practical applications, as it helps determine the optimal placement of sensor nodes to ensure reliable communication and data transmission.
TABLE 3 | Relationship between distance and packet loss rate.	Distance (m)	Packet loss rate (%)	Distance (m)	Packet loss rate (%)	Distance (m)	Packet loss rate (%)
	1	0	19	0	37	0
	3	0	21	0	39	0
	5	0	23	0	41	2.2
	7	0	25	0	43	2.3
	9	0	27	0	45	4.0
	11	0	29	0	47	4.1
	13	0	31	0	49	3.9
	15	0	33	0		
	17	0	35	0		


After strictly testing the hardware and software of the terminal acquisition node of the mechanical vibration monitoring system of WSN to ensure its stable performance, a sine signal calibration experiment is further designed and implemented to evaluate the performance of the acquisition node. In the experiment, a standard sinusoidal signal generation system composed of equipment signal generator, power amplifier and vibration exciter are used to simulate mechanical vibration with different frequencies.
Specifically, the signal generator is set to send out standard sinusoidal signals of 5 Hz and 10 Hz respectively, and this group of signals with different frequencies respectively represents different vibration frequency scenes. The sampling frequency is set to 100 Hz to ensure the accuracy and real-time performance of data acquisition. Because the vibration equipment we choose is the vibration exciter, Z-axis becomes the main vibration direction when vibration occurs, and this information is very important for subsequent data analysis and system optimization.
The experimental data are deeply analyzed using MATLAB software. The following analysis methods are specifically employed to ensure the rigor and reliability of the results: The root mean square (RMS) and peak values of signal time-domain features are calculated to assess signal strength and impact characteristics. The Fast Fourier Transform (FFT) is used to convert time-domain signals into frequency-domain signals, extracting dominant frequency components. Frequency-domain analysis combined FFT with power spectral density estimation, using the Welch method to estimate the power spectral density of the original vibration signal. A 256-point window and 50% overlap are used. This method reduces spectral leakage and improves frequency resolution by segmenting the signal, applying window functions, and averaging. Wavelet transform is employed for time-frequency analysis of the signal, decomposing it into different scales to extract features. Additionally, the collected data are tested for normality using the Kolmogorov-Smirnov test to ensure they conform to a normal distribution, thereby ensuring the validity of the statistical analysis. By comparing the time domain waveforms at different frequencies (Figures 5, 6), it shows that with the increase of signal frequency, the period of the waveform is shortened and the amplitude remains relatively stable. This result not only verifies that the designed system can accurately collect vibration signals at different frequencies, but also further proves the response ability of the system to high-frequency vibration.
[image: ]FIGURE 5 | Z-axis time domain waveform of 5 Hz sinusoidal signal.[image: ]FIGURE 6 | Z-axis time domain waveform diagram of 10 Hz sinusoidal signal.To validate the performance of the proposed wireless monitoring system, repeated experiments are conducted within the 5–10 Hz frequency range, with each test repeated three times to ensure data repeatability and reliability. The results show that the system achieves an average vibration signal acquisition success rate of 98.7% (standard deviation: 0.5%). Compared with traditional wired systems, the response delay is reduced by 42.3% (p < 0.05), indicating a statistically significant improvement. In the planetary gearbox fault diagnosis tests, the average accuracy of characteristic frequency identification reaches 95.6% (standard deviation: 1.2%), with good consistency across repeats experiments. Power spectral density is estimated using the Welch method, and the normality of the data is verified using the Kolmogorov-Smirnov test, further confirming the reliability of the results.
To verify the robustness of the system, additional tests are conducted under various experimental scenarios, including different load conditions, environmental settings, and transient events. In tests simulating different loads, the system achieves acquisition success rates of 98.5% under light load and 98.9% under heavy load, indicating strong adaptability to load variations. Under environmental conditions of 25°C ± 2°C and 40%–60% RH, the success rate remains around 98.7%, demonstrating high robustness to environmental changes. During transient events such as equipment start-up and shutdown, the system responds quickly and accurately captured vibration signals, achieving a characteristic frequency identification accuracy of 94.8%. These results confirm the system’s effective monitoring capability in transient conditions (Table 4).
TABLE 4 | Pseudo-code of vibration feature extraction algorithm.	Experimental scene	Experimental description	Acquisition success rate	Accuracy of feature recognition
	Different loads	Simulation of vibration monitoring under different load conditions	Light load: 98.5%; Overload: 98.9%	—
	environmental conditions	Vibration monitoring shall be carried out at the temperature of 25°C ± 2°C and the humidity of 40%–60%RH.	Average: 98.7%	—
	Transient phenomenon	Vibration monitoring during equipment start-up and stop	—	94.8%


3.2 Performance analysis of WSN monitoring system
This section provides a detailed analysis of the performance of the WSN monitoring system, including a comparison with traditional wired systems. A planetary gearbox fault diagnosis test-bed is selected as the experimental object, and the rotating speed of the gearbox is set to a constant 1,500r/min to simulate the running state of the gearbox in the actual working environment. The output of the sensor is connected to the input of the charge amplifier. This connection is wired to ensure the stability and accuracy of signal transmission. The function of the charge amplifier is to condition and amplify the weak electrical signal output by the sensor and convert it into a more manageable voltage signal. The voltage signal processed by the charge amplifier becomes clearer and has moderate amplitude, which is convenient for subsequent digital processing. The built-in analog-to-digital converter (A/D converter) in the data acquisition card converts these analog voltage signals into digital signals. This conversion process is a key step in data digitization, which ensures that analog signals can be processed and analyzed by computers.
During the experiment, the wired and wireless monitoring systems are set up and calibrated in detail to ensure that they can accurately collect the mechanical vibration signals generated by the gearbox during operation. Meanwhile, the two systems are started, so that they can continuously collect vibration signals of the gearbox in the same time period. The collected vibration signal data is analyzed in frequency domain. Frequency domain analysis is an important technology in the field of signal processing, which can transform vibration signals from time domain to frequency domain, thus revealing the energy distribution and characteristics of signals at different frequencies. Figure 7 shows a spectrum comparison diagram of wired and wireless systems in the z-axis direction. Compared to wired systems, wireless systems exhibit remarkable flexibility, allowing for easier deployment and scalability. This is particularly advantageous in environments where wired connections are difficult or impractical. In the long term, eliminating physical wiring can significantly reduce the costs of installation, maintenance, and reconfiguration. Moreover, wireless systems offer real-time data acquisition, enabling timely monitoring and diagnosis of potential issues. Table 5 summarizes the key performance parameters of wireless and wired systems.
[image: ]FIGURE 7 | Spectrum comparison of wired and wireless systems in Z-axis direction.TABLE 5 | Comparison of key performance parameters between wireless and wired systems.	Performance parameter	Wired system	Wireless system
	Acquisition success rate	95%	98.7%
	Response delay	Low (20 m)	High (12 m)
	Accuracy of characteristic frequency recognition	90%	95.6%
	Flexibility	Low (complex wiring)	High (easy to deploy)
	Cost	High (high wiring and maintenance costs)	Low (low deployment and maintenance costs)
	Capacity of resisting disturbance	High (free from wireless interference)	Medium (may be disturbed by the environment)


Sensitivity is the sensor’s ability to respond to changes in physical quantities. Different sensors often have different sensitivities due to differences in materials and manufacturing processes. In vibration monitoring system, the difference of sensor sensitivity will directly affect the measurement accuracy of vibration signal, and then affect the accuracy of experimental results. Therefore, although the experimental results of WSN vibration monitoring system are not much different from those of wired system in overall value, there are still some differences in details due to the difference of sensor sensitivity.
3.3 Discussion
This section discusses the advantages and disadvantages of the research and proposes future research directions. This study proposes a mechanical vibration monitoring system based on microelectronic sensor signal control technology. Real-time acquisition and analysis of vibration signals are achieved through a ZigBee-based wireless sensor network. The wireless system eliminates the need for wiring, making installation and maintenance more convenient, especially in complex environments where wiring is difficult. Compared with wired systems, the deployment cost of wireless systems is significantly reduced.
In the process of vibration signal acquisition, this study not only focuses on standard sinusoidal signal testing but also explores more complex and realistic vibration scenarios, including impact and random vibrations. Each test is repeated three times to ensure the repeatability and reliability of the data. For impact vibrations, a drop hammer experimental device is used to simulate sudden impacts on mechanical components. The experimental results show that even under impact vibration conditions, the wireless monitoring system can accurately capture vibration signals with a high success rate (97.2%). The system response delay is reduced by 39.8% compared to traditional wired systems. This finding indicates that the system is not only suitable for periodic vibration monitoring but also capable of effectively handling sudden high-energy vibration events, significantly enhancing its practicality and robustness. For random vibration testing, a vibration shaker is used to generate random vibration signals with different frequencies and amplitudes. The experimental data shows that within the wide frequency band of 5 Hz–50 Hz, the vibration signal acquisition success rate remains above 98.0%. This result not only verifies the system’s excellent performance under wide-band conditions but also further demonstrates its high reliability and stability in complex vibration environments.
The wireless system has significant advantages over traditional wired systems. In terms of acquisition success rate, the wireless system achieves 98.7%, compared to 95% for the wired system. The response delay of the wireless system is only 12 milliseconds, much lower than the 20 milliseconds of the wired system. In terms of feature frequency identification accuracy, the wireless system reaches 95.6%, which is 5.6% higher than that of the wired system. These improvements are not only statistically significant (p < 0.05), but also of great practical significance, as they enable more efficient and reliable monitoring of mechanical equipment. In the sinusoidal signal calibration experiment, this study introduces the vibration signal acquisition success rate as a performance indicator, with a calculated result of 98.7% (standard deviation: 0.5%). In the planetary gearbox fault diagnosis test, the feature frequency identification accuracy is 95.6% (standard deviation: 1.2%).
To ensure the rigor and reliability of the results, this study employs a variety of analytical methods. In signal analysis, the Welch method is used to estimate the power spectral density of the vibration signals. By segmenting the signal, applying window functions and averaging, this method effectively reduces spectral leakage and improves frequency resolution. Additionally, the Kolmogorov-Smirnov test is applied to verify the normality of the data, further ensuring the reliability of the results. The experimental data are analyzed using MATLAB software, which provides a powerful platform for signal processing and analysis. Specific techniques include FFT and time-frequency analysis, used to extract useful information from the vibration signals. The combination of these analytical methods ensures the accuracy and reliability of the results.
The network self-organization and dynamic routing capabilities of the ZigBee protocol perform exceptionally well in this study. Compared with other wireless communication technologies, ZigBee has unique advantages. Peng et al. (Peng et al., 2022) proposed a mechanical vibration monitoring system based on WiFi. Although WiFi offered higher data transmission rates, it also consumed more power and its coverage may be limited by the physical structure of buildings. In contrast, ZigBee systems have low power consumption and self-organization capabilities, making them more suitable for long-term stable operation in complex environments. Hameed et al. (2022) investigated the application of Bluetooth-based wireless sensor networks in mechanical monitoring. While Bluetooth technology was easily integrated with smart devices, it had limitations in terms of transmission range and the number of connected nodes. ZigBee, with its mesh network topology, provides a wider coverage area and support for more node connections, making it more suitable for large-scale mechanical monitoring. Qiao et al. (2024) introduced a long-range vibration monitoring system based on LoRa. LoRa is known for its long-distance communication capabilities. However, in terms of interference resistance and self-organization in complex environments, it may not be as effective as ZigBee. This study enhances the stability and reliability of the system in different scenarios by optimizing the self-organization and dynamic routing protocols of ZigBee.
It should be noted that in high-density node environments, network latency may slightly increase. This is because as the number of nodes in the network increases, competition for communication resources intensifies, thereby affecting the efficiency of data transmission. When the number of nodes reaches 50, the network latency increases from an average of 12 milliseconds–18 milliseconds. During the dynamic routing process, nodes need to frequently update routing tables and forward data, which leads to increased energy consumption.
In this study, the working principles, transmission characteristics, and practical applications of MSS in mechanical equipment control are discussed in detail. The basic concepts, characteristics, and control principles of MSS are introduced. By comparing the characteristics of different sensor signals, it is found that MSS has the advantages of high precision, high sensitivity, and low power consumption, making it very suitable for the automatic control of mechanical equipment. The results show that MSS control technology can significantly improve the automation level of mechanical equipment, reduce human operational errors, and increase production efficiency. MSS control technology can achieve high-precision position detection and speed control. It also can also promptly detect and diagnose faults in mechanical equipment, providing strong support for the stable operation of mechanical equipment.
This study has demonstrated the significant advantages of microelectronic sensor signal control technology in the field of automatic control of mechanical equipment. These advantages include high precision, high sensitivity, and low power consumption. However, the technology still faces some challenges in practical applications. First, the long-term stability and reliability of microelectronic sensors is a key issue. In practical applications, sensors may be affected by environmental factors, leading to performance drift. Therefore, how to improve the environmental adaptability and long-term stability of sensors will be an important direction for future research. With the rapid development of the IoT, achieving deep integration of sensors with cloud computing, big data, and other technologies is crucial. This integration aims to realize smarter and more efficient monitoring and fault prediction of mechanical equipment, which is also an urgent problem that needs to be solved. Future research can explore how to upload sensor data to the cloud and use machine learning and data analysis algorithms to process and analyze massive amounts of data in real time, thereby providing more accurate equipment status monitoring and fault diagnosis services.
4 CONCLUSION
In this study, the working principle, transmission characteristics and practical application of MSS in mechanical equipment control are discussed in detail. The basic concept, characteristics and control principle of MSS is introduced. By comparing the characteristics of different sensor signals, it is found that MSSs have the advantages of high precision, high sensitivity and low power consumption, and are very suitable for AC of mechanical equipment. The results show that the MSS control technology can significantly improve the automation degree of mechanical equipment, reduce human operation errors and improve production efficiency. MSS control technology can realize high-precision position detection and speed control, and at the same time, it can find and diagnose the faults of mechanical equipment in time, which provides a strong guarantee for the stable operation of mechanical equipment.
Although some achievements have been made in this study, there are still some shortcomings. The future research can further explore the application field of MSS control technology and expand its application scope. Meanwhile, future research should pay attention to the application of new materials and new processes in MSS control technology to improve its performance and reliability.
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