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The aim of this thesis is to study if inexpensive vibration monitoring systems could be 

suitable for condition monitoring of rolling element bearings and if they could be able to 

detect bearing defects at an early stage. As a starting point the following set of 

requirements for the system have been defined: the system should be priced below 100 

ú, it should be able to measure the vibrations reaching up to 10 000 Hz frequencies and 

the amplitude resolution of the system should be at minimum 16-bits. The ability of the 

system to be part of internet of things (IoT) is also seen as a positive thing and an 

advantage. While searching for an adequate system, a market review consisting low-

cost vibration monitoring devices and low-cost vibration monitoring components has 

been done. A secondary aim of the work is to highlight the impact of different 

components of the signal chain to the measured vibration signal itself and familiarize 

the reader with the signal chain found in vibration monitoring. 

To fulfill the main objective of the thesis, a broad market review was performed and it 

was mainly done by searching the Internet. Experimental tests for the low-cost 

equipment were also done to find out their real competence.  The suitability of the found 

components were tested in various ways including calibrations of accelerometers and an 

investigation of the capability of Raspberry Pi 3 model B single board computer. The 

capability of Raspberry to act as a platform for accelerometers and its ability to sample 

the incoming high-frequency signals from accelerometers were checked. The effects of 

the vibration monitoring components to the gathered data were examined through 

simulations done with math software called Mathcad. The literature review that was 

carried out is used to introduce the signal path of the vibration monitoring signal hand in 

hand with the simulations. 



 

 

The results of the work include state-of-the-art information of low cost vibration 

monitoring devices and introduction to some not so familiar vibration monitoring 

options that may have the potential to be used in bearing condition monitoring. The 

documented signal chain simulation models shown in the appendixes contribute to the 

understanding of vibration signal chain and allow for their further use. The conclusion 

of this thesis is that a 100 ú budget is too tight for a high-quality and general-purpose 

vibration monitoring device for early bearing defect detection. 
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Työn tavoitteena on tutkia kykeneekö edullinen värähtelynmittauslaitteisto 

vierintälaakereiden kunnonvalvontaan ja laakerivian aikaiseen tunnistamiseen.  

Lähtökohtana annettujen vaatimuksien mukaan laitteiston tulisi olla hinnaltaan alle 100 

ú, sen olisi kyettªvª mittamaan vªrªhtelyª yltªen jopa 10 000 Hz taajuuksiin ja 

laitteiston amplitudiresoluution tulisi olla minimissään 16-bittiä.  Myös laitteiston kyky 

olla osa laitteiden Internetiä (internet of things; IoT) katsotaan eduksi. Kykenevää 

laitteistoa etsiessä työssä esitellään myös katsaus tällä hetkellä markkinoilta löytyviin 

edullisiin värähtelymittauslaitteisiin ja värähtelymittauskomponentteihin. Toissijaisena 

tavoitteena työssä on tuoda esille värähtelymittauslaitteistoissa olevien komponenttien 

vaikutus värähtelysignaaliketjuun ja mittauslaitteistolla saatuun dataan sekä perehdyttää 

lukijaansa värähtelysignaaliketjuun.  

Päätavoitteen täyttämiseksi suoritettiin laaja markkinakatsaus pääosin Internetiä 

käyttäen. Myös markkinoilta löydettyjen värähtelymittauskomponenttien soveltuvuutta 

testattiin kokeellisesti muun muassa edullisia kiihtyvyysantureita kalibroiden sekä 

tutkien Raspberry Pi 3 model B - yhden piirilevyn tietokoneen ominaisuuksia. Työssä 

arvioitiin ja testattiin Raspberryn kykenevyyttä toimia alustana kiihtyvyysantureille ja 

kyvykkyyttä näytteistää kiihtyvyysantureilta tulevaa korkeataajuuksista signaalia. 

Värähtelymittauskomponenttien vaikutusta värähtelysignaaliin ja siitä saatavaan 

informaation tutkittiin Mathcad -laskentaohjelmalla tehtyjen simulointien myötä.  

Värähtelysignaaliketjuun tutustuttiin simulointien lisäksi ja simulointien tukena 

kirjallisuuskatsauksen muodossa. 



 

Työn tuloksena saavutettiin laaja katsaus tämän hetken edullisiin 

värähtelymittauslaitteistoihin ja tuotiin esiin myös mahdollisesti hieman 

tuntemattomiakin värähtelymittausratkaisuja, joilla voi olla potentiaalia 

kunnonvalvonnan värähtelymittauksiin. Työn liitteenä olevat signaaliketjun 

simulointimallit edesauttavat ymmärtämään värähtelymittauksen signaaliketjua sekä 

mahdollistavat myºs niiden jatkokªytºn. Tyº myºs paljastaa, ettª 100 ú budjetti on liian 

tiukka laadukkaaseen ja yleiskäyttöiseen värähtelymittaukseen perustuvaan 

vierintälaakereiden kunnonvalvontalaitteeseen.  

Asiasanat: kunnonvalvonta, laakerit, värähtely 
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1 INTRODUCTION  

Vibration monitoring is the most used method in condition monitoring of rotating 

machines and it can also be used in operational control and troubleshooting (Nohynek, 

Lumme 2004, p. 17). Bearings are seen as one the most critical parts defining the health 

of machines and their remaining lifetime in current production machines (El-Thalji 

2016, p.11). The condition of a bearing is usually followed by monitoring vibrations 

and normally accelerometers are used as instruments to sense the vibrations (Tandon, 

Choudhury 1999, p.469 & p.474, Safizadeh, Latifi 2014, p.2). 

Unfortunately, the total price of a vibration monitoring device for detecting bearing 

faults may be a five figure number which motivates the search for cheaper options 

(TEquipment 2017). The decrease in price of vibration monitoring devices makes it 

economically beneficial to carry out vibration monitoring also with assets that do not 

cause so huge risks to production or to safety. When introducing condition monitoring 

to new machines there is always the financial question i.e. does the company gain or 

lose with condition monitoring. The gain is usually measured in money and thus the 

price of the measuring equipment has a meaning. The gain could also be a safer working 

environment or better product quality earned through condition monitoring. 

1.1 Research questions and objectives  

Inspired from few euro accelerometers that have come to market, like LIS2DH and 

LIS2DS12 from STMicroelectronics, it is interesting to know if these low-cost 

accelerometers are capable to be used in condition monitoring of rolling element 

bearings. Consequently, the first research question is: Are accelerometers cheaper than 

10 euros capable to be used in rolling element bearing condition monitoring 

applications for early defect detection? 

A low-cost complete measurement system for bearings from accelerometer to processed 

vibration signal was another motivation. Are there complete measurement systems 

which can measure signals up to 10 000 Hz with a minimum resolution of 16-bit and are 
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these available under 100 euros. It was also hoped that the measurement system would 

have some sort of readiness level for IoT. The second research question is: Is it possible 

to get a vibration monitoring system under 100 euros that is capable to measure signals 

with frequency content up to 10 000 Hz, to give processed vibration signal information 

of bearing faults and is connectable to be a part of internet of things? 

Related to the previous questions, the third question handles about what kind of 

parameters measurement devices have and what kind of meaning do they have related to 

the gathered data. The third question is: What is the meaning of individual vibration 

monitoring components (ADC, filter, amplifier etc.) in signal chain and how do they 

affect to the gathered information?  

In summary, it can be said that the main objective of this thesis is to find out if it is 

possible to do bearing condition monitoring with really cost-effective equipment. To 

reach this main objective, a number of secondary objectives have to be reached: 

evolution of bearing faults have to be known at some state, the needed properties for 

bearing measurement devices have to be defined so that the devices are able to detect 

bearing failures in an early stage and a market review has to be done to get the 

knowledge of the available measurement systems and components nowadays.   

1.2 Contents of the thesis 

The thesis covers areas from explaining why condition monitoring is done to the 

availability of low-cost bearing monitoring systems. The thesis tries to shed light on 

which kind of components are included in vibration measurement devices, which kind 

of properties do these components have, which kind of changes come to measurement 

results if these properties are changed and which kind of properties are needed from 

vibration measurement device components to be used in the rolling element bearing 

condition monitoring. The following content of the thesis is divided into six chapters to 

cover the subjects mentioned: 
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- Chapter 2 explains why condition monitoring is done and presents ways how 

rolling element bearing condition monitoring is done including vibration 

monitoring, temperature monitoring and lubricant analysis. 

- Chapter 3 explains the features of different measurement device components and 

shows their effect on measuring results. 

- Chapter 4 summarizes the market review of vibration measurement devices. 

- Chapter 5 presents the testing of Raspberry Pi3, EVAL-AD7609, ADXL001 and 

ACH 01. 

- Chapter 6 discusses about the results gained from chapters 4, 5 and 6. 

- Chapter 7 offers the thesis summary and proposals for future work. 

1.3 Scientific contribution of the  thesis 

This thesis shows the current state of cheap vibration measuring devices and possible 

few considerable low-cost approaches to be used in vibration based condition 

monitoring. Some of the vibration monitoring components are simulated and the 

simulation methods are described in the appendixes. Simulations clarify the suitability 

of different kind of vibration monitoring devices.  
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2 CONDITION MONITORING  

Condition monitoring tools are used in Condition Based Maintenance to analyse the 

current health condition of an asset and consequently, set up proper preventive 

maintenance schedules (Bengtsson 2004, p.1) . Without knowing the state or the usage 

of the machine it is impossible to do condition based or predictive maintenance. 

Condition monitoring has shown a huge positive effect on increasing the utilization rate 

of machines and increasing profitableness (Nohynek, Lumme 2004, p.7 & p.11). The 

profits of condition monitoring are an increase in productivity, a better possibility to do 

scheduled/planned maintenance, a better utilization of downtime, a decrease in 

unplanned shutdowns and an increase in the lifetime of machines (Nohynek, Lumme 

2004, p.11).  

2.1 Financial benefits 

By sacrificing working hours and financial resources to condition monitoring gives 

huge savings from maintenance (Nohynek, Lumme 2004, p.13). By doing the condition 

monitoring right, it decreases unexpected shutdowns, decreases unnecessary machine 

openings, reduces the need for big spare part storages and shortens the unavoidable, 

planned and necessary downtimes (Nohynek, Lumme 2004, p.13). Downtimes can be 

divided in two parts: waiting time and maintenance time (Nohynek, Lumme 2004, 

p.12). Waiting time consists of noticing the failure, picking up the proper documents for 

the case, reserving personnel to do the maintenance, reserving tools for maintenance, 

reserving spare parts from a storage and purchasing spare parts if those cannot be found 

from storage (Nohynek, Lumme 2004, p.12). Just after following all the previous steps 

that are included in the waiting time it is possible to start the maintenance itself.  

All of the tasks of the waiting time can be done while processes are running if condition 

monitoring is used and thus shorten the downtime and consequently save money. Also, 

the maintenance time itself can be reduced if condition monitoring is applied. The 

maintenance time reduction comes from the facts that maintenance can be planned more 
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precisely when the failure is known beforehand and failures can be fixed before they 

grow for more serious breakdowns. 

Other financial benefit comes from the decrease of unplanned shutdowns. When there 

are fewer shutdowns, the usage times of machines are higher and, therefore, the 

availability of the asset increases. This way the Overall Equipment Efficiency also 

increases, thus, increasing the profitability. In most cases, unplanned shutdowns can be 

reduced more than 50 % when moving from corrective maintenance to condition 

monitoring based maintenance (Nohynek, Lumme 2004, p.12).  

2.2 Safety aspects 

Machine failures or improper use can cause very expensive financial loses, but more 

importantly, the worst scenario would be if the personnel get injured. Machines with 

high safety risks are equipped with measurement systems i.e. condition monitoring 

systems that control the machine by themselves. For example, if a failure or malfunction 

is detected the safety system can shut down the machine or otherwise put it in safe-

mode and consequently prevent expensive failures or personnel injuries (Nohynek, 

Lumme 2004, p.15). Typical systems among others that have this kind of safety systems 

are turbines, compressors, machines with pistons, grinders and big electric motors 

(Nohynek, Lumme 2004, p.15). Consequently, in generalization big, expensive and high 

revolution rate machines usually have safety systems.  

2.3 Rolling element bearing condition monitoring 

Historically condition monitoring was mainly done using senses: bearings were listened 

using a wooden stick, temperatures of machines were felt by hands, vibrations of 

machines were checked by hands or feet and so on (Nohynek, Lumme 2004, p.13). 

Also, the quality of the manufactured products was one way to follow the condition of 

production machinery (Nohynek, Lumme 2004, p.13). These previously used methods 

have still a place in condition monitoring and they should not be underestimated but, 

nowadays, condition monitoring is based on different measuring methods (Nohynek, 

Lumme 2004, p.13). Rolling element bearings are mainly monitored using three 
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methods: vibration monitoring, temperature monitoring and wear debris analysis which 

includes lubrication analysis (Tandon, Choudhury 1999, p.469). Out of those three 

previously mentioned methods vibration monitoring is the most used one (Tandon, 

Choudhury 1999, p.469). The following paragraph will introduce all of these three 

methods. 

2.3.1 Vibration monitoring  

Vibration monitoring is the most used method and when used correctly it is the best 

condition monitoring method to follow the condition of a rotating machine (Nohynek, 

Lumme 2004, p.17, Shahzad, Cheng et al. 2013, p.670). Vibration monitoring can also 

be used for operation control to adjust the parameters of a process. Also because of the 

wide usage and the effectiveness of vibration monitoring, this thesis will mainly focus 

on this method. 

To detect rolling element bearing failure in an early stage of failure evolution, vibration 

monitoring should be done in the natural frequency area of a bearing. Natural 

frequencies are better information sources of defect than commonly followed bearing 

fault frequencies in an early stage because amplitudes of fault frequencies are so small 

in the beginning of degradation and because of the phenomenon called slippage (El-

Thalji 2016, pp. 46-47). Slippage causes that impacts do not follow the fault frequencies 

so accurately and thus the amplitudes of fault frequencies do not increase in the matter 

that they are expected to increase.  When the rolling element passes the early stage fault, 

the contact and the impact between rolling elements and raceways might awake the 

natural frequencies of bearing raceways and thus it is wise to monitor the natural 

frequencies of bearing raceways to detect bearing failures in an early stage. A rough 

estimation of natural frequency of a raceway can be calculated with the following 

equation (1): 

ɤ=E/(ˊD)                                                                                    (1) 

where E is the speed of sound in the material and D is the diameter of a raceway (Sassi, 

Badri et al. 2007). If more information like the moment of inertia of the race cross 

section, the mass per unit length and/or the cross-sectional constant of a bearing is 
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available, then more accurate functions, that are collected together also by El-Thalji 

(2016, pp.46-47), can be used when calculating natural frequencies.  

The mentioned goal of this thesis to find a measurement system that is capable to 

measure up to 10 000 Hz signals would lead to a system which is capable to measure 

the natural frequencies of steel bearings from diameter 3 cm upwards. The capability to 

measure 10 000 Hz signals means of course that an ADC has to fulfill  the Nyquist 

theorem and it has to be able to sample at least 20 000 samples per second (Gatti, 

Ferrari 2002, pp.754-755). In comparison, a system with the capability to measure 1 000 

Hz signals would lead to a device which could detect natural frequencies starting from 

30 cm diameter bearings. Diameters are calculated with equation (1) firstly solving the 

diameter out of the equation and then putting variables in place. When we know that E 

is 5900 m/s in steel, ɤ = 2 f́ and f is 10 000 Hz or 1000 Hz in these cases, we can 

calculate the diameter in the following way (J. Johansson, P. e. Martinsson et al. 2007, 

p.1980, Mäkelä 2008, p.95): 

D = E/ (ɤ )́ = E / (2 f́ × )́ = 5900 / (2́×10000 × ́) å 0,030 m, 

D = E/ (ɤ )́ = E / (2 f́ × )́ = 5900 / (2́×1000 × ́) å 0,299 m. 

There are plenty of vibration monitoring methods but those can be categorized into two 

classes:  the first class methods are used for monitoring overall vibrations and simple    

statistical vibration signal parameters of rolling bearings while the second class methods 

are more focused on monitoring detailed vibration and a wider range of bearing 

parameters (Nohynek, Lumme 2004, p.18). With the first class methods it is normal to 

use two vibration measurement devices: one device to monitor overall vibration in the 

range of 10 Hz ï 1000 Hz and a second one to measure frequencies typically above 

2000 Hz. The overall vibration in the frequencies from 10 Hz to 1000 Hz roughly 

reveals the problems related to a rotating shaft such as imbalance, misalignment and 

looseness of connections (Nohynek, Lumme 2004, p.18). The second measuring device 

to monitor frequencies above 2000 Hz is mainly used to detect rolling element bearing 

failures. It should be noted that vibration in high frequencies noticeably increase when 

lubrication is poor in rolling bearing, an indentation occurs or when other bearing 

failures appear (Nohynek, Lumme 2004, p.18). The second measurement device might 
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also be an ultrasonic measurement device which is used to detect bearing failures but 

also to detect gas and liquid leakages (Nohynek, Lumme 2004, p.18). First class 

methods are sensitive enough to monitor simple machines which do not have multiple 

shafts spinning at multiple speeds (Nohynek, Lumme 2004, p.18). 

When machines have multiple shafts with different rotational speeds and/or power 

transmission units, the second class measurement devices must be used. The first class 

devices are not able to separate different vibration sources from each other and it is hard 

to detect the source of the problem (Nohynek, Lumme 2004, p.18). For example, high 

overall vibration levels could be caused by a big unbalance in some of the shafts, a 

misalignment error, a bearing failure, a looseness of mounting, a resonance of a 

structure or the cavitation of a pump, but the first class equipment are not capable to 

locate the source (Nohynek, Lumme 2004, p.18). In these more complex cases one or 

various multichannel spectrum analyzers is needed.  

With a spectrum analyzer it is possible to separate different frequencies and their 

amplitudes from the signal. Different frequencies are caused by different parts of the 

machine and thus it is conceivable to follow the state of different machine components 

pretty reliably (Nohynek, Lumme 2004, p.19). Spectrum analyzers enable the analysis 

and more complex monitoring that uses signal analysis methods like  envelope analysis, 

phase-analysis and cepstrum analysis (Nohynek, Lumme 2004, p.19). 

Kuntoon perustuva kunnossapito ï handbook (title translation in English: Condition 

Based Maintenance) has a different approach in categorizing vibration monitoring 

devices: vibration pens and other basic handheld meters, portable data collectors, 

multiple channel FFT analyzers and PC based measurement devices and permanently 

mounted online analyzers & data collectors (Miettinen, Miettinen et al. 2009, pp.259-

263). Vibration pens and other basic handheld meters measure one or multiple 

parameters (most commonly overall velocity of vibration from a fixed bandwidth) and 

they can have data transferring and storing capabilities. Vibration pens and other basic 

handheld meters can be used for very basic condition monitoring carried out for 

example by an operator while operating a machine. Portable data collectors usually have 

a large memory, a display and a wide variety of frequency and time domain tools for 
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signal analysis. Portable data collectors can be used by their own or in an interaction 

with a computer. Multiple channel FFT analyzers and PC based measurement devices 

have commonly 8-64 channels, very high sample rate and very wide range of signal 

analysis tools. Multiple channel FFT analyzers and PC based measurement devices are 

used in case of difficult vibration problems and their usage needs expertise and 

theoretical knowledge. Permanently mounted online analyzers and data collectors are 

used with machines that need to be often monitored or the measurement needs to be 

continuous. Permanently mounted online analyzers and data collectors have usually 

versatile tools for signal analysis and signal plotting. 

PSK standardisation registered association has also their own perspective to 

categorizing vibration monitoring devices. PSK 5705 standard categorizes vibration 

monitoring devices depending on the installation on the measurement location: 

permanently mounted, half-fixed and portable devices/systems. Permanently mounted 

and portable devices are easily understandable but half-fixed means that sensors are 

permanently fixed in place but they are measured with portable device. PSK 5710 

standard categorises measurement devices into 4 types depending on their signal and 

data processing capabilities. Type 1 devices measure the total/overall level of vibration 

and one parameter is showing that value. Type 2 devices measure High frequencies 

(typically above 5000 Hz) and the level of vibration is expressed with maximum of two 

parameters. Type 3 devices have selectable frequency bandwidth and the measured 

vibration can be expressed in time or frequency domain. Type 4 measurement systems 

are able to do failure detection and even to do prediction about the safe usage time left. 

2.3.2 Temperature monitoring 

There are three types of temperature sensors available: touch type, infrared thermometer 

and infrared camera (Nohynek, Lumme 2004, p.20). Touch type thermometers are the 

simplest ones to use. With touch type thermometers the user does not have to worry 

about emission factors of materials or about possible interference caused by reflecting 

heat waves (Nohynek, Lumme 2004, p.20). The disadvantages of touch type 

thermometers are that they need quite long settling times and that there is not always a 

possibility to touch the monitored location (Nohynek, Lumme 2004, p.20).   
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With infrared thermometers it is possible to measure temperatures from a distance up to 

100 meters away from the monitored location (Nohynek, Lumme 2004, p.20). It is 

worth noting that the distance will affect the accuracy of the measurement. Infrared 

thermometers have wider usability range than touch type thermometers. The possibility 

to measure temperature from a distance has made it easier to use thermometers for 

example to monitor electric components. Infrared thermometers have been used for a 

long time to monitor electric components such as, fuses, switches and transformers  

If there is a need to measure temperature from multiple spots near to each other 

simultaneously then infrared camera is the best method (Nohynek, Lumme 2004, p.21). 

The needed knowledge about different interference sources is greater with infrared 

camera and also with infrared thermometer than with a touch thermometer. With 

infrared cameras and thermometers, the user must take in consideration emission factors 

of different materials and colours, different heat reflections especially from reflecting 

surfaces and also the rate of accuracy when measured from a distance. 

Temperature measurements were popular with bearing monitoring but because they 

were not able to detect the failure early enough, they have been replaced with different 

methods like vibration monitoring (Nohynek, Lumme 2004, p.20, Li, Liang et al. 2015). 

Because almost all faults emit a noticeable amount of heat once the failure is in a more 

serious stage, it is good to use temperature measurements as a secondary or supportive 

monitoring method (Nohynek, Lumme 2004). Temperature monitoring is used for 

example to observe unbalance load or bad condition of rollers of paper machines, valve 

leakages or poor lubrication of seals (Nohynek, Lumme 2004, p.21).  

2.3.3 Lubrication  monitoring 

Lubrication analysis is one way to monitor the condition of machines and it is done by 

taking samples from the lubricant oil, lubricant grease or even from hydraulic oil 

(Miettinen, Miettinen et al. 2009, p.428). Lubricant analysis can bring information about 

the wearing of parts of a machine, the operation of a process, the effectiveness of the 

lubricant and even the lubricant condition itself (Miettinen, Miettinen et al. 2009, 

p.428).  By following the amount of particles in a lubricant, the material of particles and 
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by measuring the size and the shape of particles it is possible to notice how harsh the 

wear of the machine is, what components of the machine are suffering from wear and 

how the components wear (abrasion, removal of chips etc.) (Nohynek, Lumme 2004, 

p.23, Miettinen, Miettinen et al. 2009, pp.432-436). In the normal state when lubricated 

surfaces are moving against each other the particle size could be about 10 micro meters 

but when the wearing is severe the amount of particles rises notably and the sizes of 

particles could be 10 to 100 times larger than in the normal state (Nohynek, Lumme 

2004, p.23).  

With lubricant analysis it is possible to detect gearbox and hydraulic system failures at 

an early stage (Miettinen, Miettinen et al. 2009, p.429). Also, it is claimed that in many 

cases the lubricant analysis detects a beginning failure earlier than basic vibration 

measurements like the overall vibration measurements do (Miettinen, Miettinen et al. 

2009, p.435 & 437).  According to Miettinen et al. (2009, p.429), a very powerful 

condition monitoring system is achieved if lubricant analysis is combined with vibration 

measurements and especially if also process parameters (like speed and load) are 

followed at the same time. 

Instead of manual particle counting there are also less time consuming options 

available. As a different method to determine the amount of particles or solids in a 

lubricant is to measure the mass of solids in a very thin membrane after the oil has gone 

through it (Miettinen, Miettinen et al. 2009, p.431). Automated counters are also 

available which can count the complete number of particles in lubricant and also count 

the number of particles of different size (Miettinen, Miettinen et al. 2009, p.432). 
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3 COMPONENTS OF A VIBRATION MONITORING  

SYSTEM 

In Figure 1 can be seen a basic block diagram of digital data acquisition (DAQ) system. 

First a physical signal is sensed with a sensor/transducer. Electrical components always 

introduce some noise into a signal and so do also transducers/sensors. After the physical 

phenomenon is converted to an electrical signal with a transducer, the signal goes to the 

signal conditioning block. Signal conditioning includes amplifying, filtering and 

impedance matching between the transducer and an analogue-to-digital converter 

(ADC). When transducer´s properties are improved in the signal conditioning block it is 

time to feed the signal to an ADC. In the ADC the signal is quantized and the signal 

gets a binary or digital representation. When the signal is in digital format it can be read 

by a processor which could be for example inside of a computer. The digital signal can 

be analysed, stored, processed digitally (e.g. using Fast Fourier Transform) and/or 

graphs of the signal can be plotted to the user. The following paragraphs will explain 

each of these blocks more in detail and also describe the key features of each 

component involved in a vibration monitoring signal chain from the vibrating 

component to the processor. 

 

Figure 1. Digital Data Acquisition System (Zarate 2016). 
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3.1 Accelerometers 

An accelerometer is a transducer which produces a current or a voltage value 

proportional to the acceleration level to which it is exposed to (Broch 1980, p.100).  

There are different designs to reach this accelerometer definition and the following 

chapters will introduce some of the designs.  

Accelerometers have characteristics which specify their properties: transfer function, 

sensitivity, measurement range, linearity, noise, bandwidth and resonant frequency are 

some of the used qualifying factors for accelerometers (Urban 2016, pp.396-397, 

Wilson 2005, p.151). A transfer function tells the relation between the measured 

voltage/charge and the acceleration level. Sensitivity is the factor defining how much 

voltage or current is produced per acceleration unit and it can be measured in mV/g. The 

measurement range character defines the overall acceleration range in gôs that the 

accelerometer can measure. Linearity defines the maximum error from a linear transfer 

function over the specified measurement range. Noise tells the amount of unwanted 

distortion that every sensor produces to the output signal. Bandwidth states the 

frequency range of vibration that the accelerometer is able to catch. Resonant frequency 

of the accelerometer is one of the factors that define the bandwidth of the accelerometer. 

3.1.1 Piezoelectric 

A piezoelectric accelerometer is the most common accelerometer type and it is broadly 

used in vibration analysis (Wilson 2005, p.137). The functionality of a piezoelectric 

accelerometer is based on the piezoelectric material inside of them. These piezoelectric 

elements are usually made of quartz or artificially polarized polycrystalline ceramic 

(Broch 1980, p.100, Wilson 2005, p.141). When a piezoelectric material is compressed, 

stretched or sheared, it generates an electric charge on the surface. This kind of charge 

creation is called the piezoelectric effect (Urban 2016, pp.104-105). To capture this 

electric charge, at least two electrodes are needed.  

A seismic mass inside a piezoelectric accelerometer is attached to the piezoelectric 

material and when exposed to acceleration the mass starts to move and shares, 

compresses or stretches the piezoelectric material (Broch 1980, p.100). The voltage or 
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charge coming out of the accelerometer is relative to the acceleration it is subjected to. 

By following the voltage/charge and knowing the transfer function it is possible to 

know the acceleration level. 

There are two common types of piezoelectric accelerometers: share and compression 

type. Figure 2 shows a drawing of a compression type piezoelectric accelerometer that 

includes an amplifier. In the share type the moving mass causes sharing to the 

piezoelectric element/elements and in the compression type the mass causes 

compression (Broch 1980, p.100). The share type is usually used for all-around 

applications whereas the compression type is usually designed for more particular ones. 

 

Figure 2. Compression type piezoelectric accelerometer with amplifier (Archiem 2016). 

The piezoelectric accelerometers have wide linear amplitude range, wide frequency 

bandwidth, brilliant durability and thus wide usability (Broch 1980, p.100, Wilson 

2005, p.137). They are considered to be all around accelerometers and they are widely 

used in condition monitoring (Broch 1980, p.100). As a drawback, piezoelectric 

accelerometers are much more expensive than the MEMS or piezo film accelerometers 

(Doscher 2016, p. 23).  

3.1.2 Piezo film  

The piezo film accelerometers are a specific form of piezoelectric accelerometers. The 

piezo film accelerometers are very light, flexible, bendable, deformable, mechanically 

durable and easy to form for a specific measuring location (Gatti, Ferrari 2002, p.674, 

Urban 2016, p.112). The piezo film accelerometers are coated with metal electrodes and 
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also protecting plastic can be used (Measurement Specialties 1999). The piezo films are 

commonly made out of polyvinylidene fluoride (PVDF/PVF2) which is shaped in thin 

layers (Gatti, Ferrari 2002, p.674). 

3.1.3 MEMS 

MEMS acronym comes from the words Micro Electro Mechanical Systems. There are 

different MEMS sensors for different applications. For example, it is possible to find 

MEMS gyroscopes, MEMS accelerometers and MEMS pressure sensors from the 

markets.  With the term MEMS sensors it is meant sensors that are made using the same 

kind of manufacturing methods as with integrated circuits (IC) called semiconductor 

manufacturing processes (Frank 2013, p.1). MEMS are often highly integrated 

apparatuses which combine microelectronics and micro machined structures together 

(Frank 2013, p.9). By using these semiconductor manufacturing processes it is possible 

to produce a lot of sensors to one wafer at once and thus get a low price tag for a single 

sensor (Miettinen, Miettinen et al. 2009, p.244). 

The MEMS sensors are tiny and light in weight and thus they are good in measuring 

locations where the accelerometer must be light and the size must be small (Agoston 

2012, p.278). The MEMS accelerometersô functionality is based usually either 

capacitive or piezoresistive phenomenon (McGrath, Scanaill 2013, p.21). The capacitive 

MEMS accelerometers have capacitor plates attached to a spring with a suspended mass 

which is capable to move when the accelerometer is subjected to acceleration. Other 

capacitor plates are anchored in place and when the mass moves the gap between the 

anchored and the attached capacitor plates changes and so changes the capacitorôs 

geometry and the capacitance which is measured (Agoston 2012, p.278). 

The piezoresistive MEMS accelerometers have piezoresistive material attached to 

cantilever beams which move when the accelerometer is exposed to acceleration. When 

the beams deform their resistive properties change and this change is proportional to the 

acceleration level (McGrath, Scanaill 2013, p.21). The change in resistivity is measured 

and the level of acceleration is derived from the measured change (McGrath, Scanaill 

2013, p.20).  
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3.2 Amplifi ers 

An amplifieŕ s basic task is to amplify the incoming signal while introducing low 

electrical noise or other errors like offset and gain error. Amplifiers have also other 

purposes: improving the signal to noise ratio, being a frequency filter, being an 

impedance matching block and being an isolator between a sensor and the rest of the 

coming circuit after the sensor (Urban 2016, p.199). Amplifiers can be made from 

components (semiconductors, resistors, capacitors, inductors etc.) but there are also 

readymade amplifier integrated circuits in which these components are already included 

(Urban 2016, p.198). 

After amplifying the signal, it goes to a filter and to an ADC. An amplifier enables the 

use of the resolution of the ADC more efficiently even with low level signals. There are 

different types of amplifiers available: operational amplifiers, programmable-gain 

amplifiers, instrumentation amplifiers, programmable-gain instrumentation amplifiers, 

chopper amplifiers, isolation amplifiers etc. (Measurement Computing corp. 2012, 

pp.39-47, Wilson 2005, p.45). The simulations shown in Figure 3 - Figure 6 show the 

effect of amplification to the gained information. The simulations are done with math 

software called Mathcad and the whole simulations can be found in appendices 1 and 2. 

Some of the parameters shown in appendices 1 and 2 (including for example the gain) 

need to be changed to match the different cases. 

In Figure 3 and Figure 4 the effect of amplification is simulated by using a sine signal 

with an added shock signal which simulates the impulses generated by bearing defects. 

The impulse vibrates at 3000 Hz. The raw signal is shown in blue and the sampled 

signal in red in both figures. The analogue to digital conversion is done with an 8-bit 

ADC which has the input range from -5 volts to +5 volts. In Figure 3, the signal is 

sampled without amplification and in Figure 4 the signal is amplified by a factor of 10 

(please notice the scales of figures). The amplification can be also expressed as decibels 

which is often the case. 
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Figure 3. Analogue to digital conversion for an unamplified signal. 

 

Figure 4. Analogue to digital conversion for a signal which is amplified by a factor of 

10. 
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In Figure 5 and Figure 6 the previously shown signals can be seen in the frequency 

domain and it can also be seen how the information at high frequencies is lost if the 

signal is sampled without proper amplification. The information at high frequencies is 

very important for early bearing defect detection (Nohynek, Lumme 2004, p.18, El-

Thalji 2016, p.46). Interestingly a phenomenon of FFT and sidebands is also more 

clearly shown in the spectrum of the amplified signal. 

 

Figure 5. Spectrum from unamplified signal.  

 

Figure 6. Spectrum from signal which is amplified by a factor of 10. 
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Operational amplifier or OP-AMP is seen as one of the principle building blocks for 

amplifiers (Urban 2016, p.199). A good OP-AMP has the following features: high input 

resistance (measured in Gɋ), low output resistance (a fraction of ohms), ability to drive 

capacitive loads without becoming unstable, low input offset voltage, low bias current, 

very high open-loop gain (up to 10^4 ï 10̂ 6), low noise, high operating bandwidth and 

low sensitivity to power supply and environmental variations (Urban 2016, pp.199-

200).  

The mentioned open-loop gain is frequency depended and it also changes according to 

variations in the supply voltage, load and temperature (Urban 2016, p.200). This open-

loop instability is the reason why the OP-AMPs are rarely used in the open-loop mode. 

Usually the OP-AMPs are used with feedback components in a so called closed-loop 

mode which improves the gain stability, linearity and output impedance (Urban 2016, 

p.201). As a rule of thumb, it is said that the closed-loop gain should be 100 times 

smaller than the open-loop gain at the highest frequency of interest for moderate 

accuracy and 1000 times smaller for more accurate needs (Urban 2016, p.201). 

3.3 Filter s 

The most common filter types are Butterworth, Bessel and Chebyshev (Measurement 

Computing corp. 2012, p.47, Gaura, Newman 2006, p.131). All of these can be used for 

low-pass, high-pass, band-pass and band-reject filtering (Measurement Computing corp. 

2012, p.47). Low-pass filtering means the attenuation of high frequencies. High-pass 

filtering means the opposite to the low-pass filtering: attenuation of low frequencies. 

Band-pass filtering allows a certain bandwidth of frequencies to go through but 

attenuates the rest. Band-reject filtering attenuates a certain frequency bandwidth but 

lets the rest go through.  

All of the three filter types have their own characteristics. Butterworth has the flattest 

passband but it introduces a non-linear phase response (Measurement Computing corp. 

2012, p.48, Gaura, Newman 2006, p.131). Chebyshev has the steepest attenuating curve 

but it has a ripple effect before the cutting point frequency, ring effect with a step 

response and even more non-linear phase response than Butterworth (Measurement 
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Computing corp. 2012, p.48, Gaura, Newman 2006, p.131). Bessel is something in 

between the two previous ones. Bessel does not have a steep response curve but is has 

the best phase linearity and step response (Measurement Computing corp. 2012, p.48, 

Gaura, Newman 2006, p.131). In Figure 7 are shown the low-pass filter responses for 

different filter types. The Chebyshev type I filter is shown in blue, the Bessel in red and 

the Butterworth in yellow. All the shown filters are modeled using Mathcadôs own filter 

functions and all of them have the cut off frequency at 10 Hz which is marked with a 

dash line. The simulation for filters can be found in appendix 2. 

 

Figure 7. Chebyshev I, Bessel & Butterworth filter gain responses (cut-off at 10 Hz). 

3.3.1 Anti -Aliasing Filter s 

Aliasing is a phenomenon that occurs when a signal is not sampled with a high enough 

sample rate. The Nyquist theorem says that a signal should be sampled at least twice as 

fast as the signalôs highest frequency (Gatti, Ferrari 2002, pp.754-755). If the Nyquist 

theorem is not followed, high signals will be reflected to low frequencies when sampled 

and this will ruin the sampled result and this phenomenon will be difficult  to notice 

from the result (Gatti, Ferrari 2002, pp.754-756). In Figure 8 and Figure 9 the anti-

aliasing phenomenon is simulated. This simulation was done in a similar way that is 

shown in appendix 2 with a little variation: in this simulation the example signal was 

combined from sine waves with different frequencies than shown, the FFT was done 

twice with different sampling frequencies and Hanning window, noise and logarithmic 

scale on FFT were not used. 
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Figure 8 and Figure 9 show the spectrum analysed from a signal which is constructed 

from four sine waves having the amplitude of 1 each at the following frequencies 100 

Hz, 250 Hz, 300 Hz and 500 Hz. In Figure 8, the signal is sampled with the sample rate 

of 512 samples per second and in Figure 9 it is sampled with 1024 samples per second. 

By looking at the figures it is easy to notice how the Nyquist theorem holds up and how 

aliasing occurs if the signal is not sampled with a sample rate that is high enough.  

 
Figure 8. Aliasing occurring when the highest frequency component is 500 Hz and the 

sample rate is 512 Hz. 

 

Figure 9. No aliasing taking place when the Nyquist theorem is followed: the highest 

frequency component is 500 Hz and the sample rate is 1024 Hz.  

Often, a signal contains unknown high frequencies that might also be higher than the 

feasible sample rate in the used ADC or higher frequencies than is reasonable to sample 
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to catch the phenomenon that is really of interest. Because of these high frequencies an 

anti-aliasing or low-pass filter is needed and it must be analogue and before the ADC in 

the signal path (Gatti, Ferrari 2002, p.763). With these low-pass filters, it is possible to 

cut off these high frequencies and the need for high sample rate is reduced.   

An ideal filter would have a sharp cutting frequency point, rectangular shape, flat 

transition section before the cutting frequency and straight to zero value after the cutting 

point without a transition section (Gatti, Ferrari 2002, p.756). The real life filters do not 

have these features but instead they have a smooth cutting frequency point and a 

transition section before and after the cutting point (see Figure 7 and Figure 10). The 

behaviour of the filter around the cutting point depends on the type of the filter. There 

are four different anti-aliasing filter types: Bessel, Butterworth, Chebyshev and elliptic. 

The filter response of Butterworth, Chebyshev type 1, Chebyshev type 2 and Elliptic 

filt er can be seen in Figure 10. Filterôs order defines the steepness of the transition 

section after the cutting frequency point. 

 

Figure 10. Response curves of different low-pass filters (Damato 2016). 
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3.4 Analogue-to-digital converters  

The task of an analogue-to-digital converter (ADC) is to convert analogue signals to 

digital signals. ADC will give a rounded or quantized digital value of the analogue 

signal whenever a certain amount of time has passed by (sampling time). In other 

words, previously continuous analogue signal is converted to defined values at discrete 

time instants and depending on the resolution, there are certain finite steps offered 

within a range (Gatti, Ferrari 2002, p.750 & p.752). This sampling and quantization are 

the main steps in performing analogue-to-digital conversion (Gatti, Ferrari 2002, p.750)  

There are several characteristics that are good to know when dealing with ADCs. The 

resolution is measured in bits and the number of bits define how small changes are 

possible to be detected (Gatti, Ferrari 2002, p.752). The sample rate is also an important 

factor as seen in the previous section handling the phenomenon of aliasing. The sample 

rate defines the number of samples that is possible to gather in a second (Gatti, Ferrari 

2002, p.751). Sometimes the sample rate is given per channel and sometimes it is the 

total sample rate/throughput rate of an ADC that should be divided by the number of 

channels if the sample rate per channel is wanted. The number of channels can also be 

meaningful when the ADC chips or measurement devices with ADCs are chosen. Also, 

the valid input range and valid input type should be taken into consideration. The input 

range defines the acceptable input voltage variation that the ADC can handle (Gatti, 

Ferrari 2002, p.752). The input type can be either differential or single-ended 

(Measurement Computing corp. 2012, p.39). 

Figure 11-Figure 14 show the effect of the resolution of an ADC. ADC has an input 

range from -5V to +5V and the resolution of 8 bit in Figure 11 and 18 bit in Figure 12. 

From the figures it is possible to see what kind of effect the resolution has on the results. 

It is worth mentioning that if the impulses are sampled without adding them to the sine 

wave as shown in the figures, the 8-bit ADC does not react to those small impulses at 

all. In Figure 11 and Figure 12 the analogue signal is in blue and the signal after 

sampling is in red.  
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Figure 11. 8-bit ADC conversion. 

 

Figure 12. 18-bit ADC conversion.  

Figure 13 and Figure 14 show the same kind of results as did the previously shown 

frequency domain figures related to the amplification:  the impulse is vibrating at 3000 

Hz and this kind of high frequency information is lost due to the low resolution. The 
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spectrum of the higher resolution signal reveals also sidebands like did the spectrum of 

the amplified signal. As mentioned before, the information related to the high 

frequencies is crucial for early detection of a bearing defect. The simulations have been 

done using Mathcad and detailed mathematical presentations can be found in appendix 

1 and 2.  

 

Figure 13. The spectrum of a signal which is sampled with 8-bit ADC. 

 

Figure 14. The spectrum of a signal which is sampled with 18-bit ADC. 
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The mentioned sideband effect of FFT is reduced when overlapping is included with 

Hanning windowing. In Figure 15 and Figure 16 a Hanning-window with overlapping is 

applied to the previously shown 8-bit and 18-bit signal data. 2048 samples are used 

from the ADC data which leads to 3 set of data when the windows are 1024 points wide 

and 50 % overlapping is used.  After windowing, FFT is carried out to these individual 

windows and the average of these spectra is calculated. These averaged spectra can be 

seen in Figure 15 and in Figure 16 that support the conclusion that high frequency 

information is lost if the ADC does not have high enough resolution.  

 

Figure 15. Spectrum, 8-bit ADC, Hanning-Window with 50% overlapping. 

 

Figure 16. Spectrum, 18-bit ADC, Hanning-window, with 50 % overlapping. 
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There are several ADC designs in the market. Usually, when choosing an ADC there is 

a trade-off between the accuracy, the sample rate, the resolution, noise and power 

consumption (Frank 2013, p.76). Popular analogue-to-digital conversion techniques 

include successive approximation, parallel/flash and sigma-delta (Frank 2013, p.77). 

The next chapters will talk a bit more about parallel, successive approximation and 

sigma-delta conversion techniques. 

3.4.1 Flash/Parallel ADC 

The parallel ADCôs functionality is built on comparators, voltage dividers and encoders 

(Gatti, Ferrari 2002, p.757). The voltage divider divides the attached reference voltage 

to 2^n-1 equal steps, where n is the resolution/bit number of the ADC, and passes these 

voltages to comparators (Gatti, Ferrari 2002, p.757). The input signal is fed to all 

comparators at once. After the comparators the signal goes to the encoding block (Gatti, 

Ferrari 2002, p.757). 

The parallel ADC is the fastest ADC type and with the parallel ADC it is conceivable to 

reach the sample rate of hundreds of mega samples per second (Gatti, Ferrari 2002, 

p.757). The fast sample rate is enabled because of all the bits are determined parallel at 

once at the same time instant (Gatti, Ferrari 2002, p.757). The parallel ADCs are used in 

digital scopes and digitizers (Gatti, Ferrari 2002, p.757). The resolution is usually 

relatively low because of the price is defined by the needed number of comparators 

(Gatti, Ferrari 2002, p.757). Usually the maximum resolution for a parallel ADC is 8 

bit, which leads to 255 comparators (Gatti, Ferrari 2002, p.757). 

3.4.2 Successive Approximation (SAR) ADC 

The SAR type ADC consists of a successive approximation register (SAR), digital-to-

analogue converter (DAC), one comparator, a reference voltage and usually a sample 

and hold circuit. An analogue signal is fed to a comparator where it is compared to the 

voltage coming from the DAC. The DAC represents a voltage that is defined by the 

SAR in a digital from. The voltage that the DAC feeds changes and those changes 

follow a strategy of binomial search. The binominal search lasts n clock pulses where n 
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is the number of ADC bits. After the search the ADCôs out coming result is the last 

SARôs digital binary value before the DAC. (Gatti, Ferrari 2002, pp.757-758). 

The SAR ADCs are referred as general ADCs. The SAR ADCs are relatively fast (up to 

1 MHz sample rate) and their price is also moderate. The price and the speed have led to 

the situation where the SAR ADCs are the most common ADCs that can be found in 

data acquisition boards. (Gatti, Ferrari 2002, p.758). 

3.4.3 Sigma-Delta (Ɇȹ) ADC 

The sigma-delta or the delta-sigma analogue-to-digital converter is based on high 

sample rate and digital filtering and it is easy to connect this converter model to the 

digital signal processing (DSP) integrated circuit (Frank 2013, p.78). The sigma-delta 

converter has integrators, summers, DAC and a quantizer (Frank 2013, p.78). The 

number of integrators and summers depend on the order of the converter. After the 

summer, integrator and quantizer the signal goes to a decimation filter. In the 

decimation filter, the signalôs out-of-band quantization noise is removed, the 

decimation/sample rate reduction happens and the extra anti-aliasing rejection is 

provided (Frank 2013, p.79). Getting the noise down improves the number of effective 

bits, the sample rate reduction helps signalôs post-processing (data transmission, storing 

etc.) and the additional anti-alias rejection loosens the requirements for anti-aliasing 

filter. 

3.5 Processors 

After an analogue phenomenon is caught with a sensor, amplified, filtered and 

converted to a digital form, the signal is transferred to some processor which processes, 

stores and possibly presents graphs of the data. The processor might be for example in a 

computer, in a microcontroller unit (MCU) or in a special data acquisition system made 

for logging data from sensors. The digital signal processing offers much wider signal 

conditioning and signal manipulation capabilities than the analogue signal processing 

(Gaura, Newman 2006, p.137). For example, with the digital signal processing it is 



    38 

 

possible to use almost any kind of transfer functions which are useful in digital filtering 

(Gaura, Newman 2006, p.138).  

A microprocessor is one processor type that is sometimes confused with the terms 

microcomputer and microcontroller (McGrath, Scanaill 2013, p.56). A microprocessor 

is a central processing unit (CPU) that is integrated to a single chip (McGrath, Scanaill 

2013, p.56, Gaura, Newman 2006, p.141). The CPUs used to be made of multiple 

components or chips prior to 1970 and in microprocessors, those components and chips 

are combined to the form of just one single chip (McGrath, Scanaill 2013, p.56). It is 

expected that microprocessors include an arithmetic and logic unit (ALU), a sequencer, 

a system bus, and a register array, but do not include memory or peripherals (Gaura, 

Newman 2006, p. 140, McGrath, Scanaill 2013, pp.57-58). The microprocessors are 

usually used in sensor systems where a lot of processing power and memory is needed 

and these cannot be integrated into a microcontroller or the I/O hardware capability of 

the microcontroller is not suitable to particular sensor types (Gaura, Newman 2006, 

p.141). The microprocessors tend to have easier to use instruction sets and better 

software developing tools than some of the following options and this is good to take 

into consideration especially if complicated software is needed (Gaura, Newman 2006, 

p.141). 

The already mentioned microcontroller units (MCU) are single chip configurations that 

typically consist of a processor, peripheral interfaces, data memory and program 

memory (typically read only memory) (Gaura, Newman 2006, p.141, McGrath, Scanaill 

2013, p.56). The microcontrollers were basically developed for embedded devices and 

those can be found in mobile phones, washing machines, microwave ovens and so on 

(McGrath, Scanaill 2013, p.58, Gaura, Newman 2006, p.141). The microcontrollers 

provide a good option for sensor systems depending on the needed processing power, 

memory and peripherals (Gaura, Newman 2006, p.141). Many features in the so-called 

smart sensors (integrated sensing capability, analogue circuity, ADC, input/output bus 

etc.) are driven with microcontrollers (McGrath, Scanaill 2013, p.51). 

There are also more sophisticated microprocessors available for digital signal 

processing called digital signal processors (DSP). The digital signal processors are 
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optimized for signal processing requirements which mean, for example, the ability to 

perform fast multiplication operations and a single clock execution cycle (Gaura, 

Newman 2006, p.141). The DSPs use the so-called Harvard architecture where there are 

separate memory ports for instructions and data allowing the instructions and data to be 

transferred simultaneously (Gaura, Newman 2006, p.141). The DSPs are faster and give 

a possibility to extract more information from the sensors than the general-purpose 

microprocessors, have improved development tools that ease the designerôs job and give 

a possibility to run more diagnostics (Holmberg, Adgar et al. 2010, p.100). The DSPs 

are a worthy option in applications that need more sophisticated signal processing like is 

the case with digital filter applications (Gaura, Newman 2006, p.141). In the same way 

as with the processor, by integrating memory and peripherals to the DSP a controller is 

formed but in this case it is called digital signal controller (DSC) (Gaura, Newman 

2006, p.141).   

When the technology has improved also those above-mentioned boundaries between the 

different processors and microcontrollers has blurred. Nowadays it possible to find 

microprocessors that have single cycle arithmetic operations, can perform signal 

processing computation at the level of DSPs, have Harvard architectures, integrated 

memories and peripherals (Gaura, Newman 2006, pp.142-143). Even though these 

microprocessors have all the features of microcontrollers or digital signal controllers 

they are not marketed as such (Gaura, Newman 2006, p.143). 
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4 MARKET REVIE W 

The market review was done mainly using the internet. Various data acquisition 

components and systems were taken into account and various manufacturersô products 

were studied. The market review has been done partly having the Raspberry in mind 

and thus this can occasionally be seen in some of the chosen components/systems as 

Raspberry compatibility like 3.3 V logic levels, 5V/ 3.3V devices or SPI data interfaces. 

There were technical demands for the system like the capability to measure 10 kHz 

signals, to have better than 16-bit resolution and the price tag of the whole system 

should be below 100 ú.  The market review includes also components and systems that 

were found during the market review and do not fulfill  the above listed limits but give 

perspective to what is available in the market and at what price. Multiple websites of 

manufacturers and suppliers were checked to learn about the state of the art of low cost 

data acquisition devices. For example, the availability and prices of electronic 

components were checked for well known and big suppliers like Farnell element 14, 

Digi-key Electronics, RS Components, Mouser Electronics and Arrow Electronics. 

During the market overview it was noticed that sometimes the information in the data 

sheets, and especially in the data sheets of cheaper products, could be quite unclear and 

it might take a bit of time to find the information one is looking for. Also, in some cases 

all of the necessary information simply was not available.  

4.1 Accelerometers 

The pages of a great number of sensor manufacturers including STMicroelectronics, 

Bosch, NXP, Panasonic, Denso, Invensense, Analog Devices, Sony, Kionix, MEMSIC, 

Murata, TE Connectivity, SICK, Monitran, Knowles, IMI Sensors, Meggitt Endevco, 

and Sensor Dynamics were studied when low cost accelerometers were searched. A 

table of the most interesting accelerometers with their features is given in appendix 3. It 

is possible to find really cheap accelerometers like KX122-1037 MEMS from Kionix 

and LIS2DS12 MEMS and LIS2DH MEMS from STMicroelectronics just for a few 

euros. These really cheap accelerometers naturally have their limitations. For example, 

the resonance frequency can be low (KX122-1037: 1800 Hz) together with low 



    41 

 

amplitude range (LIS2DS12 & LIS2DH: 16 g) (Kionix 2016, p.7, STMicroelectronics 

2016a, p.1, STMicroelectronics 2016c, p.1). There are also positive features with these 

above mentioned MEMS accelerometers like that they have ADCs integrated in them: 

KX122-1037 has 16-bit resolution ADC and LISDS12 & LIS2DH have 12-bit 

resolution ADCs (Kionix 2016, STMicroelectronics 2016a, STMicroelectronics 2016c). 

These low-cost accelerometers are not even close to be able to catch 10 000 Hz but 

sometimes the resolution might match the wanted 16-bits. As long as the frequency 

response curve is linear, high frequencies could be measured. Unfortunately, the data 

sheets of these above mentioned accelerometers do not show the frequency response 

curves and thus it is hard to say anything about their capability at higher frequencies. 

The mentioned accelerometers might be useful in condition monitoring of larger 

bearings because larger bearings have low natural frequencies. 

One observation that was made during the market view of the low cost sensors was that 

often the cheap sensors do not have good specification notes: the notes might not reveal 

for example the resonance frequency, bandwidth or show a frequency response curve. 

The lack of appropriate information makes it extremely difficult to choose a proper low 

cost accelerometer for certain applications.  

Two accelerometers stood out from the rest when the accelerometer specifications were 

trawled through: ACH 01 from TE Connectivity and ADXL001 from Analog Devices. 

The ACH 01 and the ADXL001 use different technologies: the ACH 01 is a piezofilm 

accelerometer and the ADXL001 is a MEMS accelerometer (Analog Devices 2016d, TE 

Connectivity 2016). Both accelerometers have high resonance frequencies, wide 

bandwidth and broad amplitude range compared to the mentioned Kionix and 

STMicroelectronics accelerometers. The ADXL001 has a resonance frequency of 22 

kHz, depending on the model a ±70g or ±250g or ±500g amplitude range and with 

proper circuitry 22 kHz bandwidth (-3 dB) (Analog Devices 2016d, p.1, Analog 

Devices 2016e, p.3). The ACH 01 has the bandwidth from 2 Hz to 20 kHz, the 

amplitude range of ± 150 g, the resonant frequency of 35 kHz and a noise floor of 6-130 

µg/ЍὌᾀ at 10-1000 Hz which is smaller than the noise floor of ADXL001 (2,15 ï 4,25 

mg/ЍὌᾀ at 10 ï 400 Hz) (Analog Devices 2016d, TE Connectivity 2016). With the 

mentioned specifications and price tags of about 30 ú for the ADXL001 (including only 



    42 

 

IC chip without wiring or any circuit board) and 55 ú for the ACH 01 (including cover 

and wiring) give hope for a reasonably cheap vibration monitoring system for the 

bearing condition monitoring purposes and to be able to reach the goal of a 

measurement system capable to measure signals up to 10 000 Hz. 

In Figure 17 are shown the three previously mentioned accelerometers: the MEMS 

ADXL001 (A), the digital MEMS accelerometer KX122-1037 (B), and the piezofilm 

accelerometer ACH01 (C). They are all small in size but the KX122-1037 really goes 

way beyond in being small. The KX122-1037 accelerometers will not take a lot of space 

from the printed circuit board and thus they can be easily included to small devices such 

as mobile phones or even much smaller devices. 

 

Figure 17. Accelerometers ADXL001 (A), KX122-1037 (B) and ACH01 (C). 

4.2 Measurement system from integrated circuits  

One option to make data acquisition systems is to create them from components like IC 

(integrated circuit) amplifiers, IC ADCs, IC filters and so on. The reason why building 

the measurement system out of integrated circuits seems to be an interesting option is of 

course the low price of the components compared to the complete measurement 
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systems. For example, 24-bit IC ADCs with a sample rate above 100 kHz can be bought 

just with a few euros. An IC filter like MAX7427EUA+ could be found at the price of 

less than 3 euros. The mentioned MAX7427EUA+ is a switched capacitor 5th order 

elliptic low-pass filter with adjustable cutting frequency which can be tuned from 1Hz 

to 12 kHz (Maxim Integrated 2016b). Programmable amplifiers like MCP6S21 cost 

about 1 euro and the MCP6S21 has up to 12 MHz bandwidth and gain up to 32 

(Microchip 2016). After adding a reference voltage like MCP1525-I/TO, that costs 

under 1 euro, all the major components of a measurement system (excluding sensor) 

before a processor are covered and the total cost of the whole system is less than 25 

euros.  

There are also ICs that are highly integrated and have a lot of features installed in a 

single chip. For example, one highly integrated IC is the AD7608 from Analog Devices. 

It has integrated analogue input clamp protection, input buffer with 1 Mohm analogue 

input impedance, a second-order antialiasing analogue filter, a reference voltage, a 

reference buffer, an 18-bit and 8 channel ADC with the sample rate of 200 000 samples 

per second per channel, track and hold amplifiers and a digital filter (Analog Devices 

2016a). The AD7608 is marketed as a data acquisition system and it truly has a lot of 

features that typical data acquisition systems have. There are also other integrated chips 

that have many components included as well, and thus, this kind of highly integrated 

chips should be taken into account when buying/building data acquisition systems is 

considered.  

ICs are sold in different sizes and different packages. In Figure 18 there are ten different 

ICs including amplifiers, ADCs, filters and a reference voltage. In the first column from 

left there are 4 different ADCs which are from up to down: AD1871YRSZ (A), 

PCM1803ADB (B), ADS131A04 (C) and PCM4201 (D). In the second column from 

left there are amplifiers which are from up to down: AD8606 (E), AD626ANZ (F), 

MCP6S21 (G). In the third column there are two low-pass filters which are from up to 

down: MAX7427 (H) and MAX7410CPA+ (I). Lastly, there is a reference voltage (J). 

The features and prices of multiple ADC ICs can be found from appendix 4.  
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Figure 18. ICs: ADCs (A-D), amplifiers (E-G), low-pass filters (H-I), reference voltage 

(J). 

Even though integrated circuits are simpler than building up the system from basic 

electric components (like capacitors and resistors) some work is still needed.  Most 

likely, the work involved to make a good and operational measurement system out of 

ICs would need a lot of knowledge related to electronics including noise cancellation, 

choosing compatible ICs with each other, wiring, connecting electric components (for 

example soldering) and choosing also other electronic components than ICs like 

capacitors and resistors. The needed wide knowledge behind the measurement systems 

is naturally a demotivating factor to build up measurement systems even from ICs. 

4.3 Smart Sensors 

The Institute of Electrical and Electronic Engineer (IEEE) committee defines a smart 

sensor/transducer as a sensor/transducer that ñprovides functions beyond those 

necessary for generating a correct representation of a sensed or controlled quantity. 

This functionality typically simplifies the integration of the transducer into applications 

in a networked environment.ò (IEEE 1998, p.8). Smartness is integrated in smart sensors 

trough the integration of microcontroller units (MCU), digital signal processors (DSP), 
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field programmable gate arrays (FPGA) or application specific integrated circuits 

(ASIC) to the same package with a sensor (Frank 2013, p.1). Usually a smart sensor 

package also includes analogue circuitry, an ADC and an input/output (I/O) bus 

interface (Huijsing 2008). 

Joseph Giachino predicted already in 1986 that ñSmart sensors are becoming integral 

parts of systems performing functions that previously could not be performed or were 

not economically viableò (Giachino 1986). Wireless sensors are helping this integration 

and they can also be classified as smart sensors. Wireless sensors can be found in the 

market at affordable prices. For example, Texas Instrument has their own wireless 

sensor system called SensorTag and it is aimed for internet of things (IoT) markets 

having a price tag of 29 $ (Texas Instruments 2016). It has 1 year battery lifetime, 

Bluetooth/6LoWPAN/ZigBee communication options (Wi-Fi version is coming), cloud 

connection and multiple sensors integrated into it. Integrated sensors include ambient 

temperature sensor, infrared sensor, 9-axis motion sensor (accelerometer, gyroscope, 

compass), humidity sensor, barometric pressure sensor, ambient light sensor, magnet 

sensor and digital microphone (Texas Instruments 2016). The 9-axis motion sensor is 

the MPU-9250 from InvenSense and its accelerometer specifications are interesting 

from the vibration monitoring point of view: the accelerometer has 16-bit ADC, the 

maximum amplitude range of ±16g, a digital programmable low-pass filter (from 5 Hz 

to 260 Hz), the maximum output data rate of 4000 Hz and typical noise power spectral 

density of 300 Õg/ãHz (Texas Instruments 2016, InvenSense 2016). Unfortunately, 

there is no data available about the frequency response, information about resonant 

frequency or anything about the bandwidth of the accelerometer (InvenSense 2016). Of 

course, the low-pass filter frequency range gives a hint about the bandwidth of the 

accelerometer i.e. the accelerometer does not seem to be able to measure high 

frequencies.  

Another wireless sensor system comes from Ruuvi and it is called RuuviTag (RuuviTag 

2016). The RuuviTag includes features and components like a temperature sensor, a 

humidity sensor, an air pressure sensor, an accelerometer, Bluetooth, years of battery 

lifetime, the ability to form mesh networks of thousands of nodes, it´s open source and 

it can be used as a standard Eddystone/iBeacon proximity beacon (RuuviTag 2016). The 
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used accelerometer is the LISDH12 3-axis accelerometer from STMicroelectronics 

(RuuviTag 2016). The features of LISDH12 are as follows: a maximum 12-bit ADC, 

the maximum sample rate of 2650 sps, the maximum amplitude range of ±16g and 

typical noise density of 200 Õg/ãHz (STMicroelectronics 2016b). The price of 

RuuviTag is around 23 euros when only one is bought and the price decreases when 

RuuviTags are bought in numbers.  

Analog Devices produces also smart sensors (not wireless) more dedicated to vibration 

monitoring like the ADIS16223 and the ADIS16227. The ADIS16223 and the 

ADIS16227 both have a resonance frequency of 22 kHz, the bandwidth of 14.25 kHz, a  

maximum amplitude range of ± 70g, SPI output type, measuring in 3-axes, digital 

filters, a buffer, aluminium cover, programmable alarms, trigger launched data 

collection, a temperature sensor and digital power supply measurements (Analog 

Devices 2016b, Analog Devices 2016c). The ADIS16227 has a bit more features than 

the ADIS16223 like more signal processing features such as windowing options 

(Hanning, flat top, rectangular), FFT and FFT averaging, storage for FFT records and a 

higher sample rate of 100.2 ksps compared to the sample rate of 72.9 ksps of ADIS223 

(Analog Devices 2016b, Analog Devices 2016c). The price of the ADIS16223 is 198.45 

$ and the price of the ADIS16227 is 238.35 $ so they are higher in price than the earlier 

mentioned smart/wireless sensors.  

There are also USB accelerometers that can be connected directly to computers through 

USB ports. For example, Digiducer has a product called 333D01 which has rugged 

packaging, 24-bit ADC, flat response up to 8 kHz, the maximum amplitude range of 20 

g, the maximum sample rate of 48 kHz, the resonant frequency above 25 kHz and USB 

2.0 (Digiducer Inc. 2016a, Digiducer Inc. 2016b). Unfortunately, these USB 

accelerometers can be pricy: the 333D01 costs 1039 $ (Digiducer Inc. 2016a). Also, 

Diagnostic Solutions have their own USB accelerometer which can be seen in Figure 

19. The USB accelerometer of Diagnostic solutions has the following features: 

frequency range 2 Hz ï 10 kHz, 16-bit ADC, a 2 kHz low-pass filter, envelope filters 

and the amplitude range of ± 50g (Diagnostic Solutions ). The price of accelerometer 

alone could not be found but they sell the accelerometer with a handheld data 

acquisition device for 3392 ú (Diagnostic Solutions 2016). 
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Figure 19. USB accelerometer from Diagnostic Solutions. 

4.4 Single-board computers and microcontrollers 

There are many different single-board microcontrollers (or 

prototyping/expansion/evaluation/development boards for microcontrollers) and single-

board computers available (or prototyping/expansion/evaluation/development boards for 

microprocessors/systems on chips). The term single-board refers to the fact that those 

systems are made on one single small printed circuit board (PCB) and those boards have 

all the necessary hardware for a microcontroller or system on a chip/microprocessor to 

work. The difference between single-board microcontrollers (SBM) and single-board 

computer (SBC) is hard to define. The SBM is usually built around a microcontroller 

unit (MCU). They tend to have easier and better usability with external hardware and 

lower energy consumption than SBCs. On the other hand, the SBC is commonly built 

around a microprocessor or system on a chip (SoC) and has an operating system. SBCs 

usually have much more processing power and higher power consumption than the 

SBMs. As the name SBC says, they are computers and thus closer to a laptop than an 

SBM. The SBMs and SBCs could be used as platforms to connect sensors (provide 

power and input and output for sensor data) and to manipulate, store and transfer further 

the coming sensor data (McGrath, Scanaill 2013, p.53).  


