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Abstract 
 

 

The current polishing process, computer controlled polishing, parameters are set before the 

process start and are assumed constant throughout the entire process. However, these are just 

assumptions that can only be proven when sensors are mounted on a polishing head. 

The aim of this research is access if the machine is working properly throughout the analysis of 

the vibrations, more specifically the vibrations of the bearings, to predict incoming maintenance of the 

polishing head before it even stops running and when the bearings needs to be changed in order to 

achieve the best performance of the machine. A sensor that will help to investigate the process is a 

vibration sensor. This sensor can help to get information about abnormal vibrations from the polishing 

head. A vibration sensor could help to predict the lifetime of bearings or from the V-belt pulley. 

The function of monitoring and controlling the vibration caused on the polishing head is important because 

with this analysis is possible to discover abnormal vibrations and maybe correct them allowing to have 

more control over the surface that is being polished. This optimizes the operation of the polishing 

machine, since the precision of the machine is one of the most important factors, as it has a great impact 

on the polishing performance of the final part.  

A research was done in order to know which polishing parameters could be measured using a 

vibration sensor as well as position and assembly on the polishing head and then conclusions were made 

where it was possible to see that in fact it was possible to condition monitoring with this sensors and to 

identify the damages on the bearings throughout the vibrations. 

 

 

 

 

 

 

 

 

Keywords: Vibration sensor, Polishing head machine, Vibration analysis, bearing analysis, condition 

monitoring.  
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Resumo 

 

No processo de polimento atual, polimento controlado por computador, os parâmetros são 

definidos antes do início do processo e são assumidos constantes ao longo de todo o processo. Contudo, 

estes são apenas suposições que só podem ser provadas quando os sensores são montados numa 

cabeça de polimento e o seu comportamento é monitorizado. 

O objetivo desta investigação é verificar se a máquina está a funcionar corretamente através da 

análise das suas vibrações, mais especificamente as vibrações dos rolamentos, para prever a 

manutenção da cabeça de polir antes mesmo de esta parar de funcionar e também perceber quando os 

rolamentos precisam de ser mudados para se obter o melhor desempenho da máquina. Um sensor que 

irá ajudar a investigar o processo é um sensor de vibração. Este sensor pode ajudar a obter informações 

sobre vibrações anormais da cabeça de polimento. Um sensor de vibração pode ajudar a prever a vida 

útil dos rolamentos pois através do seu desempenho pode-se observar o seu desgaste através da 

diminuição da sua performance. 

A função de monitorizar e controlar a vibração causada na cabeça de polimento é importante 

porque com esta análise é possível descobrir vibrações anormais e talvez as corrigir, permitindo ter mais 

controlo sobre a superfície que está a ser polida. Isto otimiza o funcionamento da máquina de polir, uma 

vez que a precisão da máquina é um dos fatores mais importantes, uma vez que tem um grande impacto 

sobre o desempenho no processo de polimento da peça final.  

Foi feita uma pesquisa para saber quais os parâmetros de polimento que podiam ser medidos 

utilizando um sensor de vibração, bem como a posição e montagem na cabeça de polimento, e depois 

foram tiradas conclusões onde era possível ver que, de facto, era possível monitorizar o seu estado com 

estes sensores e identificar os danos nos rolamentos através das suas vibrações. 

 

 

 

 

Palavras-chave: Sensor de vibração, Máquina de cabeça de polir, Análise de vibração, análise de 

rolamentos, monitorização do estado.  
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1. Introduction 
 

In this first chapter a brief contextualization of the project will be made, then the objectives and the 

aim of the project will be addressed, as well as the challenges and problems it presents. 

 

1.1 Contextualization 

 

This project is based on the integration of a vibration sensor in a polishing head robot. The function 

of monitoring and controlling the vibration caused on the polishing head is important because with this 

analysis is possible to discover abnormal vibrations and maybe correct them allowing to have more control 

over the surface that is being polished. This optimizes the operation of the polishing machine, since the 

precision of the machine is one of the most important factors, as it has a great impact on the polishing 

performance of the final part. The more precise the machine, the better the results will be for the part 

being polished. 

 

1.2 Objectives and aim of the project 

 

This project was carried out in the Centre for Optical Technologies (ZOT – Zentrum für optische 

Technologien) in the Aalen University. This project aims to use vibration sensors to analyze the polishing 

head machine from the company Carl Zeiss and understand how it operates or behaves. During this 

project some of the objectives were to perform a market research and find the most appropriate and 

suitable vibration sensor for this application. So that later on when the vibration sensor is installed on the 

robot it will be possible to understand or analyze what would be the most appropriate place to fit the 

sensor in order to obtain/collect the best data results and also to understand what can be monitored with 

this sensor. Another objective was to test the bearings that were used in the machine, in order to obtain 

knowledge about the current condition of the bearings and then after to test the vibration sensors directly 

on the polishing head machine. And last but not the least to read the results obtained and draw 

conclusions. 
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1.3 Challenges/Problems 
 

This project presented some challenges such as fitting the sensor to the polishing machine, 

because this factor has a big impact on the data obtained by the sensor. The better the sensor is installed 

the better and more accurate will be the obtained results. The other challenge of this project would be 

how to transfer the data to the PLC (Programmable logic controller) or directly to a computer, i.e. how 

this connection would be made or if another type of intermediate device would be needed to make this 

connection.  

Another problem with this project is the connection between the sensor and the PLC or computer, 

as there may be a risk of the cables being damaged in use. With this problem then comes another 

challenge for this project which is how to solve this problem of the cables so that there is no risk of them 

breaking. The challenge of this project is also to understand what can be monitored with the sensor and 

how to use the information obtained to improve the operation of the polishing machine, and finally, how 

to read the data obtained from the tests with the sensor. 

 

.  

Figure 1 – Cable damaged on previous trials 
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2. Polishing Process in the ZOT 

2.1 Polishing  
 

Polishing is one of the oldest methods of removing material, invented several decades ago. This is a 

process used to generate surfaces with very high tolerances in geometry and roughness characteristics. 

This process remains one of the most important finishing methods. 

In this process a small portion, particle sizes ranging from one to hundred micrometers, of  the 

material is removed in order to obtain a smoothing surface. This process works in the following way, by 

means of a rotating disk which is rubbered with polishing particles to obtain a smooth surface. 

The polishing process generates a reflective surface. Most polishing processes use a pad that 

contains an abrasive surface, and this pad is smoother than the part being polished. That is, the workpiece 

is the hard component and the pad is the soft component. During this polishing process micrometers of 

material are removed. Usually polishing is achieved by using a fine-micron or sub-micron abrasive particle 

in conjunction with a liquid, such as polishing slur. In the polishing process a polishing pad and a water-

base slur are then used to generate a reflective and clear surface. Usually, there are some dirt stains or 

a few cracks present on the workpiece that are not visible to the naked eye, and this dirt can then be 

removed by the polishing process. 

 

2.2 Computer controlled Polishing  
  

CCP stands for Computer-Controlled polishing and is a process used to obtain a high-quality 

surface finish, for example in optical lenses, because high accuracy can be obtained when robots are 

used. As already mentioned, the main purpose of the polishing process is to obtain an even and polished 

surface on the workpiece.  

Nowadays, robots are implemented for the polishing process as they are more efficient in terms 

of speed, safety, and can also be used for mass production. In other words, the polishing process has 

improved significantly through the use of robots, because they have precision and repeatability. In 

addition, the robot has the advantage that it is flexible and can polish easily curved surfaces that are 

complex to polish. Another advantage of using the robot is that you can improve safety, consistency, and 

quality. 
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Computer-Controlled polishing has more advantages than traditional polishing methods or 

techniques, because it allows you to easily finish polishing in less time and its accuracy is much higher 

compared to traditional polishing. 

 

2.3 Polishing Robot in the ZOT 
 

In the ZOT (Centre for Optical Technologies or Zentrum für Optische Technologien) there are 

several robots from the company ABB [1]. These robots have different sizes and accuracies. The robot 

used in this work was the ABB IRB 4400 robot that is used for plastic and glass polishing. 

 

 

Figure 2 – Robot ABB IRB 4400 with polishing head from Zeiss company 

This is a large-sized robot that is versatile and fast. This robot can support loads up to 60 Kg and 

has a range of 1,96 meters.  

The robot is then responsible for the accurate motion system of the polishing tool on the surface. 

This is a 6-axis industrial robot. The most important polishing parameters of this robot are the speed of 

rotations applied from the electric motor to the polishing tool and the pressure applied from the pneumatic 

cylinder to the polishing tool. 

Basically, this robot is composed of a polishing head, from Zeiss, which is located at the end of the robotic 

arm, and that polishing head has a polishing tool at the end, which will remove material by rotating the 
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polishing tool tip onto the part to be polished. The part to be polished is fixed on a worktable so that it 

does not move during the process using a zero-point clamping system. The polishing slur consists of sand 

and water particles, and then is added to the part. Without his liquid agent no material would be removed 

in the polishing process. In figure 3 it can be observed the workpiece with polishing slur, white liquid on 

top of the workpiece. 

 

 

Figure 3 - Polishing slur on the workpiece; Polishing track on the Zaphod program (Units in mm) 

 

To control and program the robot a program was created where the duration of the polishing process, 

the force to be applied, and the rotations per minute were defined. For the creation of this program the 

software "Zaphod", that was created in ZOT, was used. Through this program is created the code that 

guides the robot during the polishing process according to the area of the part to be polished. For a 

correct operation of the robot, it is also necessary to calibrate. This calibration is done in order for the 

polishing robot to know where is located the workpiece and where the TCP of the robot is. For this process 

the TCP is recorded and the part to be polished is measured. Then these values are integrated into the 

code that commands the robot operation. 
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3. Research 

At an early stage of the project, research was conducted where the various types of sensors were 

studied, and why it is important to analyze and monitor vibrations. This chapter also discusses the sensors 

that were considered for use in this project, and finally a comparison of the various sensors is made, and 

some conclusions are drawn.  

 

3.1 Vibration analysis and Monitoring vibration 

 

Vibration can be defined as a mechanical oscillation about an equilibrium position of a machine 

or component, or simply the back-and-forth motion of a machine or component. Vibration or oscillation is 

any motion that repeats itself, regularly or irregularly within a time interval. 

“Vibration is an oscillating motion about an equilibrium so most vibration analysis looks to 

determine the rate of that oscillation, or the frequency. The number of times a complete motion cycle 

occurs during a period of one second is the vibration’s frequency and is measured in hertz (Hz). For 

simple sine waves the vibration frequency could be determined from looking at the waveform in the time 

domain; but as we add different frequency components and noise, we need to perform spectrum analysis 

to get a clearer picture of the vibration frequency.” (by Steve Hanly)[2] 

It is important to analyze vibration because many of the common vibration problems are 

misalignment, defective bearings, looseness or unbalance. As mentioned before and further again, 

analyzing the vibration of the machine's bearings allows us to get information about abnormal vibrations 

in the polishing machine. With this information it is possible to predict the next maintenance of the 

polishing machine before it has to stop working. 

As mentioned before, the most common problems with vibration are misalignment, defective 

bearings, unbalance or looseness and by analyzing the machine's bearing vibrations, it was possible to 

obtain information regarding abnormal vibrations of the polishing head. Because normally vibration in a 

machine or industrial equipment is part of normal machine operation, but sometimes it can also be a 

sign of machine problems. 

Through vibration analysis it is possible to perform a machine screening, after which it is possible 

to diagnose or analyze a possible failure. With this data obtained it is possible to take the right action at 

the right time to be able to correct the machine before the machine error or failure gets worse. 

The actual process parameters of the polishing machine are defined before starting the process and are 

assumed to be constant during the entire process.  
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By installing a vibration sensor on the machine this allows to spend less time taking manual 

readings on the machine that may be working properly. Machine vibration analysis is a cost-effective way 

to monitor machine elements and automatically receive data collection, which helps to understand when 

it is really necessary to intervene and perform preventive maintenance on the machine. In other words, 

monitoring vibration over time helps predict problems before any more serious risks occur. Because if 

the machine has an unforeseen problem this will delay production and therefore increase costs, which 

could be predicted by analyzing its vibration. When these kinds of problems are detected early there is 

the opportunity to schedule maintenance, thus reducing machine downtime, thus reducing the increased 

costs.  

In addition to being able to tell when the machine needs maintenance and to reduce costs, 

vibration analysis also has the advantage of being able to determine the current condition of the machine 

and what the specific cause or location of the machine problem is. 

When it comes to types of vibration and vibration analysis of a bearing, in terms of machine monitoring 

there are two types of vibrations: axial vibration and radial vibration. Axial vibration is a vibration 

longitudinal to the shaft or parallel to the motor shaft. Radial vibration occurs when a force is applied off 

the shaft. For example, a misalignment of the shaft can cause axial vibration. 

 

3.2 Graphics for analysis 
 

The acquisition of vibration data is only one part of the challenge of vibration measurement, the 

other major part is the analysis of the data that is acquired, as it is important to understand the types of 

waveforms associated with vibration analysis, what the important differences are between them, and 

when it is most appropriate to use each type of vibration analysis tool. In order to later be able to analyze 

the results that will be obtained, and by doing this research it was possible to realize that there are 

different types of graphics that allow to get different readings of different aspects of vibration. Usually, 

when analyzing the vibration data in time domain, i.e. acceleration/vibration amplitude plotted against 

time, one is limited to a few parameters in quantifying the strength of the vibration, such as amplitude, 

peak-to-peak value and RMS.  
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Figure 4 - Example of a simple 60 Hz sine wave  
 Source: https://www.researchgate.net/figure/A-simple-60-Hz-sine-wave-is-shown-with-the-amplitude-peak-to-peak-RMS-

frequency-and_fig8_318827258  

 

In figure 4, it can be observed an example of a simple 60 Hz sine wave, where it can be seen the 

amplitude of the wave, the RMS and the peak to peak. 

The RMS, which stands for Root Mean Square, is a value that is generally very useful because it 

is directly related to the energy content of the vibration profile. That is, the RMS value of a periodic 

waveform is the same as the effective value of the waveform, and this is obtained by taking the square 

root of the mean of the square waveform. 

“The peak amplitude of a sinusoidal waveform is the maximum positive or negative deviation of 

a waveform from its zero-reference level.” (John Clayton Rawlins M.S., in Basic AC Circuits (Second 

Edition), 2000) 

Any waveform is really just a set of series of single sinusoids or sinusoids of different amplitudes, 

frequencies or phases. 

https://www.researchgate.net/figure/A-simple-60-Hz-sine-wave-is-shown-with-the-amplitude-peak-to-peak-RMS-frequency-and_fig8_318827258
https://www.researchgate.net/figure/A-simple-60-Hz-sine-wave-is-shown-with-the-amplitude-peak-to-peak-RMS-frequency-and_fig8_318827258
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Figure 5 - View of a signal in the time and frequency domain  
Source: https://www.nti-audio.com/en/support/know-how/fast-fourier-transform-fft  

 

Therefore, the Fourier series is a series of sinewaves and is used for spectrum analysis to 

deconstruct a signal into individual sine waves components and the result is the amplitude of the 

acceleration/vibration as a function of frequency, which then allows to perform analysis in the frequency 

domain to gain a deeper understanding of the vibration profile. In order to better understand and visualize 

a Fourier transform it can be observed in figure 5 how it works.  

 

3.3 Types of sensors 

 

In an initial phase a research about vibration sensors was carried out to understand how they 

work and what were the different types of sensors, as it can be seen in the scheme of figure 6. In this 

research it was possible to conclude that there are three main types of vibration sensors, them being: 

accelerometers, strain gauge and Eddy-Current.   

https://www.nti-audio.com/en/support/know-how/fast-fourier-transform-fft


22 
 

 

Figure 6 - Types of vibration sensors 

 

Accelerometers are devices that measure the vibration or acceleration of a moving structure. 

Within the category of accelerometers there are several types available on the market. Accelerometers 

are devices that, as the name implies, measure acceleration, which is the rate of change of the velocity 

of an object. 

Acceleration measures the change in velocity with respect to time. In other words, acceleration 

is the physical quantity that measures the change in velocity of a mobile object as a function of time. The 

unit of acceleration according to the International System of Units (SI) is the m/s² (meter per square 

second), but it can also be measured in G-Forces (g). One G-Force here on planet earth is equivalent to 

9.8 m/s².  The sensors that measure this physical quantity are called accelerometers. Usually, the 

acceleration is given as a part or multiple of the gravitational average acceleration g.  

Strain gauge sensors are devices that as the name implies measure the strain of a machine 

component. A strain gauge is a sensor to which resistance varies with the force applied. Basically, this 

sensor converts a force, pressure or voltage into an electrical resistance difference that can then be 

measured. For when external forces are applied to a stationary object, stress and strain are the result. 

In practice this sensor works as when there is a strain applied to any metallic cable, the length of this 

cable increases and its diameter decreases. This increase in length and decrease in diameter will change 

the resistance of the cable, which then provides our measurement of the strain of the component or 

machine.  

An eddy-current sensor or capacitive displacement sensor are devices that are not in contact with 

surfaces and measure the position and or change of position of a conductive component. Basically, these 

sensors operate with magnetic fields. The sensor contains a probe that creates an alternating current at 

the tip of the probe. This alternating current that creates small currents in the component being monitored 

is called eddy-currents. In other words, the sensor monitors the interaction of these two magnetic fields. 
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As these two fields interact, the sensor produces a voltage proportional to the change in the interaction 

of the two fields. 

When using this type of sensor, it is important to keep in mind that the component to be monitored 

must be three times the diameter of the sensor in order for it to operate normally otherwise advanced 

sensor calibration is required. 

The most common and most accurate of these three types of vibration sensors are the 

accelerometers. And it was on this type of sensors that the research was most focused, because this 

sensor has a good frequency range, which means that it can sense/measure fast or slow applications. 

In addition to this frequency range these accelerometers are also more affordable and more durable. 

These sensors must be mounted directly on the machine.  

Strain gauges, on the other hand, are versatile and accurate while being suitable for inconvenient 

to reach locations because of their thin thickness. However, these sensors can be difficult to install 

correctly and to get the data correctly. Usually amplifiers are needed, which will increase the cost. 

Finally, eddy-current or capacitive sensors have a medium accuracy and are not ideal for high 

resolution applications. But they are very durable which makes them perfect for dirty environments. And 

just like accelerometers they must be mounted directly on the machine to be monitored. 

 

3.4 Vibrations sensors 
 

A sensor is a device that detects and responds to one type of input from a physical environment. 

This physical input can be light, heat, pressure, or others. And the output is usually a signal that is 

converted to a readable display where the sensor is located or is transmitted in electronic form to a 

reading or processing network. 

During the research, sensors of different brands were analyzed and compared. Some of the 

brands are as follows: Balluff, SKF, ASC, Althen Sensors, Advantech, Fluke, Emerson, IFM, MMF, GP 

systems, SDT Ultra sound among others. 

To select a vibration sensor for this specific project it was important to take into consideration 

some of the following factors, such as range and accuracy, environmental conditions, and the shape of 

the surface to be measured. The most important factors in deciding on the sensor were its shape and 

size, since it had to be relatively small, and whether its range and accuracy fit the specific needs of this 

work.   
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Its range and accuracy are decisive factors, because the proportionality of its offset, acceleration, 

or deviation depends on the frequencies of interest and the level of signals involved/intended. By range 

and precision it is meanted measuring range, frequency range and accuracy of the data. 

The type of mounting of these sensors was also taken into consideration because their correct 

installation is a determining factor to obtain a good and accurate diagnosis/reading of the machine 

condition results. 

To simplify this research, tables were developed with the most relevant sensor specifications in 

order to simplify the analysis and comparison between them. In table 1 and table 2 below, we can observe 

the comparison between the sensors. 

Table 1 – Vibration sensors research  

 

In table 1 it can be seen different vibration sensors with cables. Of the various characteristics of 

the sensors, the most relevant for the decision to choose a sensor was the size of the sensor, since it 

should not be too large, its price, and also the type of sensor, i.e. whether the type of sensor met the 

characteristics needed for the project or which one would fit better within the scope of the project.  

The sensor of the company BALLUFF, model BCM0001 is easy to parameterize and it is easy to 

match the processing of the sensor to a specific application. This sensor has the functions vibration 

velocity, vibration acceleration and contact temperature. Another advantage of choosing this sensor is the 

fact that the university has this sensor, thus bringing no added cost to the project. The BCM0002 sensor, 

from the same company, is basically the same sensor but is a newer version, and besides measuring 

vibration velocity, vibration acceleration and contact temperature, it can also measure vibration severity 
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zone, relative humidity and sensor self-awareness. Since the BCM0001 sensor fits the project parameters 

and the most updated version of this sensor is not necessarily more beneficial for this project, there is no 

need to invest in this sensor for this reason the BCM0001 sensor was one of the selected sensors. 

The sensor of the company IFM, model VSM101 is a robust sensor with high mechanical overload 

protection. For easier installation the company offers an adapter or a magnet, but it is not included with 

the sensor. 

The sensor from SKF company, model CMSS 2100 is hermetically sealed for installation in high 

humidity areas. This sensor contains a small physical size for small bearings or hard-to-reach areas.  

Finally, another of the sensors selected was the sensor from the company ASC, model OS-325MF-

PG. This sensor is a MEMS capacitive accelerometer with a good frequency range, it has a robust and 

reliable design that is why it has a very high shock resistance. This was one of the sensors selected since 

the frequency range fits the needs of the project. 

 

3.5 Wireless vibrations sensors 

 

Table 2 – Wireless vibration sensors research 

 

The table 2 has also been developed for the wireless vibration sensors for the same purpose, to 

facilitate the overview of the different sensors. In the following it will be briefly explained some of the 

general advantages or disadvantages of each wireless sensor. 

The company FLUKE's sensor, model 3561FC has the advantage of being easy to use, as it is 

intuitive in the sense that it is not necessary to be an expert to be able to operate this sensor. It is easy 

to install, but a disadvantage is that it is difficult to remove because it uses glue to attach it. On the other 

hand, as it is a wireless sensor it doesn't need cables. This sensor also has the great advantage that it 
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already includes a gateway, so there is no need to buy this one afterwards. This sensor is sold in a pack, 

this includes 4 sensors, a gateway, plus one year of using its software. This sensor is versatile, can have 

several applications and allows remote vibration monitoring. This sensor allows you to get real-time 

information about the date history. It has a battery life of three years. And finally, it is good for remote 

monitoring in dangerous places or places that are difficult to access. 

The sensor of the companies Althen and Treon, model IOT vibration sensor node is designed for 

demanding industrial conditions. It is dust and water resistant. But unfortunately, it is necessary to buy 

the gateway separately, which brings an extra cost. The mounting method for this sensor is via a M8 

thread. 

The sensor of the company PCE, model VMS 501 has a long battery life, and is easy to connect 

to the machine, as it is attached with a magnetic base. This sensor is easy and quick to install. This 

sensor can save the measurements temporarily when the connection to the server is interrupted.  

The sensor of the company PCB Piezotronics, model 670A01 has the major advantage of being 

easy to remove or change its battery. A small aside is that accelerometers are better in the sense that 

they can measure DC acceleration as opposed to piezoelectric ones. This sensor comes with a mounting 

stud, a long stainless-steel screw with hex socket and brass tip. It is not recommended to mount the 

sensor with a magnet due to the size and mass of the sensor. The mounting pad can be epoxied onto the 

machine with an Epoxy Kit to attach it to the machine. 

The sensor of the company Yokogawa, model Sushi XS770A can be installed in areas where 

flammable gas or steam is present. It has a long-distance communication (more than 10km). 

Configuration and monitoring status can be done via a smartphone which makes this sensor simpler and 

more intuitive to use. Using an Android-based smartphone with NFC (Near Field Communication) it is 

possible to send the date to a cloud. The XS770A can be mounted easily by a screw or a magnet. 

Finally, the sensor from the company iQunet, model IVIB161010- ACC3- 016 has a long battery 

life but does not include the server/gateway which is expensive. The parameters of this sensor can be 

set remotely, such as the sampling rate, samples number, dynamic range e automatic measurement 

interval. This sensor can be installed with M3 screws or epoxy adhesive for permanent mounting. 

 

3.6 Advantages and disadvantages 
 

After analyzing each sensor, it was possible to see more generally the advantages and 

disadvantages of the different types of sensors. 
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The wireless vibration sensors have a great advantage in that there is no need for cables, thus 

solving one of the initial problems of the project, which was the wear and tear or the chance of cables 

becoming damaged due to the high revolutions of the machine causing such possible damage. Since the 

machine works at high revolutions per minute continuously, it is natural that with the passage of time and 

with the vibrations to which the cables are subjected, they start to wear out, leading to their breakage. 

Normal (cabled) vibration sensors have the advantage of being more affordable, smaller and more 

compact, and versatile, meaning that they can be applied in a variety of situations. Wireless vibration 

sensors, on the other hand, are easy to install, have the great advantage of not needing a connecting 

cable, but the disadvantage is that they require an additional device to receive the information and send 

it to a receiver - in this case a computer - where the data can later be stored and analyzed. The biggest 

disadvantage of these wireless sensors is that the additional device usually ends up being more expensive 

than the sensor itself, which is already expensive compared to normal sensors. 

 

3.7 Overall comparisation and conclusions 

 

After careful consideration of the various sensors and taking into account the needs of the project, 

the sensors selected were the BCM0001 sensor from BALLUFF and the OS325-PG sensor from ASC. The 

BALLUFF sensor is a sensor that the university already owned and is useful for the project since it is an 

intelligent sensor that already provides processed data. One of the sensors that could also fit in the project 

would be the BCM0002 sensor which is an improved version with more qualities than the BALLUFF 

(BCM0001) sensor, but after a quick analysis it was possible to realize that these new qualities would not 

be so relevant for this project and that the sensor that the university already had was sufficient for the 

job, so there was no need for extra costs. Since there is already a smart sensor it was thought that it 

would also be useful to get a sensor that can provide raw data so that there would be more freedom to 

work with the results obtained and also be able to compare the results between the two sensors. For this 

the ASC-325 sensor was selected and purchased, as this is a sensor that reads and provides raw data.  
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4. Programming 

For this project it was necessary to use programming to be able to obtain graphics and to be able to 

process and manipulate the data obtained from the trials conducted in the workbench and on the 

polishing head. It was also necessary to design an app using MATLAB [6] for the ASC-325 sensor. 

 

4.1 MATLAB 
 

One of the programs used in this project was MATLAB. MATLAB is a program developed by an 

American company called MathWorks. This program specializes in matrix calculations and also for 

optimizing and solving mathematical problems in science and engineering. This software also provides 

the possibility to simplify the implementation of hardware, such as a DAQ device. DAQ stands for data 

acquisition, and data acquisition is the process of sampling signals that measure real world physical 

conditions and convert the sample results into digital numeric values that can be manipulated with a 

computer. This will be important later on when connecting the OS-325MF-PG sensor. 

 

4.1.1 Basics in MATLAB 
 

For this work it was necessary to use the MATLAB program for the programming part. In the 

beginning it was necessary to learn how to use this program and understand how to program for this 

project. Initially basic commands were used to perform basic functions such as importing the data into 

the program or plotting the data. Some of the basic commands used can be seen in figure 7. 

 

 

Figure 7 - Example of simple commands on MATLAB 



29 
 

To know how to analyze the data obtained with the trials, some basic coding experiments were 

carried out in MATLAB to learn how to work with this program and how to work with the data that will be 

obtained later on. 

4.1.2 Plotting graphics with MATLAB 
 

Some graphs were made using data from old vibration sensor tests, and with that data graphs of 

the different axes, xyz, and also a FFT of that data were made. To run these graphics, it was necessary 

to gain basic knowledge of coding. It was necessary to understand which commands were needed and 

which functions were in each line of code, and what these functions changed in the results or in the 

parameters of the graphics. In figure 8, it can be observed the commands used and the graphic result.  

 

Figure 8 - Example of a FFT plotted using MATLAB 

 

4.1.3 Software programming 
 

To use the OS-325MF-PG sensor it was necessary to develop an app using MATLAB software, 

through the App designer option. This program creates data logs of DAQ hardware. For the logging 

procedure a graphical user interface is created. This allows the user to easily perform the measurement 

and also provides the possibility to see in real time the data being saved. In figure 9 it is possible to 

observe the display of the app created for the measurements.  
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Figure 9 - ASC-325 Sensor App designed with App Designer in MATLAB 

 

The first step to use this app is to open MATLAB and inside this program open the app, after this 

it will be showed the interface, as can be seen in the figure 9. This app has three different menus. In the 

first menu titled cDAQ this contains a button that when clicked starts the DAQ device, and when it is 

initialized appears the app gives feeback as it can be seen in green letters in figure 8. This action calls a 

subprogram "Init_DAQ" where all settings for the hardware DAQ are made. The calibration parameters 

for this sensor have been entered into the code, corresponding to the calibration protocol provided by the 

sensor manufacturer.  

Another menu is the Live Graphics menu where it can be observed in real time the data being 

taken on the various axes. 

There is also a menu called Measurements, which contains three commands. The command to 

start recording the data, to stop recording data and the command to save the data read by the sensor. If 

no error occurs during the initialization of the DAQ device, then the "Start" button is enabled and the 

measurement can be started by pushing the button. This starts the data acquisition and calls the 

subprograms "Save_Data" and "Plot Data". These programs write the acquired data to a logging file and 

plots the live sensor data on the graphs in the Live graphics menu. These commands continue to run 

until the "Stop" button is pressed, which will then stop the measurement. After this the user can finally 

click on the "Save" button, which will open the dialog for entering the name and destination path of the 

obtained file. Afterwards the data is written in ASCII file with additional information about the 

measurements, for example the data or time. In this menu feedback is received as to when the vibrations 
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are being measured, as it can be seen in red letters on the figure 8. Finally, just close the application 

after it has been used and the data has been recorded properly. 

 

4.2 Plotting graphics with Anaconda/Jupyter  
 

To plot the obtained results the Jupyter Notebook application from the Anaconda [7] software was 

used. Anaconda is a Python distribution software, pre-built and preconfigured with a collection of 

packages, which are commonly used for data science. The Anaconda browser is a GUI tool that is included 

in Anaconda distribution and makes it easy to configure, install and launch tools such as the Jupyter 

Notebook. 

Jupyter Notebook is an open-source web application that allows you to create and share documents 

that contain live code, equations, narrative text or visualizations. Some of the uses of this application are 

data transformation and cleaning, statistical modeling, numerical simulation and data visualization and 

much more. In this case this application was used for data visualization. 
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5. Vibration sensors 

In this chapter it will be approached which sensors were selected, and it will be explained in more 

detail how they work and their specifications. 

 

5.1 BALLUFF (BMC0001) 
 

5.1.1 Specifications of the sensor 
 

One of the sensors used in this project was the BCM0001 sensor from BALLUFF, as seen in 

figure 10, since the university already had this vibration sensor. This sensor is an IO-Link sensor, which 

means that the connection type is IO-Link. IO-Link is a serial, bi-directional point-to-point connection for 

signal transmission and energy supply under any network. An IO-Link connection is a standardized 

uniform interface for sensors and actuators irrespective their complexity (measuring, switching, mixed 

signal, multi-channel binary, etc.).  

This sensor can measure vibration (velocity/acceleration), the contact temperature and has 3 

measurement axes. In table 3 it can be seen with more detail some specifications of this sensor.  

 

Figure 10 - BCM0001 sensor from BALLUFF  
Source: https://my.balluff.com/de-de/products/BCM0001?gclid=CjwKCAjwpMOIBhBAEiwAy5M6YP51MCmUzGOK3-

URmTsOCM9BGGb0Lo00adxIVVLhprhkbxYBmc8yWBoCQyIQAvD_BwE 

 

Table 3 – BALUFF sensor specifications 

Vibration frequency range 2 to 3200 Hz 
Price 255 € 

Vibration acceleration, measuring range 
RMS 

0 to 16 g 

Contact temperature, measuring range 0 to 70 ºC 
Interface IO-Link 1.1 

Connection Cable with connector, M12x1-Male, 3-pin, 
1.5m 

Housing material Stainless steel (1.4404) 
Ambient temperature 0 to 70 ºC 

https://my.balluff.com/de-de/products/BCM0001?gclid=CjwKCAjwpMOIBhBAEiwAy5M6YP51MCmUzGOK3-URmTsOCM9BGGb0Lo00adxIVVLhprhkbxYBmc8yWBoCQyIQAvD_BwE
https://my.balluff.com/de-de/products/BCM0001?gclid=CjwKCAjwpMOIBhBAEiwAy5M6YP51MCmUzGOK3-URmTsOCM9BGGb0Lo00adxIVVLhprhkbxYBmc8yWBoCQyIQAvD_BwE
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The sensor has multiple measurements in one device, which means that it detects various 

physical variables. The Balluff condition monitoring sensor detects vibration and temperature, then 

processes them and provides the desired data to a host system via IO-Link.  

The sensor has integrated processing circuitry with configurable data processing and also it has 

configurable events and status indicators. One of the biggest advantages of this sensor is the fact that it 

has a fast and simple connection through the IO-Link. This sensor has a compact form which is good for 

restricted spaces. The standardized IO-Link protocol allows to easily parameterize the sensor and match 

the processing in the sensor to a specific application. 

 

5.1.2 Connection and reading 
 

The connection in this case is made with an IO-Link Master which is the IO-Link interface AL1060 

showed in the figure 11 and the IO-Link device which is the BALLUFF BCM0001 sensor. 

   

Figure 11 – IO Link interface AL1060 
Source: https://www.ifm.com/pt/pt/product/AL1060 

 

The IO-Link USB master establishes the connection between the IO-Link sensor and the 

automation system. As a component of an I/O system, the IO-Link USB master is installed in the 

computer. The name of the software installed is “LR device”. 

It is possible to observe, in figure 12, the layout of the LR device software. This software has two 

main menus, the “Setup” and the “Cockpit” on the left upper corner. The first step is to connect the 

devices to the application, after which it is necessary to adjust the devices' setups accordingly. One of the 

sensor parameters that were changed was Process Data Profile Configuration. Since this sensor only lets 

you set 4, in the first slot the X-axis RMS was set and in the second slot the Z-axis RMS. Since there is an 

axial and two radial axis there is no need to retain information from all 3 axes, since the Y-axis and the Z-
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axis are radial. In slot 3 the Peak-to-Peak of the X-axis has been set and in slot 4 the Peak-to-Peak of the 

Z-axis. 

 

Figure 12 - LR software in the setup menu 

In the "Cockpit" menu, figure 13, the four slots previously defined as features to be measured in 

the diagram were set and a time interval was set. After the vibration is measured by the sensor the data 

is saved as a .CVS file. CVS stands for comma-separated values and this type of text file has a specific 

format that allows the data to be saved in a table structured format. 

 

Figure 13 - LR software in the cockpit menu 
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5.2 ASC-325  

5.2.1 Specifications of the sensor 
 

The second sensor used in this project is the ASC-325 sensor. This sensor is applicable for 

condition monitoring. This sensor is a MEMS capacitive accelerometer. MEMS is short for "Micro 

Electromechanical System". These are systems with electrical and mechanical components that have 

microscopic dimensions. The key components of capacitive accelerometers are high-quality MEMS that 

feature excellent long-term stability and reliability. This technology allows measuring static (DC) and 

constant accelerations, which is used to calculate the speed and displacement of moving objects. 

This accelerometer has the advantage of having a frequency response from 0 Hz to 7 kHz and is 

best suited for low to medium frequency measurements. This accelerometer can also work with low 

voltages as +5VDC. 

These MEMS capacitive accelerometers consist of a mass that is located in the middle of two parallel 

plates. The principle of operation is as follows, it is to form two capacitors between the mass and the 

outer fixed plates. In the event of an acceleration impact on the sensor, the value of the capacitors is 

being changed due to the moving proof mass, resulting in a capacity change that is proportional to the 

acceleration. 

          

Figure 14 - OS 325MF-PG-002 sensor from ASC 

 

This sensor features an extremely robust design with shock resistance up to 6.000 g. These 

accelerometers are hermetically sealed which makes them ideal for any kind of harsh environmental 

condition. [12] 

Some of the features of this sensor are as follows, Low Noise Differential Voltage Output, very 

high shock resistance, excellent Offset and scale factor stability. Normally, sensors internally convert the 

capacitance signal into a current or voltage signal to send the data. 

This capacitive accelerometer also has the advantages of outstanding temperature stability and 

excellent behavioral response. 
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Table 4 – ASC-325 sensor specifications 

Measuring axis 3 
Sensor type Accelerometer 

Sensor technology MEMS capacitive 
Output signal Voltage 

Measuring range up to 5g 
Temperature -20 ºC to +100 ºC 

Housing material Stainless steel (IP68) 
Noise Density 10 to 680 µg/√Hz 

 

In the table 4 it is possible to easily see some of the main specifications of this sensor. To see 

more specific details about this sensor check the appendices’ part. 

 

5.2.2 Connection and reading (Matlab app) 
 

This sensor was connected directly to the computer throughout a DAQ USB Device. DAQ stands 

for data acquisition. The device used was a NI USB-6001, from the company National Instruments. [38] 

When it comes to pinout terminology, the pin type AI, that stands for analog input and then a number 

that corresponds to a channel number. To connect the sensor to the DAQ USB device the white cable 

was connected to AI 0, the gray cable to AI 4, the yellow cable to AI 1, the pink cable to AI 5, the green 

cable to AI 2 and finally the blue cable to AI 6. In addition to the NI USB-6001 a power supply was also 

used, in this case it was the DC Multi-Output Power supply 6040. To this device was connected the red 

cable to the positive signal and the brown cable to the negative signal, 5V/500mA, and the ground cable 

to the ground signal. Finally, the DAQ USB device was connected to the computer via a USB input. To be 

able to make these connections the table of the cable code/pin configuration in figure 15 was used. 

 

 

Figure 15 - Cable code/ Pin configuration of the ASC-325 sensor 
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5.3 Sensors comparison 
 

The most significant difference between these two sensors is the fact that the Balluff sensor is an 

intelligent sensor that can already provide RMS and Peak-to-Peak values while the ASC sensor is a sensor 

that provides raw data that later has to be analyzed and processed. The added value of getting raw data 

is that it can be worked on as needed, it gives the opportunity to create FFT graphics which will allow to 

extract more information, while with the other sensor we can only get already processed information. 

When compared the ASC-325 sensor has a much lower frequency range than the BCM0001. 
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6. Trials with the bearings (testbench) 

In this chapter it will be explained which bearings were tested, the trial procedure and it will be showed 

the trials results and analysis. 

 

6.1 Bearings 
 

The polishing head machine contains the bearings 6001 (Deep groove ball bearings) from the 

SKF company. The reason why this bearing was select is because, as it can be observed in figure 16 that 

represents the bearings located in the polishing head robot, it is the easiest bearing to access without 

having to demount the whole polishing head in order to change the bearings. 

 

 

Figure 16 – CAD model of the location of the bearings in the polishing head 
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For this reason, these bearings, figure 17, were used for testing in the testbench.

 

Figure 17 – Bearing 6001 from SKF  
Source: https://www.skf.com/de/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings/productid-6001 

 

For these tests a new, a corrosive and a milled bearing were used, to understand the different 

behavior in the results. The milled bearing was drilled with a milling cutter diameter of 1.5mm. After 

seeing how they behave, it will be possible to see in the polishing machine when a bearing is in good 

condition, when it starts to wear out, or when it must be replaced in order to obtain the best efficiency 

from the robot. In the figure 18 we can see the 3 types of bearings used in these trials. The goal was to 

test the different bearings and the different sensors in the test bench to see if they work. And if they 

worked in the test bench then the goal is to get the same results in the polishing head robot. 

   

Figure 18 – New bearing, milled bearing and corrosive bearing 

 

6.2 Component for the bearings  
 

Before conducting tests on the polishing head machine, tests were conducted on the bearings 

that are used in the polishing head robot. Since the university already had a test bench where it was 

possible to test bearings, it was necessary to develop components to test specifically the bearings 

Milled cavity 

https://www.skf.com/de/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings/productid-6001
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mentioned before in this test bench machine. For these trials, 3 different components were used. The 

first component, showed in figure 19, is the piece where the bearing is attached, and this component is 

attached to the testbench with 6 nuts and 6 M6 screws. This component is made of steel. 

 

Figure 19 – Component designed to mount the bearing in the testbench 

The second component has the purpose to attach the BALLUFF sensor (blue square in figure 20) 

on the top. This component fits onto the bearing and two cable ties are inserted on the side holes (yellow 

circles in figure 20). Then a weight is applied creating a down force (the thick blue arrow represents the 

direction of the force in the middle of figure 20).  

 

 

Figure 20 – Components designed for the trials in the testbench 

The third component is the same as the second component, it has the same purpose, and it 

works the same way with the difference that this one is used to attach specifically the ASC-325 sensor.  

 

6.3 Trial procedure 
 

This test bench works as follows: the bearing adapter is fitted and secured to the test bench using 

6 screws and 6 nuts, then the bearing is fitted into the adapter and secured with a screw and 2 washers. 

This test bench consists of a motor connected to a shaft and weights to be applied to the component to 

be tested. The weight on the bearings was applied as follows, first the part where the sensor is attached 

was attached using M3 screws, then some cable ties were added to the component and to these cable 

ties a carabiner was attached that applies the weight that was placed/set. Regarding the weight, it should 
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be noted that the weight applied to the left side (see figure 21) is not the same weight that is being applied 

to the bearing.  

 

Figure 21 – Testbench in the Aalen University  

Regarding the revolutions per minute of the machine, these can be defined by the user. In the 

trials performed on the bearings were used 600 rpm and 1200 rpm. This machine is relatively easy to 

use, as it has an intuitive and simple menu. After starting the machine, the revolutions per minute are 

set and then click "Hand On" and the machine starts working. To stop the machine later, it is only 

necessary to just click "Off". 

 

6.4 Trials with the BALLUFF sensor  
 

To perform the tests with the Balluff sensor the testbench bearing adapter was placed onto the 

testbench and then the bearing was placed. Since the adapter was not produced to the correct tolerances, 

another adapter was produced. While this adapter was being produced, and to make sure that the first 

adapter was used optimally, a measuring needle was used to try to minimize as much as possible the 

unevenness of the part, has it can be seen in figure 22 on the top right image.  
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 Figure 22 – Testbench controller; adapter being set-up  

 

  After this the Balluff sensor was fitted to the designed part by means of two M3 screws to embed 

it, and then the part was fitted to the bearing and fixed with a screw and two washers so that there was 

no gap between the bearing and the fixing screw. To tighten this screw, a torque key was used to confirm 

that it was not being tightened too tightly and more importantly to make sure it was used always the same 

torque and the same mounting conditions on each trial, has it can be observed in figure 22 bottom image. 

After checking the parameters for what force should be applied in this situation, this corresponding force 

was then applied. Afterwards, cable ties and a carabiner are added to apply downward force. After the 

force is applied, a spirit level ruler is used to check that the part is leveled, figure 23 right side. 
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Figure 23 – Set-up process (top view; front views) 

 

Then the sensor was connected to the IO-Link USB Master and this device was connected to the 

computer via the USB input. After all these steps the trials started. 

 

6.4.1 Trials (DOE) 
 

To start the trials a DOE was created. This first DOE is composed of 25 runs and the variables 

are the following: the force to be applied, which had a lower limit of 0,5Kg, a middle limit of 1Kg and an 

upper limit of 2,5Kg. The revolutions per minute, had a lower limit of 600rpm and an upper limit of 

1200rpm. The runtime in minutes, had a lower limit of 5 minutes and an upper limit of 10 minutes. And 

finally, the condition of bearings used in the trials, new, milled or corrosive. The goal with this first DOE 

was to understand the different variants and their respective impact on the results. For this first DOE a 

software was used. The software used was Design expert from the company Stat ease. [39] For the 

following DOEs they were made without the software, and they were made according to the needs of 

project. 
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Table 5 – First trials in the testbench DOE 

 

 

 

6.4.2 Results analysis  

 

After these first tests in the testbench it was observed that, in fact, it is possible to distinguish 

between the different bearing types by their vibrations. In the new bearing, figure 24, it can be seen that 

the values are around 1g which is much less compared to the other two bearings. In the case of the 

milled bearing, it already presents higher values and its vibration amplitude remains constant and not 

very high. In the case of the bearing with corrosion, it presents high values and also presents a large 

vibration amplitude, between almost 4g and 7g, which was already expected. Depending on the 

measurement axis, speed or normal force have the main influence on the vibrations of the bearing. With 

these trials, it can be seen that this sensor is good for condition monitoring, since it can be distinguished 

the different bearings by their vibrations. The x axis represents the axial direction and the y and z axis 

represent the radial direction. 
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Figure 24 – Results from the comparison of the new, milled and corrosive bearings 

To have another analysis of the results, a statistical software was used and it was possible to see 

that in the RMS, in the x axis, that the force and the rotations per minute are the variables with more 

influence in the results, as it can be seen in the graphics in figure 25.  
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Figure 25 – Graphics from the statistical software RMS 

 

With the use of a statistical software it was possible see that in the case of the peak to peak, in 

the x axis, the factor that has the more influence is the force applied, as it can be seen in the graphics of 

figure 26. 

 

Figure 26 – Graphics from the statistical software Peak-to-Peak 

But for example, in the case of the RMS of the z axis the factor that has the main influence is the 

angular frequency, as can be observed in figure 27. 

 

 

Figure 27 – Graphics from the statistical software RMS z axis 
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With this software it was possible to identify which factor had more influence on the results and 

with this information the next trials were designed taking this into account, in order to obtain the best 

results.  

With these trials it was also possible to see that there is a correlation between speed and vibration 

measured. With increase in speed, there is increase in vibration and vice versa. And there is also a 

correlation between force and vibration that is also measurable as well. With increase in normal formal, 

there will be increase in vibration and vice versa.  

 

6.4.3 Second Trials (DOE) 

 

After the first trial a second DOE was developed. This second DOE was intended to understand if 

the way the sensor was mounted had an impact on the results or not. Since air bubbles can exist between 

the sensor and the contact surface, different liquids were used in order to reduce them. The reason why 

this was done was because air can damp a lot of vibrations and the question was if in this case, air was 

damping on the results or not. Soap, oil and beeswax were the liquids used for these trials. Several trials 

with the same characteristics were performed to test the reproducibility of the results. And also to see 

that if air would be damping the results, then it would have less vibrations with air and more with the 

other mounting methods. 

 

Table 6 – Second trials in the testbench DOE 
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6.4.4 Second trials results analysis 

 

After these second trials and after analyzing the graphics on figure 28, it was possible to see that 

oil was the mounting method that best captured the vibrations.  

 

 

 

Figure 28 -Results from the comparison between air, soap, beeswax and oil 

 

6.4.5 Last Trials (DOE) 

 

After the previous DOE another one was created in order to see if the difference in which of the 

liquids was applied first showed any difference in the results, and also to see if the results were 
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reproducible in terms of repeatability. The purpose of testing their repeatability is to verify that if in fact 

the results are constants or not, to verify their reliability. 

 

Table 7 – Last trials in the testbench DOE Part 1 

 

A last DOE was also developed for the testbench with the BALLUFF sensor. This DOE came about 

after the first tests were performed on the Robot. Basically, after the first tests on the robot it was noticed 

that the bearing with a few hours of operation showed better results than a completely new bearing. See 

chapter 8 for more details. 
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Table 8 – Last trials in the testbench DOE Part 2 

 

 

6.4.6 Results analysis  

 

In these last trials, the testbench was creating more irregular vibrations which is visible in the 

results. In these tests we can see that it is no longer so linear which of the liquids works best, thus proving 

that these results are not reproducible or that the irregular vibrations on the testbench did not allow to 

get constant results.  

On the test bench, the vibration differences can be seen depending on the mounting method, but 

on these new trials it is not so clear to evaluate which one works better. In the previous trials oil best 

transmitted the vibrations to the sensor. Also because of these inconstant vibrations coming from the 

testbench it was not possible to see if the difference in which of the liquids was applied first has an impact 

on the results or not. 
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Figure 29 -Results from the second trials with oil, beeswax, soap and air 

 

In the graphics, figure 30, it can be seen the results of comparing some of the tests at 600 rpm. 

The goal with these tests was to see if in fact the bearing with 50 hours worked better than new bearings. 

After observing these graphics, it was possible to see that the 50 hours bearing has almost the same 

behavior as the new bearings. 

In the trials with the new bearings with 0 hours running and 50 hours bearing it was possible to 

see a small difference. So the new bearing with 0 hours shows less vibration then the run-in new bearing 

with 50 hours. A normal bearing should last more time than 50 hours but if it is possible to see already 

by a 50 hour a change on the bearing on the test bench, that would be great. That means that it is 

possible to see the bearing condition in more detail then initial foreseen, leading to a more precise 

condition monitoring of this component. 
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The trials in the testbench with a new bearing (0h) and a new bearing (50h) proved that the new 

bearing (0h) should shows less vibrations then the 50h bearing.  

This leads to conclude that in the previous trials in the polishing head, the polishing head was 

maybe wrongly assembled which caused more vibrations in the trials with the new bearing then in the 

ones with the 50 hours bearing. 

 

 

 

Figure 30 – Results from the trials with 50h and new bearings with 600rpm 

 

From this BALLUFF sensor the RMS stays the same and the Peak to Peak just increases. In the 

begging the values are the same when the bearing is in good condition, so the values are constant (green 

arrows in figure 31. Then it will come to a point where the RMS will continue being good and constant 
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but somewhere while this is still constant it will come to a point where that value, the peak starts 

increasing as seen in figure 31. 

 

 

Figure 31 -RMS and Peak to Peak behavior in the different bearings 

 

So as it can be seen in figure 32, there is a ratio of crest factor of 3 to 1 when there is no error 

and then a defect starts to show up and this is why the peak is increasing and while it increases the RMS 

stays constant, before the RMS starts increasing again. Then there is a ratio from 10 to 1 or 15 to 1. A 

bigger one than at the beginning. And then when there is more defects on the bearing the peak to peak 

keeps being constant and the RMS keeps increasing at the end until it reaches the same ratio that there 

was in the beginning, but there is at the end a higher value of vibrations so this means the bearing should 

be replaced. 

 

Figure 32 – Crest factor diagram  



54 
 

In the graphics in figure 33 it can be seen the results of the tests with 1200 rpm, with new 

bearings and a 50h bearing. After observing these graphics, it was possible to see that the 50 hours 

bearing has almost the same behavior as the new bearings just like the trials with 600 rpm. With these 

trials it can be seen that with a higher number of revolutions per minute the range of values is higher, 

thus containing higher peaks. 

 

 

 

Figure 33 -Results from the trials with 50h and new bearings with 1200rpm 

 

6.5  Trials with the ASC-325 sensor 
 

To perform the trials with the sensor from the company ASC, the sensor was fitted via 4 M3 socket 

head cap screws to the component that fits on top of the bearing. For the trials with this sensor the new 
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component that fits directly to the testbench was already used. This new adapter already has the correct 

tolerances and fitted perfectly onto the testbench. With this new adapter it was already possible to obtain 

more accurate results with no need to find an error-solution to solve the problem. 

Then the bearing to be tested was placed and secured with two washers and a socket head cap 

screw, just as in the previous tests. Next, the cable ties and the carabiner were placed in order to apply 

the desired force. Finally, the sensor was checked to see if it is leveled using a leveling ruler. If it isn’t 

leveled, the cable ties are adjusted until it is leveled. After this, the trials can be started. 

 

6.5.1 Trials (DOE) 

 

For the first tests with this sensor the same DOE, table 9, was used as with the other sensor, 

with the difference that all three axes were measured.  

 

Table 9 – First trials with the ASC-325 sensor 

 

 

6.5.2 Results analysis 

 

As shown in figure 36, the data obtained with this sensor is different. This sensor provides raw 

data, in the different axes. In order to analyze this data obtained graphics were made in Fourier transform 

format. What the Fourier transform does is basically transform a signal from time domain into frequency 
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domain through a mathematical function. In the results obtained it can be observed that there are extra 

frequencies. These small frequencies might be due to the fact that there are other bearings in the test 

bench where the sensor is probably also measuring them.  

To better understand the results obtained with these trials with the OS 325MF-PG-002 sensor it 

is important to understand the composition of a bearing. A bearing is composed by different elements 

such as the outer ring, the inner ring, the rolling elements, the cage and the seals, as showed in figure 

34.  

 

Figure 34 – Elements of the bearing 
 Source: https://skyhighelearn.com/how-to-select-right-bearing-for-your-application-bearing-selection-guide/ 

 

With these trials good results were achieved because for example in corrosive bearing and in the 

milled bearing it can be detected the damage. On the milled bearing it is possible to recognize the damage 

in the outer ring and on the corrosive bearing it is possible to spot the damage in all of the parts. This 

can be seen in all single parts of the bearing, such as the damage in the outer ring, the damage on the 

inner ring and on the cage of the bearing.  

 

 

Figure 35 - FAG Media Bearing Frequency Theoretical Values 600rpm 
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In the milled one it can be seen by checking the table in figure 35 that there is an overroling frequency 

factor on the outer ring of 30, 476 Hz. And it can be checked that on the diagram in figure 36 of the 

milled bearing, that there is at 30 Hz a peak because there is a damage on the outer ring and then at 60 

Hz and then at 90 Hz because of the oscillation from it, and this peak happens because this bearing was 

milled in the outer ring. In the case of the new bearing there are no peaks because since this is a new 

bearing it doesn’t have damage and therefore no peaks can be measured. For the corrosive bearing it is 

possible to see all the damages this bearing has. Around 3Hz it can be seen a defect on the speed factor 

of rolling element set for rotating inner ring, then at around 6Hz it can be observed a defect on the speed 

of rolling element set for rotating outer ring, then around 20Hz it can be seen a defect on the overrolling 

frequency factor on rolling element. Around 30Hz it can be detect another defect, this time on the 

overrolling frequency factor on the outer ring and then again at 60Hz. And it can also be detected a defect 

on the ring pass frequency factor on rolling element, around 40Hz. 

 

 

Figure 36 - Results from the first trials with the ASC-325 sensor 
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6.5.3 Second Trials (DOE) 

 

For these second trials a new DOE was performed, in which the bearing with 50 hours and three 

new bearings were compared. This DOE came about after the first trials performed on the polishing head 

robot. Because after these trials it was found that there was a better performance with the 50 hours 

bearing than the new bearing, or the bearings were incorrectly assembled which led to the 50 hours 

bearing having a better performance than the new bearing. For more details about the first tests 

performed on the robot see chapter 8, subchapter 8.1. In order to find out whether in fact the bearings 

were mounted incorrectly or whether in fact a bearing with a few hours of running time gives better results, 

this DOE was created. The purpose of this DOE is to verify the behavior of these different bearings, which 

one performs best, and to understand what happened in the robot trials. 

 

Table 10 - Second trials in the testbench with ASC-325 sensor 

 

6.5.4 Second trials results analysis 

 

As mentioned earlier, to analyze the results obtained with this sensor, Fourier transforms were 

performed for the various axes. In these graphics it can be seen that there is a peak at 10 Hz. This is 
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because the rotational speed is equal to 600 rotations per minute divided by 60 seconds, which results 

in the 10 Hz,  

In these graphics in figure 37 it can be noticed also notice that the values in the Z-axis start at 

around 1 g and not in 0 like the other graphics. This happens due to gravitational forces, because on 

Earth all components have a weight or a downward force of gravity.  

 

 

 

Figure 37 – Results of the second trials with the ASC-325 sensor with new and 50h bearings with 600rpm 

 

In the tests at 1200 rpm the rotational speed is equal to 1200 rotations per minute divided by 

60 seconds, which gives a result of 20 seconds. That is, in every 20 hertz, because it is in frequency 

domain, there is a peak that can be seen in figure 39. And also with the following table on figure 38, it is 

possible to understand what each peak corresponds to in order to be able to analyze the results in more 
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detail, in order to know where the vibrations are coming from. For example, the peak in 40 Hz corresponds 

to the overrolling frequency factor on a rolling element. Or for example, the peak in 80 Hz corresponds 

to the roverrolling frequency factor on the outer ring.  

 

Figure 38 - FAG Media Bearing Frequency Theoretical Values 1200rpm 
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Figure 39 - Results of the second trials with the ASC-325 sensor with new and 50h bearings with 1200rpm 

 

6.6 Conclusions on the trials in the testbench 
 

After these trials in the testbench it was possible to withdraw very good conclusions such as the 

fact that the vibration differences can be seen depending on the mounting method, but on these second 

trials with the different liquids it was not so clear to see which one was more suitable. In the first trials 

with the liquids, oil provided best results in the transmission of vibrations to the sensor. This possibly 

happened because in the first trials the testbench was working properly, meanwhile in the second trials 

the vibrations on the testbench were not constant, which may had affected the results obtained, thus not 

being so clear in the second trials to see which one worked best. 

With these trials in the testbench it was also possible to conclude that a new bearing with 0 hours 

running shows better results than a run-in bearing with 50 hours. This means that in the first trials in the 

polishing head, the bearings were incorrectly mounted, or something in the polishing head was wrongly 

assembled.  

From the trials with new, milled and corrosive bearings it was possible to get good results where 

it can be seen the damage on the respective bearings throughout the vibrations. Specially with the ASC-

325 sensor, where it was possible to identify the damage on different elements throughout the vibrations, 

providing feedback of the condition of the bearing and where that damage is located. 

In conclusion, the sensors are suitable for condition monitoring. The bearings condition can be 

measured in situ on the testbench. 
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7. Implementation of the sensors in the polishing head machine 

7.1 Where and how the sensor was implemented 
 

To implement the sensors in the polishing head machine it was developed a component that has 

two docking zones, with a variation of sensor arrangement to later see if the difference in sensor location 

affects the results. 

To implement the sensor into the polishing head machine the metal part/component made out 

of aluminum was developed that is fitted into the polishing head machine, figure 40. This component 

contains an area to fit the vibration sensors. The location of the sensor implementation is due to the fact 

that one of the main bearings of the machine is located in this area, and also for logical reasons, since it 

is much easier to attach or detach this end rather than to disassemble the whole robot and reassemble 

it. 

 

Figure 40  - Sensors mounted in the adapter that is mounted in the polishing head robot 

 

7.1.1 Sensors holder 

 

This component has been produced in aluminum. This component consists of an M20 thread in 

the inner area and that area is the one that fits directly into the end of the polishing head. At the end of 

the component a magnet has been placed. This magnet is for the polishing tools to fit into the part, since 

these tools also contain a magnet inside. This component also has 14 M3 holes, 8 to fit the ASC-325 
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sensor, 4 on each side of the adapter, 4 to fit the BALLUFF sensor, 2 on each side, and 2 holes to fit the 

chain. In figure 41 it can be seen the different sensor arrangements, the yellow square corresponds to 

the ASC-325 sensor and the blue rectangle corresponds to the BALLUFF sensor. 

 

Figure 41 – CAD model of the sensors adapter 

 

7.1.2 Energy chain 

 

Since the selected sensors require a cable to connect to, it was necessary to think of a solution 

that would protect the cables from wear and tear or a solution that would soften or slow down the wear 

and tear on the cables. Several solutions were analyzed, such as arranging supports for the cables so 

that they would not get loose or sealing the cables with foam so that this coating layer would protect the 

cable, thus wearing off the coating and not the cable. After this research it was possible to realize that 

energy chains would be the most viable solution for this case. This was followed by further research into 

different energy chain types, how the cables are placed within the energy chain and their different sizes 

and lengths. To select the chain the measurements of the sensor cables were taken into consideration. 

After seeing that the cable for sensor BALLUFF has at the end in the IO-Link connection part a diameter 

of approximately 14,5 mm, a chain with an inner height of 14,9mm was selected. An open chain was 

selected because the closed chains would open during use due to the vibration, causing the locking to 

get loose and this would not be ideal because it could cause unnecessary additional vibrations. The 

selected chain was the model E2C.15 of the company IGUS, figure 42.   
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Figure 42 – Energy chain model E2C.15 from IGUS 

 

To solve the problem with cables, a energy chain was used in order to prevent the cables from 

suffering damage. This was one of the main problems of the project since the machine is always rotating 

and moving it causes a lot of vibration in the cable and eventually the cable would break, so to avoid the 

cable to break it was used a energy chain. An energy chain is a chain made with plastics links connected 

to each other, where the cables go inside. This chain prevents the cables from getting damaged by 

protecting them and reducing the cable vibration because the cable is trapped inside the chain and there 

is not much space left for it to move. This chain was then attached to the adapter and another side 

component added to a polishing head cage post. 

This is just a solution in order to protect the cables, but after some tests it was possible to realize 

that this would not be the best solution for this project, because the more revolutions per minute that 

were applied the more extra vibration is created by the chain, thus affecting the results. This solution only 

works at lower rotating angular frequency’s.  

 

 

Figure 43 – Energy chain assembled into the polishing head robot 

 

In order to prevent the energy chain causing additional vibrations, some of the links were mounted 

on the opposite order which makes the links block. This means that the links don’t have any angle to 

move making that part of the chain stiff. Then in order not to have too many extra vibrations the chain 
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was blocked in some parts, so that it wouldn't be so loose and wouldn't echo/reverberate small vibrations 

turning them into big vibrations. 

 

7.1.3 Cables connection 

 

  To connect the cables these were attached inside the chain, then the BALLUFF sensor cable was 

connected to the IO-Link USB Master and this device was placed on one of the legs of the polishing stand, 

then the device was connected to the computer thus activating the sensor. The ASC-325 sensor was 

connected to the power supply and the NI USB 6001, and then connected to the computer.   
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8. Trials with the sensors in the polishing head machine 

8.1 First Trials 
 

Since there are different possible combinations of parameters of the robot polishing process, it 

then becomes complicated to figure out which factors have the greatest impact in the machine 

performance. For this it was necessary to develop a series of trials with different combinations in order to 

understand and gain a deeper understanding of the operation and polishing process of this machine. In 

figure 44 it can be seen the polishing head robot trials set-up with the energy-chain and polishing track. 

 

Figure 44 – Robot trials set-up; Polishing track (units in mm) 

8.1.1 DOE (BALLUFF) 
 

Table 11 – DOE of the first trials with the BALLUFF sensor on the robot 

 

 

 

 

To start the first trials on the polishing machine a DOE was created. In the table 11 it can be seen some 

of the set-up defined on the robot. As polishing agent Opaline was used. This agent was changed after 

every hour, since this agent tends to become lumpy when left for some time at rest. For this reason, it 

was changed to ensure that it did not become gritty, so as not to alter the results obtained.  
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8.1.2 Results 

 

After these first tests, results in figure 45, it was noticed that the bearing with 50h running showed 

less vibrations than the new bearing with zero hours. After these tests it was concluded that this could 

have been due to incorrect mounting of the bearings in the polishing machine, which would lead to more 

abnormal vibrations in their operation, or because in fact a bearing with some running-in performs better 

than a brand new bearing because it has already had some use. 

It can also be seen that as expected, the corrosive and milled bearings have higher vibrations, 

between 10g and 20g in the case of the peak to peak in the X-axis, when compared to the new bearing 

and the bearing with fifty hours, that have values between 1g to 4g. Also it is possible to observe in the 

crest factor in the X-axis that the values of the corrosive and milled bearing have an interval of around 

10g and the new and 50 hour bearing only have an interval of less then 5g. So it was possible to get good 

results with the BCM0001 sensor, where it can be seen the difference between the different bearings. 

This was good because it was not known if it was in fact possible to also analyze it in the polishing head 

robot the different bearings.  
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Figure 45 – Results from the first trials on the robot with 600rpm  

 

In the tests with 1200rpm it can be observed in the comparison graphs between the different 

bearing types that the results are saturated at 32g, has it can be seen in the peak-to-peak diagrams on 

figure 46, since this is the sensor limit. In these tests with more rotations, it is also possible to verify that 

again the bearing with 50 hours presents a better performance than the bearing with 0 hours, noticing 

now in a more visible and clear way the disparity of values between them. 
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Figure 46 – Results from the first trials on the robot with 1200rpm 

 

8.2 Second Trials 
  

In these second trials, the same mounting set-up was used. A lot of things may have an impact 

on the results and in order to obtain the most similar results or in order to reproduce them, the exact 

same set-up that it was used in the first trials it was used throughout these trials. So basically, none of 

the element’s change, it was used the same number of links in the energy-chain, the same angle of the 

adapter, and the same mounting of different elements. The only variable that changed in these trials was 

that a foam in form of a tube was inserted inside the energy chain so that the cables wouldn’t move in 

the interior of the chain in order not to send additional vibrations to the sensor. 
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8.2.1 DOE (BALLUFF) 
 

For this second trials, a DOE was made for the BALLUFF sensor where all different bearings were 

tested in the polishing head, by the order seen in Table 12. In the polishing head robot trials, it was 

always used the same program, the only difference between them was the rotations per minute. 

 

Table 12 – DOE of the second trials on the robot with the BALLUFF sensor 

 

 

 

 

 

 

 

 

 

 

 

 

8.2.2 Results (BALLUFF)  
 

With these results in figure 47 it was possible to observe that both the bearing at 50 hours and 

the new bearings at 0 hours that there is not much variation between the vibration range. 
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Figure 47 – Results of the second trials on the robot with the BALLUFF sensor with 50h and new bearings with 600rpm 

 

After these tests in figure 48, it was possible to see that the results of the first tests were not 

reproducible, since the discrepancy in values between the new and 50h bearings between the corrosive 

and milled bearings can no longer be seen.  
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Figure 48 - Results of the second trials on the robot with the BALLUFF sensor with corrosive, milled, 50h and new bearings 
with 600rpm 

 

8.2.3 DOE (ASC-325) 
 

For the DOE for the ASC-325 sensor the same bearings were used, only the order that they were 

tested changed. For this DOE the same 600 revolutions per minute program was used with a runtime of 

ten minutes. 

Table 13 – DOE of the second trials on the robot with the ASC-325 sensor 
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8.2.4 Results (ASC-325) 

 

As can be seen from the graphics in figure 49, in the trials at 600 rotations per minute with the 

ASC-325 sensor the results are saturated, making it hard to draw conclusions. In order to prevent this 

from happening again, lower rotations per minute were used in the following tests. 

 

 

 

Figure 49 – Results of the second trials on the robot with 50h, new, milled and corrosive bearings with 600rpm 

 

In these trials, figure 50, it can be observed that there are extra frequencies, and this might be 

because of the other bearings in the polishing head robot. In the graphics in the middle of figure 49 it 

can be seen the theory of the peaks the bearing 6001 should have. With these graphics it is possible to 

observe that the other bearings of the polishing head robot are also being measured, has it can be seen 
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in the diagrams the theory values of the other bearings match some of the peaks obtained in the results 

of this trial. The reason the peaks of the bearing 6001 are higher than the other bearings on the test 

bench is because that is the bearing being tested, where the sensor is measuring, so it will have higher 

values than the other bearings.  

 

  

 

 

Figure 50 - Results of the second trials on the robot with 50h, new, milled and corrosive bearings with 600rpm and Fourier 
Transform Theory 

 

8.3 Last Trials 
 

For the last tests on the robot the foam that was inside the energy chain was removed to see if 

the first tests on the robot were reproducible, which turned out to still not be, so the chain was also 
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removed and in order not to damage the cables only lower rotations per minute were used. After several 

attempts, the follow trials were the final results of the last trials performed on the robot.  
 

8.3.1 DOE (BALLUFF) 
 

In order to reproduce the results obtained in the first test, for this DOE, table 14, the various 

types of bearings were used, but this time only programs with low rotations per minute were used so as 

not to damage the cables. The fact of using low rotations per minute is also a plus, because in the ASC-

325 sensor the values are no longer saturated. For these trials both sensors were used at the same time. 

One of the possibilities for not having such repeatability of results could be that the same bearings were 

always used, causing them to start working better with use. To verify that this was not the case, another 

bearing with corrosion and another milled bearing were used. 

 

Table 14 – DOE of the last trials on the robot with the BALLUFF sensor and with the ASC-325 sensor 

 

 

8.3.2 Results (BALLUFF) 
 

In these 300 rpm results with the BALLUFF sensor, it is a little difficult to draw conclusions, 

because the results with this sensor are more noticeable at higher rpm. However, as small as the 

difference may be, the bearing with the most vibrations are the corrosive one, as expected, and then the 

milled one. However, there is not much difference between the different bearings, they all have values 

around 0,10g and 0,30g, and because of this low interval of values it is hard to draw conclusions. 

With these trials, figure 51, the goal was to try to reproduce again the same results to verify if it was in 

fact possible to always see the different behavior of the bearings. It was not known if it was possible to 
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see the damages of the bearing on the robot but after the first trials it was possible to conclude that in 

fact it was possible but then the same results were not reproducible in these trials.  

 

 

Figure 51 – Results of the last trials on the robot with the BALLUFF with 300rpm 

 

In these results, figure 52, it can be observed that after a certain moment the amplitude of the 

vibrations decreased considerably. This may be due to the bearing breaking in, settling down, that is, 

after a certain moment it begins to show less vibration because it has already settled down. In these tests 

it can be observed that the bearing with corrosion already demonstrates more vibrations in relation to the 

other bearings, but the disparity of values between them is short, compared with the first tests performed 
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on the robot. And that the milled bearing shows almost the same values as the new and the 50-hour 

bearing.  

 

 

Figure 52 – Results of the last trials with the BALLUFF sensor with 600rpm 

 

8.3.3 Results (ASC-325) 
 

The same happened with the results of the sensor ASC-325, and it is not possible to observe 

through the vibrations which type of bearing is in the robot, not being possible to analyze the state of the 

robot. Through these trials it is not possible to verify the behavior of the polishing machine since the 

values between the vibration amplitude are similar in these trials with 300 rpm. In the trials with 600 rpm 

it is even more complicated to draw conclusions since the results were saturated. These trials were 

performed with 300 rpm to prevent saturated data and also because there was no energy chain this time, 
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so with less vibration the lower is the chance of cable damaging. In these trials, figure 53, comparing the 

50 hour bearing with a corrosive bearing it can be seen a difference between the values. The corrosive 

bearing has more vibrations than the 50 hours bearing. 

  

  

Figure 53 – Results of the last trials with 300rpm 

 

In these trials it was once again tried to reproduce the results from the first trials in the polishing 

head, but once again it was not possible. This trials were also made with new bearings with new damages 

because it was noticed that the damge on the previous bearings were just gone and for some reason the 

results were still not reproducible.  

In order to get more information from these trials, figure 54, fourier transform format graphics 

were performed again to observe the peaks and compare them with the theory. In these graphics it is 

possible to observe that after a higher peak it always comes smaller peaks until there is again a high 

peak. This happens because the vibrations resonate. 
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Figure 54 - Results of the last trials with 600rpm and theory of the bearing 6001 

 

8.4 Analysis and conclusion of the results  
  

In contrast to the trials on the test bench, in the case of the new bearings and the 50-hour 

bearings, it is not so easy to see on the robot which one works better since the results are very similar. 

However, when comparing new, milled, and corrosion bearings, it is already possible to see a difference 

between these bearings, however small it may be in some cases, like for example in the last trials with 

the BALLUFF sensor and also with the ASC-325 sensor.  
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After the tests performed on the robot it was possible that the first results were not repeatable, 

this can be due to several factors. Even after keeping the same set up the results were not similar. Even 

after using other bearings, the results were still not reproducible.  

However, the first results obtained in the robot were positive. One factor that may have influenced 

the not reproducible results may have been that during the assembly and disassembly of the robot some 

of the components were not well assembled, which led to no constant or reproducible results. Even in 

the results with the 50 hours old bearings and the new ones, it was not possible to verify a difference 

between them.   

For these tests on the robot the ASC-325 sensor worked better at lower rpm, in the sense that 

more information can be gleaned from the results.  The BALLUFF sensor works best for a faster analysis 

of the results obtained. 

In the last trials it was used less rotations per minute because of the fact that the energy chain 

wasn’t being used and specially because the ASC-325 sensor. Because of this sensor lower rotations per 

minute had to be used otherwise the results would be saturated. After these trials it was possible to 

conclude that the ASC-325 wasn’t the best sensor option for this project and that another sensor with 

bigger range would be more suitable.  

Even though the ASC-325 sensor range wasn’t the best, this sensor allowed to get more detailed 

information, when performed trials with lower rotations per minute, and through the analysis of the peaks 

in the Fourier Transform it was possible to see which part of the bearing was causing the peak.  
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9. Conclusions and future work 
 

In this final chapter and after this work it was possible to take some conclusions and to foresee 

some of the future work that can be done in this project. 

 

9.1 Conclusions 
 

After this project it was possible to draw several conclusions. First, the chain did a good job 

protecting the cables, as they were not damaged after the various tests they were subjected to, but it was 

proven that this is not the best solution at all, since at high rotations per minute it creates more vibrations. 

With the rotational movement of the machine the chain creates small repercussions through the chain 

thus creating large vibrations, having a whiplash effect. But at low rotations per minute this solution is 

perfect, as it no longer creates excessive vibrations, since the movements are small. This solution has yet 

another disadvantage, that it can only be used when polishing flat surfaces, because this energy chain 

only moves in two axes. To improve this aspect, research on energy chains that move in all three axes 

would be a possible solution to this problem, since they would have more freedom of movement. 

Second, the trials performed in the test bench it was possible to withdraw very good conclusions 

on the state of the bearing, because with the results achieved it was possible to see the damages of the 

bearings throughout the vibrations. In the trials on the test bench it was also observed that the mounting 

method doesn’t have that much influence in the results. 

The components designed for this project worked correctly, such as the adapter for the vibration 

sensors, but this can still be improved, since after trying to place the ASC-325 sensor on the opposite 

side it did not fit because with the energy chain assembled there was no room to place it since the adapter 

had to be mounted with a small inclination in order to give the energy chain freedom to bend. Another 

aspect that could be improved in this adapter is the fact that when it is screwed it is never in the same 

position, to solve this problem and so that it would always stay in the same position a metallic ring was 

used that when tightened with the adapter, it would get stuck. However, this was only a temporary 

solution. If a new adapter is created in the future, it would be good to come up with a method that makes 

this adapter always stays in the same position when it is mounted. 

 

After testing with the sensors on both the testbench and the polishing head robot, it was possible 

to conclude that it is possible to monitor the behavior of the bearings. There are several factors that cause 



82 
 

vibrations in the machine, and with this project it was possible to conclude that the machine's bearings 

and their condition have an impact on the polishing head robot's performance. Many of the results 

obtained through the tests were positive, in the sense that they helped to understand the behavior of the 

bearings and to see and prove theories. And with some of the trials performed it was possible to obtain 

very good results, where for example in the milled bearing or even in the corrosive bearing it was possible 

to see the damages on the different elements of the bearings. In the case of the milled bearing, it was 

possible to see the damage on the outer ring and in the corrosive bearing it was possible to see the 

damage in all of the different parts, the damage in the outer ring, in the inner ring, in the cage of the 

bearing and on the spheres of the bearing. 

After all these trials it was possible to conclude that the ASC-325 sensor wasn’t the best option 

in the way that if this sensor had a bigger range, it would be possible to do trials with more rotations per 

minute that would have shown higher peaks, and that would have helped to read more clearly the results. 

  However, in the last trials the results obtained fell short, since it was not possible to reproduce 

the same results. This may be due to the fact that minor changes were made in the set-up of the trials, 

or something may have changed in the robot between trials which led to non-repeatability of the results.  

With this work a lot of knowledge was gained and there was a big learning curve, not only in vibration 

sensors, or condition monitoring but also regarding the polishing processes and the various factors that 

can influence the performance of this machine. 

 

9.2 Future work 

 

As future work, it will be necessary to come up with a more viable solution for the protection of 

the cables, since the solution arranged for this project is a bit limiting. Not only in terms of movement, 

but also in terms of having vibration repercussions, which is a negative factor because it influences the 

results that are obtained. For this it would be suggested getting a solution that not only works at high 

rotations per minute, but also for polishing on curved surfaces.  

Another factor that would be advised to improve would be the sensor adapter, since whenever it 

is attached it is never mounted in the same position. To solve this, it would be good to develop an adapter 

that has a mechanism that makes it so that when it is mounted on the polishing head it is always in the 

same position.  

It would also be advisable to find a sensor that can give raw data with a higher range, in order to 

be able to do trials with higher rotations per minute. 
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More trials should be done with robot. It was possible to obtain good results on the test bench 

and the next goal would be to obtain the same results with the polishing head robot, and for that more 

analysis needs to be done on the robot. In order to do that it would be good to do more trials on the robot 

to see if it is possible or not to check the damage on the bearings in the polishing head or not. 

In addition, it would be a plus if the trials with the sensors on the different sides of the adapter were 

performed since, due to time limits, it was not possible to perform these tests. With these tests it will be 

possible to see later on if the location of the sensors has an impact on the results or not. And if it does 

have an impact, it will be possible to understand where the sensors are best placed in order to get the 

best possible results. 
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11. Appendicies 

Appendix A – BALLUFF BCM0001 sensor Data Sheet 
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Appendix B – BALLUFF Condition monitoring sensor with integrated data preprocessing 
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Appendix C – BALLUFF Guide 
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Appendix D - ASC OS 325MF-PG-002 sensor Data Sheet 
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Appendix E – Technical Drawings of the components 
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Appendix F – ASC OS 325MF-PG-002 Calibration  
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Appendix G – Trials results  

 

 

 

First trials in the test bench with new bearing with BALLUFF sensor 

 

 

 

 

 

 

 

 



119 
 

 

 

 

First trials in the test bench with milled bearing with BALLUFF sensor 
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First trials in the test bench with corrosive bearing with BALLUFF sensor 
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Second trials in the test bench with corrosive bearing with BALLUFF sensor (1200rpm) 
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Last trials in the polishing head robot with ASC-325 sensor (300rpm) 
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Last trials in the polishing head robot with ASC-325 sensor (300rpm) 

 


