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A Reliable Wireless Sensor System for Monitoring Mechanical Wear-Out of Parts Huang-Chen Lee, Senior Member, IEEE, Yu-Chang Chang, and Yen-Shuo Huang



Abstract— A ball screw is a typical mechanical part that experiences wear-out and is widely used in computer numerical control machine tools to control the movement of processing targets and spindles. These types of parts need frequent checks so that they are replaced before excessive wear occurs. Until now, there was no simple way to measure directly the state of wear quantitatively. An indirect approach is logging the signals (vibration, temperature, and preload change) during the operation of mechanical parts. This information can be used to construct a wear model for estimating its remaining lifetime. For embedding sensors into mechanical devices, wireless sensors bring advantages in that they may be installed freely without constraints from data or power cables. However, wireless transmission is subjected to interference. To make wireless sensors that can be used practically within an industrial environment, we propose a wireless sensor system that: 1) emphasizes low-power and low cost in hardware design; 2) logs the signals during the operation of a mechanical part that could experience wear; and 3) guarantees that all the logged data can be wirelessly delivered to the data server. To our knowledge, this is the first wireless sensor system for measurement of mechanical operation signals that guarantees complete data delivery and correctness. We designed, implemented, and evaluated this system in real environments. This ensures that the design is practical. We envision that a miniature version of our design could be embedded in the ball screw shaft and gearbox reducer for logging signals to enable the building of a wear model to estimate the part’s lifetime. Index Terms— Ball screw, communication, factory, gearbox reducer, low power, mechanical wear, wireless sensor.



I. I NTRODUCTION



T



HE ball screw is a mechanical device composed of steel balls, a shaft, and a nut body. It is used to convert rotary motion to linear motion. The rotation of a ball screw’s shaft causes the metal balls to roll in the threads of a ball screw and the nut body with little friction. The cumulative friction of the balls, due to use or improper installation, may cause the ball screw to wear-out, leading to inaccurate control of linear movement. In addition, unnoticed wear of ball screws can lead to excessive backlash, skid, or lock up, as well as cause deterioration of the quality of the results, resulting in lost money and time. Due to the wear being invisible to the naked eye, we often rely on the judgments of experienced
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Fig. 1. Precision ball screw assembly installed in a CNC machine tool, and a gearbox reducer that is used in a plastic extruder.



Fig. 2.



Precision ball screw assembly.



engineers, who detect unusual sounds or vibrations that are produced during the movement of the ball screw or significant changes of processing target’s quality. Similar mechanical wear occurs with other parts, including the gearbox reducer or shaft bearings. Recently, several sensor systems [1]–[10] were proposed to estimate the wear condition of a mechanical part. These studies focused on: 1) designing a tool to collect signals (vibration, temperature, and change of preload force between the nut, balls, and shaft) during operation using a wired or a wireless sensor system and 2) how to interpret the collected data to estimate the wear condition. The basic idea to this approach is that the operating signals of the mechanical parts are changing during different life stages, and this may be used to understand its working condition. Fig. 2 shows the diagram of a ball screw assembly. The ball screw shaft rotates as it is driven by a servo motor, the steel balls inside the nut roll and cause friction to the ball screw shaft and nut. The manufacturer usually applies a controlled amount of preload to the steel balls (between the nut and ball screw shaft) by adjusting the nut to prevent
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backlash. After the ball screw has been used for a long time, the preload decreases due to the amount of friction generated from the steel balls (between the nut and ball screw shaft) is lower. Therefore, the ball screw is not as tightly fit as a new one, the preload force decreases, and the operating temperature of the ball screw lowers as well. However, if the preload is too low, backlash could occur and result in low control accuracy of the ball screw. Mohring and Bertram [3] show the measured preload force of a new ball screw as 9.5 N. After the long-term test, the ball screw had traveled for 600 km and the preload force dropped to 8.0 N. In addition, the average operating temperature of a used ball screw is significantly lower in contrast to that of a new ball screw. The details can be observed in [3]. In this case, it is possible to measure the preload and temperature of a ball screw to estimate its working condition and life stage. Hou and Bergmann [2] use an MEMs accelerometer to measure the vibration of a motor spindle. The vibration variation and continuous signal has been proven and can be used to determine the healthy state of a motor spindle, as well as in [4]. To sum up, this emerging approach determines the working condition of a mechanical part and operating signals such as preload, temperature, and vibration, also being valuable for analyzing the life span of a mechanical wear-out part. In [1], the proposed system collected the signals of the operating ball screw to estimate the state of wear. The sensing components are attached on the surface of a nut or the shaft of a ball screw. They are then connected by wires to transfer the data to the data server for further analysis. Subsequent studies [2]–[10] added wireless communication capabilities to the sensor systems to transfer data. Although wireless communication provides freedom for installation and sensing locations, the reliability of the transmission becomes a major challenge in bringing the system to commercial viability. Quality of wireless communication is further worsened as the wireless transceiver used in this application, which is embedded into mechanical parts made of metal, must be low power and of a small form-factor. Therefore, limits the antenna design and degrades its communication performance. Even though, several existent studies have used wireless communication to sense the operation signals of mechanical parts, the previous studies [2]–[10] have, to our knowledge, not discussed how to deal with the data lost during wireless transmission or how to ensure that the data are corrected and complete. If we fail to consider this critical issue, some data may be discarded before it can be sent, may be lost during transmission, or may be distorted. Thus, wireless data transmission without a data correction mechanism is impractical. To make the wireless sensor system useful in an industrial environment, we designed the autonomous networked sensing system (ANSS, as shown in Fig. 3) for logging the operating signal of mechanical parts that are prone to wear. This paper is based on [13]. The goal of the ANSS-enabled wireless sensor is for it to be embedded within a mechanical part that is prone to wear for the collection and transmission of the operating signal. Through considering the limitations of low-cost hardware, low-power consumption, and small size, the ANSS-enabled
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Fig. 3.



Gearbox reducer with three prototype ANSS nodes.



wireless sensor integrates secondary storage (i.e., a micro-SD card) to buffer the logged data to ensure that all data are delivered to the data server eventually. In summary, the contributions of this paper are as follows. 1) To our knowledge, no previous studies have discussed wireless interference during data transmission in this application. We offer the first wireless sensor for logging mechanical signals that ensures data delivery and correctness. 2) Multiple ANSS-enabled wireless sensors could operate simultaneously to collect signals from several mechanical parts in the same tool. This is important, as several wireless sensors may communicate simultaneously on the factory floor. Thus, it is important to manage the wireless transmissions so that they do not interfere with each other. 3) The proposed system can help to build an accurate wear model of a specific part by logging real signals from multiple parts in the same model, for example, from numerous ball screws in machine tools or gearbox reducers. By integrating the ANSS into these parts, the parts can be logged automatically, facilitating the construction of such wear models. 4) The ANSS-enabled wireless sensor stores all the logged data in the FAT (file allocation table) format in the secondary storage. Even if the ANSS node malfunctions, data recovery is possible through removing the SD-card and retrieving the data with a PC card reader. The rest of this paper is organized as follows. Section II discusses related work and our goals. Section III describes the details of the system’s architecture and design. Section IV presents the evaluation of our design. Section V presents our discussion and conclusion. II. R ELATED W ORK AND D ESIGN G OALS In this section, we discuss related work that using sensor system for monitoring mechanical parts. Sensor systems for logging the performance of mechanical parts are wired or wireless. There are several advantages to using wired sensor systems [1]. They have a very high-bandwidth for transmitting sensor data reliably, which enables sampling at a high sample
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rate (i.e., 1–40 kHz) is possible. The wire also supplies power for the sensing components. Thus, energy consumption of the sensing component is not a crucial factor for wired sensor. Obviously, the major difficulty is that the wires in the computer numerical control (CNC) machine tool or gearbox reducer limit the location of sensors. Thus, it is impossible to measure movable or rotating parts (i.e., motor spindle of CNC machine, output shaft of gearbox reducer). Wireless sensors bring a considerable benefit in that the location of sensing and installation is unrestricted. Therefore, recent studies have focused on using wireless sensor systems for designing a system to monitor mechanical parts. Hou and Bergmann [2] designed a (Jennic JN5139-based) wireless sensor system to measure the operating signals (i.e., vibration) of an induction motor. This paper focused on using neural networks to perform on-sensor feature extraction and fault diagnosis. This approach decreases the amount of data transmitted over the wireless network in comparison with transmitting raw data signals. Another study [3] installed a Zigbee wireless module and sensing component on the flange nut of the ball screw to measure the preload using a strain gauge and a thin film sensor. In this system, a piezoelectric generator was integrated to generate energy for the wireless sensor, which was also used in [4] (based on Nordic nRF901). Another study [5] discussed the use of a (Nordic NRF2401Abased) wireless sensor system in an industrial environment and used dynamic power management technique to prolong the system’s lifetime. Still another study [6] proposed a (TI CC2530-based) wireless sensor design for monitoring ball screws, and yet another study [7] integrated a TI CC2520 RF transceiver to transmit the vibration of the rotating shaft. An additional study [8] took a hybrid approach to monitoring the working condition of a CNC machine. The author used not only a wireless sensor, but also a system incorporating image processing and vision to determine the state of a CNC machine tool. The system gave an alarm if potential damage was possible. Another study [9] adapted Radio Frequency IDentification (RFID) based technology to transmit data with a low sample rate (i.e., preload and displacement of spindle rotor). A final study [10] used Bluetooth with the frequency hopping spread spectrum to avoid wireless interference. However, the data are transmitted as audio signal (i.e., like a Bluetooth earphone) using best effort approach and does not guarantee its data integrity and correctness at receiver side. Although many wireless sensor designs have been recently proposed, we know of no previous studies that have discussed the quality of wireless communication. For that reason, the existing designs all suffer from wireless interference and data loss is possible. This could be worsened if multiple wireless sensors communicate simultaneously in a building, such as on the factory floor. However, as wireless channels are shared resources, it would be impossible to ensure that the wireless channels were always clear. When the data cannot be reliably transmitted to the data server over a wireless network, an expedient solution is to buffer unsent data into temporary local storage and to retransmit the data once the wireless channel is again available. However, the microprocessor used in these types of



Fig. 4.



System architecture of the proposed ANSS.



applications (due to the hardware cost, low-power constraint, and size limitation) have a very little very small internal RAM (typically 2–16 kB). Thus, it is not practical to buffer a large amount of collected raw data into RAM for a long time before it can be sent out (i.e., sampling three-axis vibration at 2 kHz with 16-bit data resolution can generate 3 × 2000 × 2 B = 12 kB/s). To guarantee that of all the collected data can be transferred from the wireless sensor to the data server, we had to integrate a reliable communication protocol for data transmission and to store all the transmitted data in a permanent storage form for later retransmission if it was lost. In this paper, we proposed a new wireless sensor system that is practical and useful for our application. The design goals of this system are as follows. 1) The raw data (i.e., vibration) collected by the wireless sensor must be able to be transmitted back to the data server in a form that is 100% accurate. No data loss or distortion is tolerable. 2) All of the data that are received by the data server needs to be verified to ensure its integrity. 3) Multiple wireless sensors may be installed in a machine tool and operate at the same time. The wireless communications must not interfere with each other. 4) The proposed wireless sensor needs to be verified as reliable in a real factory to ensure that this design can work in practical applications. 5) It must be low-cost in hardware design, to increase the incentive for manufacturers of mechanical parts to integrate this system in the future. These goals are converted into the design specifications of our system and are described in the following section. III. S YSTEM A RCHITECTURE AND D ESIGN In response to the issues described previously, the ANSS was proposed and implemented in this paper. As shown in Fig. 4, the ANSS has two types of device: the ANSS node (wireless sensor, as shown in Fig. 5) and the ANSS server. A machine tool or plastic extruder may have several ANSS nodes, and an ANSS data server (at least one ANSS server in a factory) is used to control and collect data from many ANSS nodes in several machine tools or plastic extruders.
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Fig. 5.
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Fig. 6.



Prototype ANSS node. TABLE I P ROTOTYPE ANSS S PECIFICATION



If a new ANSS node is installed and is not in the coverage of an existing ANSS server, an additional ANSS server can be installed to expand the communication coverage and manage these new nodes. Instead of using a multihop protocol, this approach simplifies the network topology to a star network, and the bulk data transmission from ANSS nodes to the server can be handled easily by the ANSS server with time divided multiple access. Data transmission interference is therefore avoided. We listed the system specification of the prototype ANSS in Table I for reference. This specification can be changed according to different target applications, i.e., monitor temperature and preload at 1 Hz, and vibration at 50–1000 Hz, and so on, which are decided by domain experts. A. ANSS Node Referring to Fig. 4, the ANSS node is an embedded system that is used to log signals of mechanical parts during operation, and it is envisioned that it would be integrated into parts (i.e., embed the circuits into the shaft or nut of a ball screw or into the gearbox reducer) prior to shipment from manufacturers. The current prototype version of the ANSS node consists of an Atmel ATmega328P microprocessor and



Workflow chart for the ANSS node.



several sensing components to measure vibration, temperature, and the preload of the mechanical part. All the collected data will be transferred wirelessly to the ANSS server by XBee [14] for later analysis. The ANSS node is characterized by guaranteeing that all the (in raw or extracted form) data collected will eventually be sent to the factory’s ANSS data server without data loss or distortion, which contrasts with previous studies. Referring to Fig. 5, the ANSS node saves all the logged data to its secondary storage (i.e., micro-SD card) and sends out the buffered data in response to server requests. Additionally, the network protocol of the ANSS node and the server ensures the integrity of the data by adapting the transmission acknowledgement and checksum techniques. Therefore, all the data in the ANSS node can be reliably transferred wirelessly to the ANSS server. Since the hardware of the ANSS node is based on a low-cost, low-power microprocessor, and the computation performance is limited. Thus, the design principle of the ANSS node is to keep its job as simple as possible. The jobs of an ANSS node are: 1) collecting the sensed data at a defined sample rate and 2) receiving/responding to commands from/to the ANSS server. 1) Triggering Event Notification: Fig. 6 shows a workflow chart for the ANSS node. Once the ANSS node is powered on and initialized, it starts the internal timer to keep sample data at a predefined sampling rate (i.e., vibration at 100 Hz, temperature, preload pressure at 1 Hz, according to the requirements of domain experts). All the data are kept in the internal RAM of the microprocessor. The buffered data are checked regularly to determine if it has exceeded a predefined data threshold (i.e., due to a significant vibration, temperature, or pressure change, defined by domain experts). If so, the current buffered data are saved into its secondary storage to be sent later to the ANSS server. Meanwhile, the ANSS node might send a short notification to the ANSS server to provide an indication that the event occurred and ask ANSS server to download the logged data. This is because several ANSS nodes may experience the same triggering event, if they send out all the logged data to the wireless channel, which could cause serious channel interferences. Once the ANSS server
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TABLE II C OMMAND L IST OF THE ANSS S ERVER



Fig. 8.



Fig. 7.



Workflow chart of the ANSS server (control commands).



has received the notification, the ANSS server arranges the download schedule to pull data from several ANSS nodes to avoid wireless traffic collision. 2) Supported Commands: This prototype ANSS node implements four functions: 1) query node state; 2) query of the number of data items in secondary storage; 3) erasing of all the data items in secondary storage; and 4) uploading of the data items in secondary storage to the ANSS server. The ANSS server may send commands to control the ANSS node, and all the ANSS nodes work in passive mode. This brings some advantages. First, the software design of the ANSS node is simple. Second, the complex logic is implemented on the ANSS server, which can control the communication schedule of all ANSS nodes by querying and downloading the data. The ANSS server implements the corresponding commands, as shown in Figs. 7 and 8, to communicate with the ANSS node. B. ANSS Server This prototype design of the ANSS server is an ×86 platform with a radio interface XBee. We designed a user interface for controlling and downloading data from the ANSS nodes. We implemented two types of command, as listed in Table II, control, and download (as shown in Figs. 7 and 8).



Workflow chart of the ANSS server (download command).



1) Control Commands: According to Fig. 7, the user can select the target ANSS node (a specific node or all nodes) to which to send the control command. Command CMD_STATUS queries the operating state of the node to make sure that the node is still working and to ask it to report its status (i.e., battery level, power-on time, etc.). Command CMD_DATANUM asks the node to report the number of data items (each data item corresponds to one triggered event) in its secondary storage. Command CMD_ERASE deletes all the data in the secondary storage. 2) Download Command: The ANSS server can send command CMD_DL i to the ANSS node to download its data items i in the secondary storage. As data loss is not tolerable, the cyclic redundancy code (CRC) at the end of each data item ensures the data’s integrity. Data lost in wireless transmission can be recovered by retransmission of missing data. Fig. 8 shows a detailed flowchart that indicates how the ANSS server sends CMD_DL to download data from the ANSS node. Once the user selects a specific target node, the ANSS server sends CMD_DATA to query the number of data items in the secondary storage and waits for a reply. As the ANSS node replies with the data number n, the ANSS server starts to download the data items from 1 to n by sending CMD_DL1, CMD_DL2, . . ., CMD_DLn. Each of the received data items i will be verified by its CRC (at the end of data items i ) to ensure its correctness. If the requested items are not received or the CRC is mismatched, the ANSS server will resend the CMD_DLi to ask for data items i again up to three times; otherwise, the ANSS server aborts this command. The download procedure repeats until all data items are downloaded. As we implement: 1) secondary storage; 2) CRC verification; and 3) data retransmission in ANSS, eventually the copies of the data items on the server will match those on the ANSS node through multiple download attempts. Thus, this ensures data integrity and completeness. IV. P ERFORMANCE E VALUATION AND F IELD T EST We implemented the prototype ANSS node, as shown in Fig. 5. Since the focus of the proposed ANSS is that it needs
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Fig. 9.
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Schematic of the test setup.



ensure the correctness of data transmission, we verify the communication performance within several experiments under different environments in this section. However, this section does not analyze and discuss the meaning of the collected data, as the ANSS node simply reads the sampled data from its sensors (i.e., temperature, preload pressure, and vibration) and transfers the data to the server. The translation of this information into meaning and how to estimate wear are not covered in this paper. It is noted that in the following experiment, we deliberately turned OFF the data retransmission function of the ANSS to obtain the raw package delivery rate (PDR, which indicates the percentage of data packages successful delivered to the destination during a single transmission) to show the real transmission performance of this low-power wireless communication device. If we turn on the ANSSs retransmission function, the PDR must be 100%. The following experiments were designed to show that the PDR is not stable in many situations that could occur in a real work environment. These findings justify the importance of our work. As mentioned before, no previous studies had considered lost data during wireless transmission. Thus, the first experiment presents the communication performance of the low-power RF transceiver in a simple setup. A. Experiments in the Graduate Students’ Laboratory We setup the experiments, as shown in Fig. 9. This experiment was conducted in the graduate students’ laboratory, Rm221 in the E.E. building of CCU (National Chung Cheng University, Taiwan). In the beginning, we intentionally trigger the ANSS node 50 times to generate 50 data items into its secondary storage (each data item is approximately 1 kB, containing three-axis vibration data in 12-bit resolution at a 50-Hz sampling rate for 1 s). Then, the ANSS server issues the CMD_DL command to download all the data from the ANSS node. The communication performance tests the distance (as in all the following experiments) between the ANSS node and the ANSS server from 1 to 6 m, as shown in Fig. 9. Another ANSS node is configured as an interference source (IS) that sends out 600 B per second, as in [12]. We set the distance from the IS to the ANSS server to be 10 cm. All the ANSS nodes (including the IS) and server are at the same height, 70 cm, above the ground. Each test is run five times to obtain the result in PDR. This is also the case in subsequent experiments, which are show in Figs. 10 and 11.



Fig. 10.



PDR and PDR variance at different distances (without IS).



Fig. 11.



PDR and PDR variance at different distances (with IS).



Fig. 10 shows that even if the IS is not enabled, the PDR still becomes low as the distance increases. In addition, PDR variance shows a significant increase, which indicates that the PDR is very unstable. The PDR is 100% only while the distance is less than 1 m; data loss occurs if the distance is larger than 1 m. This experiment supports the notion that low-power wireless communication, such as IEEE 802.15.4, is very unstable. Therefore, as the previous studies have not handled data loss, these studies may have trouble if such systems are deployed in a real environment. Fig. 11 shows that when the IS is enabled, the PDR fluctuates between 72% and 94%; it never reaches 100%. This indicates that data loss is substantially unavoidable. To prevent data loss caused by distorted information, integrity checking and retransmission mechanisms are required. Additionally, this illustrates the necessity of our design. Here, also we demonstrated that the height (above the ground) of the ANSS server might affect the PDR. Fig. 12 shows the PDR at different distances and heights for the ANSS server settings. The height of the ANSS node is fixed at 70 cm. This experiment indicates how users can deploy the ANSS server to improve communication performance. As the figure shows, the PDR decreases as the height of ANSS server decreases. Moreover, the PDR variance rises when the distance (between the ANSS node and the server) increases; therefore, this causes a worsening in communication stability. The result is clear; users should deploy the ANSS server at a higher



2494



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 63, NO. 10, OCTOBER 2014



Fig. 12. PDR and PDR variance at different distances and heights of the ANSS server.



Fig. 13.



Ball screw test-bed used for the ANSS experiment.



location above the ground to improve PDR and communication stability. B. Experiments in Mechanical Workshop of CCU In the following, we verify the communication performance of the ANSS in the mechanical workshop of the CCU campus. We choose to test the ANSS in the workshop because: 1) the test platforms (i.e., ball screw test-bed and CNC machine tool) are large heavy, making relocation difficult and 2) testing the ANSS in the mechanical workshop allowed us to validate this design in a real industrial environment rather than in an unrealistic students’ laboratory. In the following experiment, the ANSS node is fixed on the table of the test-bed (Fig. 13). The table is used to carry the processing object (of a machine tool) and linearly move as the AC motor is turned ON. We tested the communication performance under different distances and states of the AC motor (ON / OFF). Fig. 14 shows that the PDR decreases as the distance increases. We tested two locations at both 6.5 and 9 m, where a indicates more obstacles (i.e., machine tools) in the path from the ANSS node to the ANSS server and b indicates no obstacle. Even though, we expected the obstacles may decrease PDR, both cases at 6.5 and 9 m showed no significant



Fig. 14.



PDR at different distances and the AC motor state settings.



Fig. 15.



CNC machine used for ANSS experiment.



effect of obstacles on PDR. This might be because in these cases, the long distance dominated the influence of PDR, rather than obstacles. Moreover, it shows that the AC motor has a little interference in degrading PDR at these distance settings. However, this might be equipment dependent, and other test-beds could produce different results. Next, we tested the ANSS in a real CNC machine tool, as shown in Fig. 1. We tested the communication performance under different distances, states of the CNC machine tool (ON / OFF), and with the ANSS node inside/outside of the metal-enclosure of the CNC machine tool (Fig. 15). The motors of the CNC machine tool are driven by the motor controller, which often generates RF noises. This experiment deliberately fixed the ANSS node inside and outside of the machine tool and turned ON / OFF (the motor of the CNC machine tool runs at 0 and 40 rpm, respectively) the CNC machine tool to understand how it would affect the low-power wireless communication. The results in Fig. 16 show that the running motor degrades PDR at all distance settings and becomes more significant at longer distances (e.g., 7 and 9 m). Additionally, in almost all the cases, the PDR is less than 100%. This further supports that data retransmission and integrity verification is necessary for all wireless sensor systems in an industrial environment. The results in Fig. 17 show that the metal-made enclosure of the CNC machine tool affected the PDR. The PDR outside of the enclosure is higher in nearly all cases. Again, this result might be dependent upon the test-bed used.
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Fig. 16.



PDR at different distances and CNC state settings.
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Fig. 19. PDR at different distances and the AC motor state settings for ANSS node 3. TABLE III C OST AND P OWER C ONSUMPTION OF ANSS N ODE IN P OWER -O N M ODE



Fig. 17. PDR at different distances and with the ANSS node inside/outside.



Fig. 18.



The results of this experiment show significant differences among the three ANSS nodes. As ANSS nodes 2 and 3 are fixed on the surface of the metal case, they are immobile during the experiment. The PDR of nodes 2 and 3 remain at 100% during all tests at different distances and AC motor states. However, ANSS node 1 is fixed on the output shaft of the gearbox reducer. It rotates at 100 rpm while the AC motor is ON. In Fig. 19, PDR is 100% at all distances, and PDR variance is 0% for all distance settings while the AC motor is OFF. When the AC motor is ON, the PDR drops, and PDR variance increases significantly if the distance is larger than 1 m. This indicates that the deployment location of the ANSS node can affect PDR greatly, and data loss is possible in similar applications.



ANSS nodes fixed on the gearbox reducer.



C. Experiments at Sun Lung Gear Works Co., Ltd



D. Cost and Power Consumption of the ANSS Node



In the following, we verify the communication performance of the ANSS in the Sun Lung Gearbox Reducer Factory [15]. Fig. 18 shows a model SL50 gearbox reducer (from [15]), which is driven by an AC motor in this experiment. We fixed three ANSS nodes on the gearbox; one is fixed on the output shaft, and two nodes are on the metal case near the input and output shaft. We evaluated whether the install locations affected communication performance. As space in the factory is limited, we tested the distance from the ANSS node and server only for 1, 2, and 3 m. The AC motor was switched ON / OFF to determine if it caused interference with PDR, as the output shaft rpm is either 0 or 100 rpm.



The ANSS node plays an important role in this system and many nodes can be deployed in a machine tool. Therefore, the ANSS node must be of low cost to increase the acceptance of using this system. In addition, the ANSS node is batterypowered; the power consumption is a key factor that limits its lifetime. Next, we list the cost of major components and the measured the current consumption of each component with Agilent U3401A multimeter at 3v in the following table. As listed in Table III, the total component cost of the ANSS node is about U.S. $35.5, plus printed circuit board and processing costs result in about U.S. $50. The major power consumption of the ANSS node is XBee, which draws 45 mA
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Fig. 20.
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Expected ANSS node lifetime under different working conditions.



in power-ON mode. Thus, the lifetime is about (3400 mAh/69.575 mA)  48.9 h  2 days. In practical usage, according to the domain expert’s suggestion, the working model of the ANSS node can be set to: sample a continuous operating signal for x s in every y s, and then switch to power-down mode (which consumes 0.1 µA by ATMega328p while other components are turned OFF ) for all the remaining time. Therefore, under this cyclical working model, the lifetime of the ANSS node can be extended to the following: Expected ANSS node lifetime (in day)  (3400 mAh/((69.575 mA × x s)/(y s) +(0.1 µA × ((y − x) s/y s)))/24 h. The derived results are presented in Fig. 20, while x = 10–150 s and y = 600–3600 s. For example, setting the ANSS node to sample a continuous signal for 10 s in every 3600 s (1 h) will result in a lifetime of 733 days; setting the ANSS node to sample a continuous signal for 30 s in every 1800 s (30 min) will result in a lifetime of 122 days. Therefore, the lifetime of the ANSS node can be adjusted by changing the working conditions or to a battery with a different capacity to meet the domain expert’s requirements. V. D ISCUSSION AND C ONCLUSION We implemented a prototype ANSS and executed a series of tests to evaluate the communications performance. In all the cases, without retransmission enabled, the PDR is 59%–90% while distance between the ANSS node and server is less than 6 m. If the distance is less than 3 m, the PDR raises to 91%–100%. Furthermore, we observed that the higher the ANSS node location, the higher the PDR goes. Also, we see that all the electrical devices (e.g., motors) and metal enclosures (i.e., of CNC machine tool) may interfere with communication quality. This gave us an important hint; for a better communication performance, we should try to install the ANSS node higher, with no obstacle to location, and closer



to the ANSS server. Moreover, if possible, the ANSS server should request ANSS nodes to upload their data while the motor is OFF to avoid the interference caused by the motor and other electrical devices. Experiments executed in the laboratory, mechanical workshop, and real factory all showed that the PDR is unstable in many circumstances. The distance between the ANSS node and the server affected performance. Additionally, the installation location, the status of the AC motor/motor controller, and rotation/moving of the ANSS node all affected PDR. As we mentioned before, previous studies did not consider interference in low-power wireless or how to deal with data that was lost or needed retransmission. We are the first to show designs and feature to guarantee data integrity and data delivery. Regarding the protocol used in the prototype ANSS, it is designed to verify the idea of ANSS that can buffered the collected data and transfer the data to server reliably. It is possible to integrate standard protocols and wireless technology to achieve the same features, such as Wi-Fi, Bluetooth, Zigbee, and 6LoWPAN. However, the following factors must be considered. 1) The design of protocols for ANSS must be simple because sophisticated designs often cause unpredicted problems and are difficult to solve on-site. 2) The data in the ANSS node must be able to deliver to the ANSS server with reliability. 3) Many ANSS nodes can be installed in a small region (i.e., within a CNC machine tool); these nodes must wirelessly communicate to the ANSS server without interference from each other while transmitting bulky data. 4) The ANSS node is battery-powered; therefore, the power consumption of ANSS node should be limited. 5) The low cost of the hardware is an incentive to increase the acceptance of users. While considering the above factors, the design and choosing of the communication protocol becomes a complex tradeoff. To validate the design of ANSS, while considering these factors, we use a client-server protocol over 802.15.4 with star network topology, as it is a suitable approach for the ANSS server to manage multiple ANSS nodes without communication interference. Moreover, this paper is focused on the design of a reliable data transfer wireless sensor for monitoring mechanical wear-out of parts, while previous studies in the same approach ignore the possibility of losing data through wireless communication. We propose to use secondary storage as a buffer and data retransmission protocol to guarantee the data can transmit to the server reliably. No doubt that any standard protocol with retransmission and wireless technology, can provide a similar function, and can be used in ANSS. Nevertheless, considering the multiple requirements and design simplicity, we believe that the proposed protocol for ANSS is sufficient. In summary, the protocol design and using XBee are intended to verify the ANSS prototype system, and can be replaced if necessary. In what follows, we discuss foreseeable issues for how to make ANSS more practical.
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1) The prototype ANSS node is powered by internal batteries. Additional energy harvesters, such as an electromagnetic generator, can help to supply energy to the ANSS node for long-term use without considering another energy supply. Even though some studies [3], [4] devoted effort to this topic, these energy-harvesting techniques require high-speed rotation or high-frequency vibration to generate enough energy, which might be infeasible if ANSS nodes are installed on the output shaft of a gearbox reducer because the rotation speed is slow. 2) The circuits of the ANSS node may be embedded and enclosed inside the steel-made ball screw shaft or nut, which may cause RF power level degradation when going through metals. However, this can become more complicated, as the ANSS node needs to be small, which limits antenna design. A good antenna design is critical for this application to provide good communication performance. 3) Some ANSS nodes may be not able to communicate to the ANSS server directly (i.e., within a single-hop, due to low RF power or obstacles in the factory). Thus, a multihop networking protocol may be needed for ANSS servers to send control and download commands. We envision a miniature ANSS node for integration into the ball screw assembly and gearbox reducer soon. This will enable owners of machine tools to know the state of wear and provide an indication of when maintenance is needed. This will reduce the time and money that are lost due to wear and tear on the ball screw assembly and gearbox reducer. ACKNOWLEDGMENT The authors would like to thank Prof. Z.-H. Fong and K.-L. Liao (the CEO of Sun Lung Gear Works Co., Ltd) for providing testing equipment and a testing environment. The authors would also like to thank research assistants P.-J. Kuo and P.-C. Kuo for their excellent technical assistance. R EFERENCES [1] G. H. Feng and Y. L. Pan, “Establishing a cost-effective sensing system and signal processing method to diagnose preload levels of ball screws,” Mech. Syst. Signal Process., vol. 28, pp. 78–88, Apr. 2012. [2] L. Hou and N. W. Bergmann, “Novel industrial wireless sensor networks for machine condition monitoring and fault diagnosis,” IEEE Trans. Instrum. Meas., vol. 61, no. 10, pp. 2787–2798, Oct. 2012. [3] H. C. Mohring and O. Bertram, “Integrated autonomous monitoring of ball screw drives,” CIRP Ann. Manuf. Technol., vol. 61, no. 1, pp. 355–358, 2012. [4] L. C. Chang and D. S. Lee, “The development of a monitoring system using a wireless and powerless sensing node deployed inside a spindle,” Sensors, vol. 12, no. 1, pp. 24–41, 2012. [5] F. Salvadori et al., “Monitoring in industrial systems using wireless sensor network with dynamic power management,” IEEE Trans. Instrum. Meas., vol. 58, no. 9, pp. 3104–3111, Sep. 2009. [6] J. Schmid, T. Gadeke, W. Stork, H. Hennrich, and T. Blank, “Poster abstract: A wireless MEMS-sensor network concept for the condition monitoring of ball screw drives in industrial plants,” in Proc. 8th ACM Conf. Embedded Netw. Sensor Syst., Zurich, The Switzerland, Nov. 2010, pp. 425–426.
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