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Editorial  
 
 

The Journal of Production Engineering dates back to 
1984, when the first issue of the Proceedings of the Institute of 
Production Engineering was published in order to present its 
accomplishments. In 1994, after a decade of successful publication, 
the Proceedings changed the name into Production Engineering, 
with a basic idea of becoming a Yugoslav journal which publishes 
original scientific papers in this area. 

In 2009 year, our Journal finally acquires its present title - 
Journal of Production Engineering. To meet the Ministry 
requirements for becoming an international journal, a new 
international editorial board was formed of renowned domestic and 
foreign scientists, refereeing is now international, while the papers 
are published exclusively in English. From the year 2011 Journal is 
in the data base Google scholar, COBISS and KoBSON presented. 

The Journal is distributed to a large number of recipients 
home and abroad, and is also open to foreign authors. In this way 
we wanted to heighten the quality of papers and at the same time 
alleviate the lack of reputable international and domestic journals in 
this area. 

In this journal are published, reviewed papers from 
International Conference "MMA 2018" and "ETIKUM 2017- 2018" 
which were held in Novi Sad, Serbia and certain number of new 
scientific papers as well.  
 
Editor in Chief 
 
Professor Pavel Kovač, PhD.  
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Hernavs, J., Ficko, M., Berus, L., Rudolf, R., Klančnik, S.  
 

DEEP LEARNING IN INDUSTRY 4.0 – BRIEF OVERVIEW 
Received: 21 September 2018 / Accepted: 10 November 2018 

Abstract: In recent years a lot of work has been done in the field of Deep Learning. With the launch of Industry 4.0, 
it is difficult for a company to stay relevant without implementing some sort of intelligent system. Big data, 
generated from a high variety of sensors, require elaborate systems which are able to distill useful information and 
make intelligent decisions. This paper presents a brief overview of Deep Learning techniques and provides some 
typical use cases from industry. Firstly, commonly used Deep Learning methods will be described, followed by a 
comparison between them. The significance of the Deep Learning techniques for Industry 4.0 is discussed further, 
and their application to problems in manufacturing. Finally, an overview of the current state- of-the-art object 
detection systems is presented, along with the future possibilities and potential development directions. 
Key words: deep learning, machine learning, manufacturing systems. 
 
Duboko učenje u industriji 4.0 - kratak pregled. Poslednjih godina je urađeno mnogo u oblasti “Dubokog 
učenja“. Sa lansiranjem Industrije 4.0, teško je da kompanija ostane relevantna bez implementacije neke vrste 
inteligentnog sistema. Veliki podaci, koji su generisani iz velikog broja senzora, zahtevaju razrađene sisteme koji 
mogu da filtriraju korisne informacije i donose inteligente odluke. U ovom radu predstavljen je kratak pregled o 
tehnikama “Dubokog učenja“i pruža neke tipične slučajeve upotrebe u industriji. Prvo, uopšteno se koriste metode 
dubokog učenja, nakon čega sledi poređenje između njih. Dalje se govori o značaju tehnika dubokog učenja za 
industriju 4.0, i njihovu primenu na probleme u proizvodnji. Na kraju, predstavljen je pregled trenutnih 
najsavremenijih sistema za detekciju objekata, zajedno sa budućim mogućnostima i potencijalnim pravcima razvoja. 
Ključne reči: dubinsko učenje, mašinsko učenje, proizvodni sistemi. 
 
1. INTRODUCTION 
 
 Our knowledge is expanding rapidly due to the large 
number of people involved in the research, and the fact 
that we are capable of an instant global communication. 
New findings give rise to the new technologies, which 
brings a lot of improvement potential to the current 
industries. It has only been several decades since the 
first industrial revolution, and we are already on the 
verge of the fourth. The core of Industry 4.0 can be 
characterised by the digitalization and integration of 
industrial manufacturing and logistics processes, and the 
use of the Internet and »smart« objects (machines and 
products). Physical and virtual worlds are merging via 
the Cyber-Physical Production Systems (CPPSs) that 
consist of online networks of social machines. The 
modern industry problems are growing in complexity, 
so there is a strong need for  implementation of the 
intelligent systems that are up to the task. The best 
results are achieved by the deep machine learning 
methods in a field of Artificial Intelligence (AI). In the 
last ten years, the leading branch of AI turned out to be 
Deep Learning. The main contribution that this paper 
gives is an overview of the most important Deep 
Learning methods that have a good predisposition to 
take industries along the lines of the 4th Industrial 
Revolution. Some methods and applications of Deep 
Learning for manufacturing were analysed in [1] by 
Wang J. et al., where they presented a survey of 
commonly used Deep Learning algorithms. The paper 

also depicts applications that enable turning 
manufacturing »smart«. Another related work was done 
by Fonseca L. M., and his article [2] provides an 
overview of the several industrial revolutions with 
emphasis on Industry 4.0. 
 
2. DEEP LEARNING METHODS 
 
 In this section, some of the most promising methods 
are presented, portraying reasons for their wide use in 
industry. The interest and new knowledge acquired in 
the field of Deep Learning is exploding, so we restrict 
ourselves, and focus only on the more prominent 
techniques of Deep Learning. The following methods 
will be discussed: Convolutional Neural Networks, 
Autoencoders, Recurrent Neural Networks, Deep 
Reinforcement Learning and Generative Adversarial 
Networks. 
 
2.1 Convolutional Neural Networks 
 The method that brought significant success to the 
topic of Deep Learning is called the Convolutional 
Neural Network (CNN or ConvNet), originally 
proposed by Yann LeCun et al. in 1998. Their paper [3] 
presents LeNet-5, a seven-layer CNN used for the 
recognition of handwritten digits from 32x32 pixel 
images (the structure can be seen in Figure 1). Since 
then, researchers have been building upon this 
architecture and started developing nets with higher 
structural complexity. 
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Fig. 1. Architecture of LeNet-5, a Convolutional Neural Network, for digits` recognition 

 
 An important milestone was achieved in 2012 as the 
team from Toronto (Alex Krizhevsky et al.) won the 
ImageNet Large Scale Visual Recognition Challenge 
(ILSVRC). The task was to classify the 15 million high-
resolution images into roughly 22,000 different 
categories. They developed a CNN with eight layers – 
five convolutional and three fully-connected (details in 
[4]). With the use of some clever techniques, such as 
training on multiple GPUs, neurons with Rectified 
Linear Units (ReLU) nonlinearity, dropout, data 
augmentation, etc., the AlexNet was able to train 
significantly faster, with enhanced generalization 
capability, consequently outperforming the competition. 
The achieved top-5 test error rate was 15.3%, compared 
to 26.2% attained by the second-best entry. In late 2015, 
Microsoft Research Asia developed ResNet, which won 
ILSVRC 2015 with an incredible error rate of 3.6%. 
Currently, 29 of 38 teams that competed in ISVRC 2017 
managed to get less than 5% wrong. Models with such 
adequate performance have a large potential to be the 
workhorses of Industry 4.0. Their significance lies in the 
tasks they are able to perform: 
 Semantic segmentation (classification of the pixels), 
 Classification and localization (determine what and 

where a single object is in the image – bounding 
box), 

 Object detection (classification and localization of 
multiple objects – bounding boxes), 

 Object detection with captioning (additional 
description of objects and their relations in the 
image is provided), 

 Instance segmentation (prediction of which region of 
pixels corresponds to each object instance - masks), 

 Human pose estimation (prediction of human joints` 
position). 

 
2.2 Autoencoders 
A neural network, designed to copy its input to its 
output is called an Autoencoder (AE). Generally, AEs 
are comprised of two parts; the encoder and decoder. 
The former attempts to abstract useful properties of the 
data, and the latter tries to reproduce the input as 
accurately as possible. But a network that simply learns 
to pass given input values to its output is not very 
useful. The purpose of Autoencoders is to extract 
representations of the data (i.e. learning correlations 
between input features). In order to achieve non-trivial 
training results of an Autoencoder, we have to 

implement some kind of information bottleneck to the 
network structure. The first approach is to constrain a 
number of the neurons in the hidden layers, as it is in 
undercomplete autoencoders [5]. Although the 
likelihood of feature extraction is now increased, there 
exists a new danger for the Autoencoder not having a 
sufficient capacity (i.e. an AE that performs a copying 
task without extracting salient features about the 
distribution of the data). The alternative method 
introduces the information limitation without requiring a 
reduction in the number of nodes in the hidden layer. 
Sparse Autoencoders penalise activations within a layer, 
so that given some input certain neurons do not activate. 
AEs will ideally be sensitive enough to recreate the 
original observation, but insensitive enough to the 
training data such that the model learns a generalisable 
encoding and decoding. The Denoising Autoencoder is 
an approach that utilises slight corruption of the input 
data to develop a more generalisable model. This 
method still maintains the uncorrupted data as a target 
output. Two noteworthy applications of Autoencoders 
are information retrieval and dimenstionality reduction 
tasks. Furthermore, Autoencoders can be applied to 
anomaly detection, image inpainting or data denoising 
(e.g. images, audio) problems. 
 
2.3 Recurrent Neural Networks 
 Traditional neural networks are unaware of their 
previous states, which is a vital drawback when dealing 
with time-dependent problems. Solving speech 
recognition, machine translation, image captioning, 
sentiment analysis, etc., requires an architecture that can 
make decisions based on the current input and the 
information from its previous states combined. This is a  
property of Recurrent Neural Networks (RNN). Their 
distinctive design modification is a loop that enables 
information flow from one step of the network to the 
next. The detailed principle of operation with helpful 
diagrams is presented in [6]. Unlike other networks, 
RNNs are capable of operating with variable-sized input 
and output vectors. Another characteristic of RNNs is 
the operation over a sequence of vectors over time and a 
non-fixed number of computations. We can interpret the 
structure of the RNN as multiple copies of the same 
network, each network passing a message to a 
successor. Figure 2 below demonstrates what happens if 
we unroll the loop. 
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Fig. 2. An unrolled structure of the RNN 

 
 The RNN can use a recent information to perform 
the present task, but, occasionally, a gap between the 
relevant information and the place that it is needed is 
large (i.e. cases where we require more context to 
execute a task). In such situations, RNNs become 
unable to connect the information. Long Short Term 
Memory networks (LSTM) are a special kind of RNNs, 
designed to avoid long-term dependency problems. 
 
2.4 Deep Reinforcement Learning 
 In March 2016 an algorithm competed against 
legendary Go player Mr. Lee Sedol, winner of 18 world 
titles and widely considered to be the greatest player of 
the past decade. With the 4-1 victory, AplhaGo [7] 
proofed the significance of the Deep Reinforcement 
Learning. The basic concept behind this method is the 
use of an agent in the environment who performs some 
action determined by his policy. Executed actions affect 
the environment, and the response is then observed by 
the agent, who finds himself in the new state. The 
success and failure of the agent's actions is measured by 
a reward (positive for good, negative for bad actions). 

Described interactions between an agent and the 
environment are running repeateadly during learning, 
which is represented by Figure 3. The purpose of 
Reinforcement Learning (RL) is to find the best strategy 
that maximises the reward. Let us consider some of the 
potential applications of the RL for Industry 4.0. The 
possibility for a machine to learn through its own 
experience was shown to be largely successful in 
Robotics. In [8], the robot arm (agent) was trained to 
perform real-world manipulation tasks (screwing a cap 
onto a bottle, inserting a specifically-shaped object 
through the cutout in a cube, placing a hanger on a  
stand, etc.), which require close coordination between 
vision and control. RL can also be used for optimization 
(supply chain, fleet logistics, product design, process 
planning, etc.), control (HVAC, autonomous vehicles, 
factory automation, machine tuning, wind turbine 
control, etc.), and monitoring (quality control, fault 
detection and isolation, predictive maintenance and 
inventory monitoring). 

 

 
Fig. 3. Reinforcement Learning principle 

 
2.5 Generative Adversarial Networks 
 An interesting Deep Learning method emerged as 
Ian Goodfellow et al. published their paper [9] in 2014. 
Generative Adversarial Networks (GANs) are 
comprised of two distinct networks – the generator and 
the discriminator. The generator produces new data 
instances, while the discriminator evaluates them for 
authenticity. Generator's ambition is to make passable 
data, which are indistinguishable from real data. The 
discriminator objective is to predict accurately which 
data are real (data from a training dataset) and which is 
fake (produced by the generator). Figure 4 provides a 
more comprehensive representation of the GANs. 

It comes as a no surprise that GANs are referred to as 
robot artists, considering the impressive output they are 
able to produce: 
 Image-to-image translation (e.g. applying Van Gogh 

style to real pictures; CycleGAN [10]), 
 Text to image synthesis (generating a set of images, 

fitting the description; StackGAN [11]), 
 Video generation (generating videos with scene 

dynamics [12]), 
 3D object generation (3DGAN; [13]), 
 Music generation (MidiNet; [14]), 
 Medical applications (tumour, anomaly detection; 

AnoGAN [15]). 
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Fig. 4. Generative Adversarial Networks 

 
3.  DEEP LEARNING APPLICATIONS IN 

MANUFACTURING SYSTEMS 
 
 Smart manufacturing envisions systems that provide 
us with insightful information about each of the steps of 
a product lifecycle. Deep Learning is being used in 
descriptive analytics for product quality inspection, 
diagnostic analytics for fault assessment, and predictive 
analytics for defect prognosis (discussed in [1], p8-9). 
The first aspect of the Deep Learning implementation in 
manufacturing can be viewed as a product quality 
control. Machine vision, connected with Deep Learning 
was shown to be effective for surface quality inspection 
[16]. It is used to detect anomalies, such as scratches, 
wears, dirties, discolouration, and burrs on textured or 
non-textured surfaces. Moreover, deep convolutional 
networks allow us to do an object detection, which can 
be applied to robot-assist tasks (e.g. a robot arm 
mounting a part on the CNC machine, robot object 
manipulation or sorting). Tasks for diagnostic analytics 
and fault assessment represent the second category, 
where the Deep Learning methods prove themselves 
necessary. In machinery, CNNs were used to evaluate 
defects in bearings, gearboxes, rotors, and wind 
generators. The planetary gearbox diagnosis was 
conducted with AEs and a five-layer deep neural 
network under various operating conditions [17]. What 
these examples show us is that the Deep Learning 
models outperform traditional Machine Learning 
techniques such as Support Vector Machine and 
backpropagation neural network, that have engineered 
features. The last area of Deep Learning applications is 
in the predictive analytics for defect prognosis, i.e. 
maintenance and service prediction. In [18], the long-
term prognosis of rolling bearing health status was done 
with RNN. A combination between the CNN and bi-
directional LSTM enabled prediction of machining tool 
wear. Vanilla LSTM provided good prediction accuracy 
in the remaining useful life estimation of an aircraft 
turbofan engine [19]. These and similar applications are 
crucial for manufacturing productivity growth and 
diminishing maintenance cost. 
 
4. CONCLUSION  
 
 The proclivity for an implementation of Deep 
Learning methods in modern manufacturing systems is 
quite unsurprising, considering their success at diverse 

tasks and the desired consequences that these techniques 
induce. With the use of Graphics Processing Units 
(GPUs) and advanced algoritms, we are capable of 
solving problems in a domain where computers were 
never deemed to be adequate. Computers can now solve 
visual tasks like image recognition – possibly even with 
higher accuracy than humans (according to Andrej 
Karpathy's results as he competed against ConvNet on 
ImageNet dataset [20]), natural language processing and 
translation, as well as other tasks intrinsic to humans. 
Not only are we teaching computers things that come 
easily to us, we are also training them to manage jobs 
where we fall short. Namely, making sense of the 
exceedingly large amount of gathered data (e.g. 
detecting and categorising patterns in the data provided 
by various sensors in the manufacturing facility), or 
predicting future states of the elaborate phenomena, like 
user demand of services and products. The applications 
discussed in Section 3 are the reason behind a 
significant improvement of all manufacturing aspects. 
Deep Learning is bringing benefits to the design phase, 
testing and evaluation, production, operation control, 
maintenance, and sustainment. One has to acknowledge 
the impact of Deep Learning on large systems, where 
even the slightest of improvements bears considerable 
profit gains. Today, in the hope of decreasing costs and 
losses, industry is making efforts to achieve a higher 
degree of automation and connecting machines into the 
web for real-time control and monitoring. Regardless of 
the scale, more companies will try to adopt Deep 
Learning techniques, as their rivals who have 
implemented the aforementioned methods thus far are 
making them obsolete. On the research side, we can 
expect a marginal progress in already established 
algorithms and the sprouting of new approaches. 
Alongside quality control and machine fault detection, 
Deep Learning has yet to play an important role in areas 
such as Robotics – machine vision applications, 
Agriculture, Civil Engineering, and managing the big 
data challenge. 
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Abstract: The paper deals with a narrow tolerances turning process. A statistical process control (SPC) on the 
existent machining process showed that the process was not stable and incapable. Before the machining process 
analysis a measurement system analysis (MSA) of the applied measuring system has been performed. In order to 
stabilize the process the machine tool linear axis calibration has been performed. The stability and capability of the 
machining process increased but the problem of the roundness was still present. The possible process parameters, 
which could affect the roundness, were examined with the design of the experiment methodology (DOE). The results 
showed that the clamping force has the largest effect. Therefor a new clamping fixture was suggested to eliminate 
the roundness problem. 
Key words: Roundness, MSA, SPC, DOE 
 
Optimizacija parametara obrade u cilju stabilizacije i unapređenja mogućnosti procesa struganja. Rad se bavi 
tačnošću pri obradi struganjem. Statistička procesna kontrola (SPC) u postojećem obradnom procesu pokazala je 
da je proces nestabilan i ograničen. Pre analize obradnog procesa izvršena je analiza korišćenog mernog sistema 
(MSA). U cilju stabilizacije procesa izvršena je kalibracija linearnih osa mašine alatke. Na taj način je povećana 
stabilnost i sposobnost procesa obrade, ali je problem ovalnosti i dalje bio prisutan. Projektovanom 
eksperimentalnom metodologijom (DOE) ispitani su mogući parametri obrade koji utiču na ovalnost. Rezultati 
pokazuju da sila stezanja ima najveći uticaj. Zbog toga je predložen novi stezni pribor radi eliminisaja problema 
ovalnosti. 
Ključne reči: Ovalnost, MSA, SPC, DOE 
 
1. INTRODUCTION 
 
 In today’s highly demanding markets the industrial 
organizations are under big pressure of competition and 
can only survive when high-quality products are 
produced. Manufacturers can achieve higher levels of 
quality by improving their manufacturing process 
and/or by product inspection where several different 
strategies are often available [1]. Each option has its 
own cost implications that must also be taken into 
account when the production cost are considered. Juran 
[2] was one of the first quality leaders who has 
connected quality control and assurance with costs, and 
includes all the costs that would appear if defects were 
produced. These quality-related costs are classified into 
prevention costs, appraisal costs, and failure costs. 
In real production these costs are usually not clearly 
understood. These costs of quality often disappear as 
the costs of testing, the general developments costs, or 
the operating expenses, etc. which is misleading. 
Several studies present and evaluate the impact of 
quality management activities using cost of quality as a 
metric [3, 4] or by modeling [5, 6].  
 In our study cost related to the product inspection 
would like to be reduced by improving the 
manufacturing process. The product under 
consideration is die-casted part of the gearbox housing. 
Machined surfaces, where bearings are fixed, have 
narrow tolerances of 20 µm. The production batch is 
more than 500.000 pieces. 100 % dimensional control 

of the machined parts is performed at the measurement 
station, which requires a high level of control over the 
processing process and, consequently, the loss of time. 
 
1.1  Problem statement - machining process 

instability 
A problem occurs during the machining process in 

real production, because the machine tool, i.e. CNC 
lathe does not provide sufficient stability in terms of 
keeping the produced parts within the tolerance range. 
When the CNC lathe is in regular operation, the 
dimensions are either within the tolerance range or are 
moved against the tolerance limits. The problem also 
occurs when the machine tool is stopped (unexpected 
stop, cleaning, lunch break ...), and consequently 
cooled down. After the restarting of machine tool, the 
dimensions deviate considerably; thereby the produced 
parts are unaccepted. Because of this, 100 % 
dimensional control and on-line cutting tools offsets 
correction are necessary. This results in time and cost 
losses.  

The aim of the presented work is to analyse the 
problem of dimensional deviations of produced parts. 
With the use of different quality management tools, the 
stabilization and the capability improvement of turning 
is expected. 
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2. MACHINING PROCEDURE AND QUALITY 
 CONTROL 
 
 The produced part is bearing housing made of Al 
alloy with 5 key diameters (Fig. 1). They are 
manufactured in a tolerance range from 20 to 40 µm. 
The dimensions of all five holes are 100% controlled at 
a special measurement station. The other dimensions 
have a wider tolerance range, so there is no need for 
100% control, and they are checked only twice a day. 
 

Φ65±0,04

Φ64,3±0,02

Φ72±0,02

Φ88h6

Φ88e6

 
Fig. 1. Cross section of the bearing housing [7] 
 
2.1  Machining procedure  

The product is manufactured with longitudinal 
internal and external turning on 4-axis (X, Y, Z and C) 
CNC lathe with sub-spindle. Poly-crystalline diamond 
(PCD) cutting inserts are used because their wear is 
negligible when machining Al alloys. The negligible 
wear consider as wear, which does not represent an 
influential factor on the stability of the processes. The 
used cutting parameters are presented in the table 
below. 
 
Diameter [mm] Cutting insert fn [mm/rev] ap [mm]
64.3 DCMW 11T304 0.08 0.37 
65 DCMW 11T304 0.08 0.37 
72 DCMW 11T304 0.08 0.37 
88e6 CCGW11T308 0.12 0.37 
88h6 CCGW11T308 0.12 0.37 
Table 1. Cutting parameters. 
 

The clamping of the workpiece is carried out 
automatically with a robot. The workpiece is placed in 
a clamping device with three supporting points (Fig. 2), 
which form a plane perpendicular to the longitudinal 
(Z) axis of turning. 
 

 
Fig. 2. Three point clamping device. [7] 

2.2 Quality control 
In the mass production, it is important that the 

machining process runs smoothly without stops. At the 
end of the production process the prescribed 
dimensional tolerances and surface roughness have to 
be achieved. The stability of the machining process is 
monitored by measuring the dimensions of the 
workpiece on the special measuring system (Fig. 3), 
which is located next to the machining centre. 
 

 
Fig. 3. Measurement system for ϕ64.3 mm [7] 
 
3. OVERVIEW OF THE CURRENT STATE OF  
 THE PRODUCTION PROCESS 
 

An overview of the existing situation is an important 
step that gives us a feedback on the quality of the 
production process. In our case the production process 
consist of the machining and the measuring process. If 
we realize that the quality of produced parts is not 
adequate, three characteristic states of the production 
process occur: 

1. The part is acceptable, but the measurement 
system does not show exact result, thus the product is 
detected as unacceptable. 

2. The machining process is inadequate, which 
results in an unacceptable product. 

3. The measurement process and the machining 
process are inadequate.  

Therefore, the measuring and machining process 
have to be analysed to establish the current state of the 
production process. 
The measuring process is analysed with the use of 
Measurement System Analysis (MSA) method, while 
SPC (Statistical Process Control) and DOE (Design of 
experiment) methods are used to analyse the machining 
process. 
 
3.1 Measurement System Analysis (MSA) 

MSA is a set tool used to evaluate the statistical 
properties of the process measurement systems. The 
purpose of MSA is to statistically verify that current 
measurement systems provide: 

 Representative values of the characteristic 
being measured, 

 Unbiased results, 
 Minimal variability. 
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The following parameters have been used for MSA 
analyze: 

 3 operators, 
 10 samples, 
 3 measurements for each sample. 

The result of MSA method is the calculated percentage 
of process variation (%GRR). If the %GRR is: 

 < 10% - The measurement system is 
acceptable. 

 Between 10% and 30% - The measurement 
system is acceptable depending on the 
application, the cost of the measurement 
device, cost of repair, or other factors. 

  > 30% - The measurement system is not 
acceptable and should be improved [8].  

The gage R&R study has been made on all 5 machined 
diameters, which are 100% measured. The measuring 
procedure consist of next steps: 

 Calibration of the measuring device. 
 First operator measures ten samples, which are 

marked with numbers from one to ten. 
 Second operator measures ten samples. 
 Third operator measures ten samples. 

 
 This steps has been repeated two times. In this 
way, every operator measured ten samples three times. 
Before each operator start with the measurement, the 
measuring device has been calibrated. Based on the 
measured results, the percentage of process variation is 
calculated for each machined diameters. Fig. 4 
illustrates the results of Gage R&R study for diameter 
ϕ64.3 mm. 
 

Percentage of process variation

 
Fig. 4. Results of Gage R&R study for diameter ϕ64.3 

mm. [7] 
 

The calculated process variation for diameter ϕ64.3 
mm is 18.3%. The measurement system is 
conditionally acceptable. 

The same procedure has been used to calculate the 
measurement process variation for all other diameters. 
Fig. 5 present the overall result of Gage R&R study for 
all diameters. 
 

 
Fig. 5. Results of Gage R&R study for all diameters [7] 
 

The Gage R&R study showed that the measuring 
process is acceptable and capable for preforming 
accurate measurement (Fig. 5, all the results of %GRR 
are below 30%).  

From the results of Gage R&R study it can be 
concluded, that the causes of the instability of the 
production process must be found in the machining 
process. To find the cause of instability, the current 
state of the machining process should be analysed. 
 
3.2 Analysis of the capability of the machining 

process 
After analysing the measurement system used for 

the control of machined parts, and found to be 
appropriate, the ability of the machining process was 
analyzed. SPC is a method that determines the ability 
and stability of the machining process based on the 
obtained data. The method provides feedback on the 
past and current state of the process. Based on the 
current state we can predict how the process will 
behave in the future. In this way we can prevent the 
destabilisation of the process, which leads to the 
production of unaccepted products and consequently 
increased costs.  

After the measurements have been taken, the SPC 
analysis has been carried out with the use of Minitab 
program. The analysis has been performed on all 
diameters of the workpiece, which are 100% controlled 
in a regular production process. 

The upper graph (Fig. 6) shows the X-chart 
(Avarage), that present the course of dimensional 
measurements. The upper and lower control limits are 
printed on the graph. If the measure is above or below 
the control limit, the measurement is colored red. From 
the X chart, we can determine whether the product is 
within tolerance limits or predict when the product will 
no longer be good. 
The lower graph (Fig. 6) shows the R-chart (Range). 
The R- chart tells you whether the variation of the 
product's properties has been maintained within 
acceptable limits. The lower control limit is always 
zero because the range between two measurements is 
viewed with an absolute value.  
The process was stable up to 40th produced part (Fig. 6, 
X- chart). It was not within the control limits, but it was 
within tolerance. If the process is stable and is not 
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within the control limits, it means that there was a 
mistake on the start of the process. 
 

 
Fig. 6. X – R chart of measurements for diameter ϕ64.3 

mm. 
 
Possible mistakes are: 

 the machine tool has not been warmed up to 
the operating temperature or 

 the initially produced parts has not been 
measured and consequently the cutting tool 
offsets corrections has not been performed. 

From the X-chart (Fig. 6 above), it is apparent that a 
small correction of the cutting tool offset (few 
micrometres), would have resulted that the 
measurements would be within the control limits. After 
40th part produced, however, it is visible that the 
measurement has slid to the upper control limit and 
across. 
From the R-chart (Fig. 6 below), it is evident that the 
measurements did not fluctuate significantly. Just some 
measurements range are out of the control limits. 

The process capability histogram for a diameter of 
ϕ64.3 mm is presented in Fig. 7. A large dispersion of 
measurements around the mean value is evident.  
 

64,27264,26964,26664,26364,26064,25764,254

STM Srednja vrednost ZTM

Process 
characteristics

Trial Number: 101

Average: 64,264 mm

St. dev.: 0,00445
mm

Process capability

Cpk: 0,69

Process capability

 
Fig. 7. Process capability analysis for a diameter of 

ϕ64.3 mm. 
 
The average of the measurements does not differ 
significantly from the desired mean value, but their 
distribution around the average value is poor, which 
result in standard deviation of 4.4 µm. The actual 
process capability index Cpk for diameter of ϕ64.3 mm 
is 0.69, is not acceptable (it should be at least 1.3).The 

same procedure has been used to calculate the Cpk of all 
other diameters. The results are given in Table 2. 
 

Diameter 
[mm] 

Average 
[mm] 

σ  
[mm] 

Cpk 

ϕ64.3 64.264 0.0044 0.69 
ϕ65 65.018 0.0046 1.33 
ϕ72 71.95 0.0040 0.73 
ϕ88e6 87.914 0.0043 0.64 
ϕ88h6 87.986 0.0049 0.55 

Table 2. Results of the SPC analysis for all diameters. 
 
The table 2 shows that the existing situation is 
unacceptable. The process capability index Cpk are in 
all cases lover then 0.73 except in the case diameter 
ϕ65 mm (Cpk = 1.33). However, this diameter is not 
relevant for observing the process's capability due to 
the width of the tolerance. This means that such 
manufacturing process would produce more than 
35.000 unaccepted pieces in a series of million. The 
machining process needs to be improved. 
 
3.3 Machine tool positional accuracy measurement 

and calibration 
To increase the accuracy of the machined parts, the 
positional accuracy and repeatability of the used 
machine tool has been analysed. The measurements of 
the linear X-axis has been performed with the Renishaw 
ML10 Gold laser interferometer system. With a high 
accuracy of a single-frequency laser source containing 
beam stabilization electronics, interpolation and 
counting of interferential lines, the size of errors can be 
measured with a nanometer resolution. With the use of 
EC10 compensation device, the system ensures the 
linear displacement accuracy of 0.7 μm/m. The 
compensation device measure and compensate the 
environmental effects (air and material temperature, 
relative humidity and air pressure) [7, 9]. 
 

1 dm
ML10 laser 
interferometer

Stationary
interferometer 

Moving
reflector

 
Fig. 8. Positional accuracy measurement setup. 
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For the positional accuracy measurement, the optics 
were positioned as follows (see Fig. 8):  
 The stationary interferometer was placed on the 

main spindle while the moving reflector on the 
machine turret. 

 The reflector was moved with a certain step along 
X-axis.  

 
The results of current state of the machine tool 
positional accuracy measurement are presented in Fig. 
9. 
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Fig. 9. Current state of X axis positional accuracy and 

repeatability. 
 
The results illustrated in Fig. 9 are showing a large 
deviation of approx. 20 µm in the range of -80 mm to -
180 mm (X machine coordinate), which is exactly in 
the range of the maximum error of the machined parts. 
Based on the measurement results, the compensations 
are calculated and entered into the machine tool 
controller. After the calibration of X-axis, the positional 
accuracy and repeatability significantly increase. The 
results are presented in Fig. 10. 
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Fig. 10. X axis positional accuracy and repeatability 

after calibration. 
 

From the presented results shown in Fig. 9 and Fig. 
10, it is evident that the position accuracy of the 
machine tool in the X-axis has been improved from the 
initial 25 µm to 9 µm. The repeatability was approx. 3 
µm. 
 
3.4 Analysis of the capability of the machining 

process after machine tool calibration 
After verifying the accuracy of the machine tool and 

subsequent calibration of it, the SPC analysis has been 
performed again. The Cpk of the machined process has 
been calculated from 101 workpiece diameter 

measurements. Fig. 11 present the X – R chart of 
measurements for diameter of ϕ64.3 mm. From the X – 
R chart (Fig. 11) and the process capability histogram 
(Fig. 12) can be seen, that the stability of the process 
after the calibration of the machine tool has been 
improved. Few measurements are still outside the 
control limits, but the number of it in comparison with 
the initial state (Fig. 6) is negligible.  
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Fig. 11.  X – R chart of measurements for diameter 

ϕ64.3 mm after machine tool calibration. 
 
From the results, presented in the histogram in Fig. 12 a 
good dispersion of measurements is evident, but a shift 
in the mean value is noticed. Also the standard 
deviation of 2.4 µm is smaller than before the machine 
tool calibration (Fig. 7). 
As a result, the Cpk index for diameter of ϕ64.3 mm 
increased to 0.74. From Table 2 and Table 3 it is clear, 
that the Cpk index increased for approx. 20% for all 
diameters (except for ϕ88h6). The capability of the 
process significantly improved at ϕ65 mm and ϕ72mm 
(Cpk>1,3). For all other diameters, the Cpk index has not 
improved sufficiently (Cpk<1,3).  
 

Process capability
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Fig. 12.  Process capability analysis for a diameter of 

ϕ64.3 mm after machine tool calibration. 
 
For the diameters ϕ88h6, the Cpk index is lower than on 
the initial state (Table 2). The result is not expected, 
probably there was an error in performing the 
measurements. 
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Diameter 

[mm] 
Average 

[mm] 
σ  

[mm] 
Cpk 

ϕ64.3 64.260 0.0024 0.74 
ϕ65 65.012 0.0024 1.63 
ϕ72 71.952 0.0014 2.18 
ϕ88e6 87.919 0.0038 0.81 
ϕ88h6 87.982 0.0037 0.34 

Table 3. Results of the SPC analysis for all diameters 
after machine tool calibration 

 
As a conclusion, the stability of the machining process 
after machine tool calibration is more stable, but the 
problem of some diameter roundness deviation persist. 
To analyze the influence of machining parameters on 
the roundness deviation, DOE analyse has been 
performed and is presented in next chapter. 
 
3.5 DOE - Optimization of process parameters 

The aim of DOE analyze is to determine the 
influence of process parameters on the roundness of 
machined diameters. Based on the influence of process 
parameters, the optimization was performed for 
minimal roundness deviation. The investigated process 
parameters were: 

 Feed rate [fn], 
 Depth of cut [ap], 
 Clamping force [Fvp]. 

 
Preliminary experiments has been carried out in 

order to prove the maximum and minimum values of 
the input parameters (Table 4).  
 

Level fn [mm/vrt] ap [mm] Fvp [kN] 
-1 0.05 0.06 3 
0 0.12 0.371 7.5 
1 0.19 0.681 12 

Table 4. Machining and clamping parameters 
 
The parameters ranges has been determined based on 
the cutting tool manufacturer and clamping system 
supplier specifications.  
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Fig. 13. The influence of the input (process) parameters 

on the machining roundness. 
 
 

 
For the design of experiments, the central composite 
design has been applied. The experiments were carried 
out and the regression model has been calculated based 
on ANOVA. Fig. 13 illustrates the influence of the 
input (process) parameters on the machining roundness 
deviation. It can be seen, that the major influential 
parameter is the clamping force Fvp, which affect the 
roundness deviation proportionally.  

In the step of the optimization, optimal input 
parameters for minimal roundness deviation were 
selected and confirmed with the confirmation test. 
Optimal setting parameters are: 

 Fvp = 3 kN, 
 ap = 0.06 mm, 
 fn = 0.12 mm/rev. 

 
The predicted roundness is 6.6 µm.  
For the confirmation test the roundness of ten parts has 
been measured. The results are presented in the table 
below. 
 
N 1 2 3 4 5 6 7 8 9 10 Avarage
Roundness [µm] 6 5 7 6 6 5 8 6 7 8 6.4 
Table 5. Confirmation test results. 
 
With the confirmatory test, we have proven that the 
regression model is appropriate because the proposed 
value of the response is within the confidence interval 
[6 - 6.7 µm]. 
 
4. CONCLUSIONS 

 
In this paper, an industrial case study of quality 

improvement of manufacturing process is presented. 
The problem of dimensional deviations of produced 
parts has been analysed. With the use of different 
quality management tools, the stabilization and 
improvement of the turning capability has been 
achieved. With the use of DOE, the influence of 
process parameters on the roundness deviation of 
machined diameters is analyzed. It was found, that the 
clamping force Fvp has the biggest impact on roundness 
of the machined parts.  
Furthermore, optimal input parameters for minimal 
roundness deviation have been defined. However, a 
new clamping device has to be designed to reduce the 
influence of clamping force on the roundness of the 
machined parts. 
The costs of such quality improvement were not 
calculated, but the reduction of quality costs and time 
for inspection is evident. No 100% quality control is 
needed anymore. Parts are now sampled twice a day 
and SPC for quality conformation is performed. Even 
more reductions are expiated with the new clamping 
device. 
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Abstract: In the paper numerical and experimental study for different cutting conditions according planning of 
experiment was carried out. Contribution was made during dry face milling process what contributes to 
sustainability of manufacturing processes. Cutting force components and parameters of tool wear versus time were 
pointed out. It was observed that cutting force components increase with time and/or tool wear. The relationships 
for cutting force components versus cutting depth, feed and tool wear parameters were expressed by regression 
analyse and artificial neural network.  
Key words: cutting force, tool wear, experimental dry study machining, neural network, regression analyse. 
 
Modeliranje zavisnosti sila rezanja i habanja alata pomoću veštačke inteligencije pri suvoj obradi. U radu je 
sprovedeno numeričko i eksperimentalno istraživanje za različite uslove rezanja prema planu eksperimenta. Dobit 
rada je prikazana tokom procesa suvog čeonog glodanja što doprinosi održivosti proizvodnih procesa. Istaknute su 
komponente sila rezanja i parametri habanja alata u odnosu na proteklo vreme obrade. Uočeno je da se 
komponente sila rezanja povećavaju sa vremenom odnosno habanjem alata. Odnosi komponenti sila rezanja sa 
dubinom rezanja, pomakom i parametarom habanja alata su obrađeni preko regresione analize odnosno veštačke 
neuronske mreže.  
Ključne reči: sile rezanja, habanje alata, eksperimentalna suva obrada, neuronska mreža, regresiona analiza. 
 
1. INTRODUCTION 
 
 Cutting fluids have a direct influence on the 
environment and in recent times are being questioned in 
the light of ecological and economic manufacture. The 
criterion of minimization of cutting fluids use makes it’s 
important; as range from 7 – 17 % of manufacturing 
costs can be attributed to the cutting fluids. 
Consequently, it is interesting for researches to develop 
sustainable manufacturing processes like dry machining 
[1, 2, 3]. 
 A dry cutting process must be designed to minimize 
the amount of heat flowing into the workpiece. This 
may be achieved by minimizing the cutting forces and 
also by influencing the heat distribution. Cutting forces 
can be reduced by positive cutting-edge geometries. 
The introduction of dry machining necessitates 
measures to compensate for the primary functions of the 
fluid, cooling, lubricating, chip transport and adhesive 
interaction between tool and workpiece 4. 
 Tool wear is of great significance in manufacturing 
because it effects the quality of the components, tool life 
and machining costs. For this reason, many papers on 
tool wear can be recognise in literature. Many of them 
are mainly based on empirical models 5, experimental 
studies 6 and only few regards the simulation of tool 
wear 7. 
 The purpose of work [8] was to study the influence 
of the tool entering angle on the stability of the process 
and on tool life based on a time and frequency domain 
analysis of the cutting forces. 
 The work [9] utilizes the mechanistic modeling 
approach for predicting cutting forces and simulating 

the milling process of fiber-reinforced polymers. Model 
predictions were compared with experimental data and 
were found to be in good agreement. 
 This study develops a combined numerical and 
experimental approach based on response surface 
methodology suggested by authors 10. For 
experimental study, series of tests have been performed 
during concerning the case dry milling operation. 
 
2. CUTTING FORCE MODELLING 
 
 For cutting force components presentation of 
Kienzle-Victor relationship, which is based on unit 
cutting force k11 and is used very often: 

 11
1

i
C

i khbF i  
                                          (1) 

where b h  is chip cross section and i  1 2 3, ,  
 If tool wear taken in to consideration equation (1) is 
extended with parameter l which represent cutting 
length: 

 F b h k liw
C

i
Ciw il  1

111                               (2) 

where is unit cutting force determined for cutting length 
l = 1 m  

  k k b mm h mm l mi i111 1 1 1   , ,          (3) 

Constants Ciw   and Cil depend of work material and 
cutting conditions 11, 12.   
 For reasons of economy, tool life tests in a face and 
end milling operation are often made with single tooth 
cutters. It is possible to use the results of these tests for 
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multi-tool cutters if the radial and axial throw is very 
small (  0,002 mm). This is valid for cutting force and 
tool wear. According to this, in the paper experiments 
were made with single tooth cutter. Cutting tests 
demonstrate that the predictive model of the cutting force 
components has good correlation to the cutting conditions 
and actual tool flank wear. 
 In the mathematical model was taken width of flank 
wear land VB as the most important tool wear 
parameter which is the easiest to measure. 
In the paper the artificial neural network and 3 factorial 
experimental design for cutting force relationships 
determination was used. Based on the investigation 
cutting force is a function of cutting conditions and 
cutting time: 

  F f s a ti z 1( , , )                                                  (4)  

 Any of tool wear parameter is function of cutting 
conditions and cutting time 

 W f s a ti z 2 ( , )                                                  (5) 

 When form equation (4) cutting time is put in 
equation (5) relationships for cutting force components 
versus cutting conditions and chosen parameter of tool 
wear can be predicted 

  F f s a Wi z i 3( , , )                                             (6) 

 In the paper relationships for cutting force 
components were predicted in the form: 

  F C s a VBi i z
x y zi i i                                      (7) 

 Face milling process particularity like multi tooth 
that simultaneously cutting and difference in chip cross 
section that one tooth cut influenced development of 

variety of models for cutting force calculation. Variation 
in chip cross section gives difference in intensity of 
cutting forces and thermal load of single tooth. 
 
3. EXPERIMENTAL APPROACH 
 
 For measurement of cutting force components, tool 
wear parameters, measuring were arranged. Cutting 
forces were sensed using the Kistler 3-axes piezoelectric 
force dynamometer (type 9257A). The dynamometer 
signals are then processed to make them suitable for 
computer capture. This is achieved via charge amplifier 
and an analogue to digital (A/D) converter. The output 
electric charges (in pC) delivered from the measuring 
platform are converted by Kistler multi-channel charge 
amplifier (type 5001) into proportional voltages. 
Simultaneously, data acquisition and A/D conversion 
depend on ED 428 card. The ED 428 multifunction 
board can be used for analogue input, analogue output, 
and digital input/output and counting applications. It has 
16 single-ended or 8 differential analogue input 
channels and provides analogue input gains of 1, 10 or 
100. The board has jumper-selectable input ranges of 
±5V, ±10V, 0-5V and 0-10V. Measurement was 
supported by computer and adequate software. 
 Work material was steel C 1730 (AISI 1060). The 
bar of this steel (100 x 120 x 600 mm3) was fixed on 
two Kistler piezoelectric platforms for measuring 
cutting force components in three directions as it is 
shown in Fig. 1. Cutting tests were performed on a 14-
kW vertical milling machine without coolant. A face 
milling cutter of 125 mm diameter, with the cemented 
carbide P 25 inserts SPAN 12 03 ER with 8-th tooth 
positions was used, but cutting tests were performed 
with a single tooth.  

 

 
Fig. 1 Experimental arrangement 

 
The cutting tool wear parameters were measured on a 
tool microscope when cutting was interrupted. The 
measured values of cutting forces and tool wear 

parameters were finally stored and processed by the PC. 
All functional relationships and graphs were made 
processing the data by appropriate software. 
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 The experiment was carried out for different 
combinations of feed (sz) per tooth, depth of cut (a) and 
width od flank wear land WB, according to the 3-
factorial planning of experiment [10] and artificial 
neural network methodology [13]. The width of cut was 
B=100 mm and with central position of cutting tool 
refer to the workpiece. 
 
3.1 Neural network methodology 
 The basic architecture of  a Neural Network 
typically  consists of an input function, which can take 
the form  of binary, continuous or normalized data: a 
processing  architecture which consis t of transfer 
function description, summation function, and relative 
learning strategy: a method for identifying and learning 
from past errors in estimates: and finally a mechanism 
for feeding error corrections back into the network [14]. 
Figure 2 shows the schedule of data that is used for 
network training, validation or test data. 
 

 
Fig. 2. Percentage distribution of data in the creation of 

a neural network 
 

 A two-layer feed-forward network with sigmoid 
hidden neurons and linear output neurons (fitnet), can fit 
multi-dimensional mapping problems arbitrarily well, 
given consistent data and enough neurons in its hidden 
layer.  
 The network are trained with Levenberg-Marquardt 
backpropagation algorithm (trainlm), unless there is not 
enough memory, in which case scaled conjugate 

gradient backpropagation (trainscg) will be used.  
 Elected as Levenberg-Marquardt, back propagation 
networks. This algorithm typically requires more memory 
but less time. Training automatically stops when 
generalization stops improving, as indicated by an increase 
in the mean square error of the validation samples. 
 The architecture of the de signed network comprises 
three inputs parameter and three output parameter at a 
time, and a single hidden layer of six neurons. With the 
help of back propagation training data set (Input 
parameter related to output parameters) is set to utilize 
to train the neural network. Three input parameter and 
three output parameter are considered. The selected 
input parameters should be easily variable and can be 
easily changed by the operator, Figure 3. 
 

 
Fig. 3. The window created by a neural network 
 
4.  EXPERIMENTAL RESULTS AND 

DISCUSSION 
 
 The results of the experimental investigation are 
presented in a graphical form. In Fig. 4 to 6  cutting 
force components Fx, Fy and Fz width of flank wear 

land VB, depth of crater wear KT and width of crater 
KB versus cutting time, for selected cutting conditions 
are presented. 
 Cutting forces components in investigated range 
change due to varying cutting conditions and on-going 
wear of cutting tool. From the graphs can be seen that 
cutting force components increase versus the cutting 
time and/or tool wear and this time progress is similar 
like tool wear curves. 
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Fig. 4. Cutting force components and parameters of tool wear versus time 
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Fig. 5. Cutting force components and parameters of tool wear versus time 
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Fig. 6. Cutting force components and parameters of tool wear versus time 

 
 The time progression of the investigated cutting 
force components can be divided into three distinctive 
stages. The first is initial stage during which a very 
rapid increase occurs. The second or normal stage 
occurs generally vary at a constant tool wear rate. The 
final stage of time progression often happens rapidly 
with a greater possibility of tool failure 
 The effect of feed per tooth can be seen in Fig. 7. It 
can be noticed that when feed increases, tool life 
decreases until cutting force components increase. 
 The effect of the depth of cut can be seen in Fig. 8. 
When the depth of cut during cutting increase cutting 
force components significantly increase. 
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Fig. 7. Cutting forces versus feed per tooth 
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Fig. 8. Cutting forces versus depth of cut 
 
 The effect of width of flank wear land on 
components of cutting force is visible on Figure 9. The 
effect of width of crater wear on components of cutting 
force is visible on Figure 10. The effect of width of 
crater depth wear on components of cutting force is 
visible on Figure 11. 
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Fig. 9. Cutting forces versus width of flank wear land  
 
 In Table 1. for different cutting conditions (constant 
cutting speed v=2.95 m/sec) according factorial 
experimental plan and the cutting force components 
(measured and estimated values and NN), and width of 
flank wear land are shown. 
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Fig. 10. Cutting forces versus width of crater 
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Fig. 11. Cutting forces versus crater depth 
 
 In Table 2. constants in cutting force components 
models with feed, depth of cut and width of flank wear 
land VB are shown. 
 

Fi = C sx ay VBz      (10) 
 C x y z 

Fx 2701.77 0.735 0.847 0.182 
Fy 1923.20 0.616 0.870 0.208 
Fz 1511.56 0.442 0.340 0.509 

Table 2. Constants in cutting force models with speed, 
depth of cut and VB  

 

Measured, N Estimated, N Neural network, N 
No. 

Feed 
s 

mm/tool 

Depth 
a 

mm 

Wear 
VB 
mm Fx F y F z Fx F y F z Fx F y F z 

1 0.142 1.5 0.18 685 590 290 664 575 305 691.4 585.9 291.8 
2 0.351 1.5 0.18 1370 1080 430 1291 1003 456 1387.7 1065.7 440.2 
3 0.223 0.67 0.18 490 370 240 467 376 284 378.7 392.8 326.6 
4 0.223 3.37 0.18 1890 1440 460 1837 1535 492 1895.5 1484.9 478.8 
5 0.223 1.5 0.08 820 650 260 798 540 247 739.6 577.4 268.6 
6 0.223 1.5 0.40 1070 880 600 1069 897 561 1075.3 877.0 604.1 
7 0.223 1.5 0.18 920 760 350 925 760 373 928.3 756.5 349.1 
8 0.145 1.55 0.185 730 630 300 664 575 305 699.6 574.5 296.7 
9 0.355 1.55 0.185 1380 1050 450 1291 1003 456 1393.3 1042.1 446.7 

10 0.228 0.69 0.185 475 340 300 467 376 284 409.2 413.0 327.5 
11 0.228 3.3 0.185 1900 1450 470 1837 1535 492 1900.4 1449.9 470.7 
12 0.228 1.55 0.085 800 640 280 798 540 247 812.7 642.5 279.9 
13 0.228 1.55 0.405 1100 925 625 1069 897 561 1104.5 926.1 621.1 
14 0.228 1.55 0.185 930 750 335 925 760 373 1010.9 817.8 372.0 

Table 1. Cutting conditions, width of flank wear land and cutting forces measured and estimated and NN model 
values
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 The sensors for adaptive control of milling process 
can be developed based on these relationships’ 
equations (8), (9) what agree with 1, 8. 
 The regression plot of the ANN for cutting force is 
shown  in  figure 12. The  regression  plots display the 
network outputs with respect to targets for training. 
From this plot, the value of the regression coefficient is 
found to be more than 99.9% which strongly  justifies  
the acceptability in the prediction capability of the 
models. In case of the dry ANN model, the regression 
coefficient has a higher value; hence, it can be 
concluded that this model is accurate.   
Figure 12 shows graphic coefficients of regression for 
training, test and validation data. 
 

 
Fig. 12.  Coefficient of Regression (plotregression) 
 
5. CONCLUSIONS  
 
 Based on upper presented next conclusion can be 
drown: 
 Time progression of the cutting force components is 

similar to the time progression of tool wear. 
 Strong correlation relationships for the cutting force 

components versus cutting conditions and the width 
of flank wear land VB are determined during dry 
milling. 

 Investigated cutting force components relationships 
can be used for indirect tool wear monitoring. 
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RULE BASED PROCESS SELECTION OF MILLING PROCESSES BASED ON GD&T 

REQUIREMENTS  
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Abstract: The IMPlanner is an ongoing CAPP software project that enables rapid and detailed process selection of 
manufacturing processes based on specific details of CAD models such as GD&T requirements and feature 
recognition. A mapping of the different manufacturing routes possible for a given CAD design are outputted by the 
software, electing the optimal solution. Previously this software focused mainly on hole making operations however, 
further research has enabled its expansion towards milling operations. 
Key words: CAPP, Process Planning, Milling Sequence 
 
Pravila za izbor tehnoloških procesa obrade glodanjem baziranih na GD&Т zahtevima. IMPlanner je aktuelni 
CAPP softver koji omogućava brz i detaljan izbor tehnoloških procesa obrade na bazi specifičnih detalja CAD 
modela kao što su GD&T zahtevi, kao i na bazi prepoznavanja tipskih oblika. Softver na izlazu daje različite 
mapirane strategije obrade koje su moguće za dati CAD model uz izbor optimalnog rešenja. Prethodno je ovaj 
softver bio fokusiran uglavnom na operacije izrade rupa, ali su dalja istraživanja omogućila njegovo proširenje na 
operacije glodanja. 
Ključne reči: CAPP, Tehnološki procesi, zahvat glodanja  
 
1. INTRODUCTION 
 
 Process planning is fundamental to ensure an 
optimize relation between design and manufacturing 
[1]. By implementing CAPP (Computer Aided Process 
Planning) tools, the translation of design features and 
tolerances in to manufacturing processes are no longer 
dependent of work-force knowledge. A CAPP tool is 
capable of extracting all of the necessary knowledge 
from a CAD (Computer Aided Design) design file and 
allocate the necessary sequence of processes, tools and 
machines capable of producing such product. The 
knowledge base and rules with which the CAPP tool 
functions is the key for an improved result [2]. In this 
work, the expansion of the IMPlanner CAPP software 
into the field of milling operations is addressed. Section 
2 contains a review of previous work developed, 3 
explains modules developed in the software, section 4 
presents case studies and section 5 concludes the paper. 
 
2. PREVIOUS WORK 
 
 CAPP tools have been a highly researched topic for 
a few decades now, having been studied through varied 
methodological approaches as can be seen in [1]. 
Knowledge based systems are the foundation for the 
work here developed and a thorough review of these 
systems can be read in [3]. More recently CAPP 
systems are being devised to aid as virtual 
manufacturing tools [4], distributed process planners [5]  
and  integration tools [6]. Process selection is an 
important task of process planning as it ensures which 
process and tools are capable of producing a given 
feature while meeting design specifications. Usually 
during process selection a series of alternative processes 

and manufacturing paths are evaluated to determine 
which are more capable of achieving the desired 
objectives, such as production speed, cost, accuracy, 
among others [3]. For a CAPP tool, the process 
selection segment will verify which equipment/tool set 
is capable of producing a given feature regarding 
geometrical and/or dimensional tolerances, or if needed 
which series of process are needed to obtain the desired 
result. Simultaneously, CAPP tools are also able to 
estimate production time and cost for each 
manufacturing step. 
 When performing process selection tasks, regarding 
a certain process or machine shop, it is necessary to 
consider three existing levels of knowledge: universal, 
shop and machine level knowledge [7]. As indicated by 
the name, universal knowledge does not address the 
specifics of a process, is usually encountered in 
handbooks and is only used when details of a process 
are unknown. Shop level knowledge is drawn upon the 
specifications of equipment and tools to predict process 
outcome. Machine level knowledge considers the 
capabilities of a specific equipment, such as achievable 
tolerance, based on on-site experience, e.g. on collected 
data via statistical process control, allowing to quantify 
the exact capability of an equipment. When equipped 
with these levels of knowledge in a data base, it is 
possible to create an accurate and reliable process 
selection and planning. Even thought this paper will 
only address universal knowledge, the robustness of the 
model developed can be easily adapted to any type of 
knowledge base.  
 Extensive work has been developed regarding 
process planning of hole making operations by authors 
in [8], [9] and [10] however, milling operations are still 
lacking research depth due to higher variation of process 
equipment, tools and feature geometries.  
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3. METHODOLOGY  
 
3.1 IMPlanner Software  
 The IMPlanner CAPP tool is an ongoing software 
project under development at Ohio University [11] that 
aims to allow the end user to generate alternate, precise 
and detailed manufacturing process selection, 
sequencing and scheduling plans, using CAD design 
files as a starting point. This is achieved due to the 
different modules encoded in the IMPlanner software 
than can convert design features into manufacturing 
steps and attribute them to specific manufacturing 
process. A few examples of some important modules in 
the IMPlanner tool are: the process plan object module 
which encompasses all of the information relative to 
manufacturing processes, their hierarchy and 
propertiesof materials, cutting tools, equipment etc.; the 
rule-based process selection module (RBPS) that detains 
the knowledge regarding capabilities of a given process, 
reasoning against GD&T information such as feature 
dimension, tolerances and their relation; the feature 
mapping module which captures design information 
from the CAD model. Process precedence is also 
evaluated in order to ensure the correct order of 
manufacturing processes and steps. The overview of the 
IMPlanner architecture can be seen in Fig. 1. 
 

 
Fig. 1. IMPlanner CAPP tool architecture. 
 
3.2 Rule-based Process Selection Module 
 The RBPS module selects the appropriate 
manufacturing processes for the feature requirements 
captured from the CAD file by the feature mapping 
module, as well as testing for machine and tool 
availability (rules are essentially If-Then statements  
coded in Jess (Java Expert System Shell)) [12]. Rules 
can be grouped into the following areas of action [13]: 

1. Process selection rules to decide which 
processes are compatible with captured 
features and specifications; 

2. Precedence rules for the relation between 
features, tolerances and quality, returning for 
instances, the order of processes to 
manufacture a single or set of features or the 
machining operations needed; 

3. Machine and tool selecting rules;  
4. Resting face selection rules for machining 

operations; 
Rules can be separated into two major groups: specific 

rules and general rules. Specific rules encompass the 
necessary knowledge for process selection and are 
reasoned based on a two-way or multi-way relations 
between design features, manufacturing operations, 
machines and machine tools. These set of relations can 
be seen in Fig. 2. Following this diagram, features have 
a two-way relation with manufacturing operations, 
meaning that reasoning must be done between the shape 
of the desired feature to produce and the manufacturing 
operations capable of producing it (e.g. a face mill 
produces a flat face perpendicular to the rotating axis of 
the tool). Manufacturing operations has a multi-way 
relation between process tools and machines 
simultaneously, showing that to execute a given 
operation it is necessary to have the correct tool and 
machine for the job. Lastly, there is a two-way relation 
between tools and machines to ensure cross 
compatibility between these knowledge bases. 
 

 
Fig. 2. Relation tree between knowledge branches. 
 
Generic rules are used when knowledge base is 
separated from the inference mechanism, so that the 
same set of rules may be used with different knowledge 
bases. The generic set of rules have been implemented 
in the earlier work on IMPlanenr development as 
reported in [13]. Those generic rules have been used in 
the developing milling capability knowledge base as 
described in this paper. 
 
3.3 Milling Capabilities  

Milling is a machining process that uses cutting 
tools to remove material from a raw block or a pre-
formed shape to achieve a desired final geometry. 
Material removal is achieved via the engagement 
between the surface of the part and a rotating multiple-
tooth cutting tool, originating small chips due to the 
interrupting cutting action of the tool teeth [14]. Milling 
techniques can be distinguished according to the tool’s 
axis position relative to the work piece. Some examples 
are: 
 Peripheral milling – performs machining via the 

cutting edges located on the periphery of the cutting 
tool, in a horizontal position relative to the work 
piece (tool rotation axis is parallel to work piece 
plane). Depending on the tool orientation relative to 
the feed direction, the cutting action can be classified 
as upward milling or downward milling [15]; 

 Face milling – has a tool rotation axis perpendicular 
to the plane of the part being machined. The part is 
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machined by the cutting edges located on the 
periphery of the cutting tool.  

 End milling – is similar to face milling with the 
same tool orientation however, the tools have cutting 
edges both on the end and periphery of the tool, 
being able to generate two machined faces 
simultaneously (such as a pocket or a shoulder 
profiles). 

Due to the variability that exists in manufacturing, 
tolerances are set to establish limits/boundaries on the 
degree of variability [16]. It is somewhat difficult to 
encounter milling process boundaries beyond the realm 

of universal knowledge. This is due to high versatility of 
milling operations and great dependence on machinist 
skills, maintenance procedures. Process capabilities are 
often treated as a proprietary information and 
knowledge for individual companies and they are seen 
as competitive advantage of one organization against its 
competitors.  Nevertheless, some authors have been able 
to compile several specific tolerance values, such as the 
values in Table 1 and Table 2 adapted from [17] and 
[16] respectively. The table 1. Show the value in both 
inches and millimeters. 

 
Milling Approach 

Face Peripheral End Boundaries 
Roughing Finishing Roughing Finishing Roughing Finishing

Dimensional Tolerance (in/mm)  
0.002/ 
0.0508 

0.001/ 
0.0254 

0.002/ 
0.0508 

0.001/ 
0.0254 

0.004/ 
0.1016 

0.004/ 
0.1016 

Flatness (in/mm) 
0.001/ 
0.0254 

0.001/ 
0.0254 

0.001/ 
0.0254 

0.001/ 
0.0254 

- - 

Angularity (in/mm) 
0.001/ 
0.0254 

0.001/ 
0.0254 

- - - - 

Perpendicularity (in/mm) 
0.001/ 
0.0254 

0.001/ 
0.0254 

- - - - 

Parallelism (in/mm) 
0.001 

/0.0254 
0.001/ 
0.0254 

- - 
0.0015/ 
0.0381 

0.0015/ 
0.0381 

Surface Finish (µm) 50 30 50 30 60 50 
Table 1. Process tolerances ranges ( [17]) 
 

 Typical Tolerance Surface Roughness 

Machining operation mm In µm µ-in 

Milling   0.4 16 

Peripheral ±0.025 ±0.001   

Face ±0.025 ±0.001   

End ±0.05 ±0.002   

Shaping,  
Slotting 

0.025 0.001 1.6 63 

Planing ±0.075 ±0.003 1.6 63 

Sawing ±0.50 ±0.02 6.0 250 

Table 2. Process tolerances ranges adapted from ( [16]) 
 

A broader analysis has been done in [15] where the 
author defines the expected accuracy of a machining 
processes based on the international tolerance grade 
defined in the ISO 286 Standard, which defines the 
given tolerance a process can achieved based on the 
dimension of the part that it is producing. 
 

Milling 
approach 

ISO 286 
Tolerance Grade 

Surface roughness
Rt (µm) 

Peripheral IT 8 30 

Face IT 6 10 

Form IT 7 20 – 30 

Table 3. Achievable accuracies based on part 
dimensions (from [15]) 

 

 In addition to presented milling capability 
knowledge it was also important to define precedence 
between various milling operations. Usually milling 
operations are divided into rough and finish operations 
(sometimes semifinish is included too), in addition to 
taxonomy of milling operation based on tools used, 
such as face milling, end milling, side milling, 
peripheral milling, etc. In this work we have proposed 
milling operation precedences as shown in Fig. 3. The 
obvious precedence is that rough operations must 
precede finish operations. In addition to the above-
mentioned processes, we have included plunge milling 
which is required to precede end milling for closed 
slots and pockets, and rudimentary treatment of planar 
grinding operations which may follow finish milling if 
part tolerance requirements are higher than milling 
capabilities. 
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Fig. 3. Precedence of milling operations 

 

 
Fig. 4. User interface of IMPlanner running milling process selection 

 
4. IMPLEMENTATION 
 
The above-mentioned milling capability knowledge has 
been implemented as a module in IMPlanner. 
Implementation consists of three parts:  
 Development of process selection rules,  
 Milling knowledge representation 
 Rules for triggering milling processes for different 

feature types.  
The IMPlanner running an example for milling process 
selection is shown in Fig. 4. 

4.1 Process Selection Rules  
The process selection rules have been implemented 

according to the procedure shown in Fig. 5. This 
procedure allows for selection of sequence of multiple 
processes, when design tolerance requirements can not 
be satisfied by a single process. The rule details have 
been explained in [13] and further discussion is beyond 
the scope of this paper. This also allows for customized 
selection of planning knowledge, ie. the same set of 
rules can be used when knowledge base is augmented 
to increase the manufacturing capability coverage. The 
method to do that is explained in section 3.2. 
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 The rules for initial trigger of reasoning process 
have to be implemented for each individual feature 
type. This is the entry point for reasoning algorithm. 
Those rules may depend also on feature dimension and 
subtype. For example, to machine Slab (the feature that 
represents resulting flat face in the part) it is enough to 
always start with face milling or slab milling. On the 
other side, when considering slots and pockets, it is 
necessary to consider if they are open or closed. For 
open slots and pockets, we can start with end milling 
(and side milling for slots), while for closed slots and 
pockets we do have to start with a plunging operation. 
Illustration of those rule is shown in Fig. 6 for closed 
slots and pockets. The key information in the figure is 
bolded and underlines to emphasize the reasoning 
process. Similarly, Fig. 7 shows the rule for open slots, 
in which case we start reasoning by considering end 
milling and side milling processes.  

GENERATE

CHECK PROCESS

DELETE PROCESS

PROCESS
INSTANCES

CAPABILITIES

INSTANCE

CREATE NEW
FEATURE WITH
UNSATISFIED
ATTRIBUTES

COMPLETE
MATCH ?

PARTIAL
MATCH ?

ACCEPT PROCESS
FOR THE FEATURE

SPECIFY MACHINE
AND TOOL
CONSTRAINTS

ESTIMATE
MACHINING
TIME AND COST

YES

NO

NO

YES

FEATURE

NEW FEATURE
PROCESS
INSTANCE

 
Fig. 5. Procedure for process selection 
 
4.2 Milling knowledge representation 

Implementation of milling knowledge for 
IMPlanner consists of the two steps: persistent 
knowledge storage, and knowledge representation 
model in the running application. For persistent storage 
we have adopted the XML format. Fig. 8 illustrates 
data that is stored for each milling process. For each 
milling process we store two types of data: process 

capability for each of feasible GD&T tolerances that 
can be accomplished by milling.  This data is based on 
our discussion section 3. We also provide two 
alternative data sets, one for ISO units (in millimeters), 
and another for ANSI units in inches. In addition, we 
store required precedence between individual 
processes, and this serves as information when process 
selection traverses multiple processes for the same 
design feature. This is stored under <precedes> tag in 
the XML file. Once the external data file is loaded into 
live IMPlanner application the data in the XML file are 
converted into the process precedence graph (shown in 
Fig. 9) and table of capabilities (Fig. 10). 
 

 
Fig. 6. Rule for closed slots and pockets 

 

 
Fig. 7. Rule for open  slots 

 

 
Fig. 8. Process capabilities in persistent XML format 

(defrule AssignSlotRoughMilling 
    ?mf <- (MfgFeature (mayBeMachinedBy ?process&:(eq (call 

?process toArray) (create$ ))) 
        (processes ?listOfProcesses&:(eq (call ?listOfProcesses 

toArray) (create$ ))) 
        (OBJECT ?o&: (?o isSlot)) (mfgPartModelName 

?part&:(neq ?part nil)) ) 
    (not (FeatureRelation (Feature ?mf))) 
    => 
    (addToMaybeMachinedBy ?o "edu.ohiou.mfgresearch. 

implanner.processes.EndMillingSlottingRough" ) 
    (addToMaybeMachinedBy ?o "edu.ohiou.mfgresearch. 

implanner.processes.SideMillingRough" ) 
    (assert (FeatureRelation (Feature ?mf) 
            (status MBMBAssigned) )) 
    ) 

(defrule AssignPlungeMilling 
    ?mf <- (MfgFeature (mayBeMachinedBy ?process&:(eq (call 

?process toArray) (create$ ))) 
        (processes ?listOfProcesses&:(eq (call ?listOfProcesses 

toArray) (create$ ))) 
        (OBJECT ?o&: (and (not (?o isHole))(?o isClosed))) 

(mfgPartModelName ?part&:(neq ?part nil)) ) 
    (not (FeatureRelation (Feature ?mf))) 
    => 
    (addToMaybeMachinedBy ?o "edu.ohiou.mfgresearch. 

implanner.processes.PlungeMilling" ) 
    (assert (FeatureRelation (Feature ?mf) 
            (status MBMBAssigned) )) 
    ) 
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Fig. 9. Precedence of the milling operation in the IMPlanner prototype 

 

 
Fig. 10. Implemented process capability matrix 

 
5. CASE STUDY 
 
 To illustrate the developed approach, we have run 
the process selection procedure on a sample real part 
called Slider (shown in Fig. 11). This is a part design 
that have served as test design for several research 
institutions to be able to compare their results.  
 

 
Fig. 11. Slider Example 

In addition to geometric model (the CAD file) from 
which we have retrieved feature dimensions and 
orientations, it was necessary to supply GD&T 
requirements. From the mechanical drawing for Slider 
we took tolerance requirements (which also included 
some datums), but we have added additional tolerance 
and surface finish requirements in order to be able to 
test and verify the process selection procedure. Also, 
since Slider part has several Hole features we have 
executed the complete procedure for both hoel making 
and milling. The hole making knowledge base is used 
from our previous research [13]. The part model is 
loaded from XML file that contains the part model with 
the feature dimensions and tolerance requirements. The 
loaded part with all features before the process 
selection procedure starts is shown in Fig. 12, while an 
example of feature data is shown earlier in Fig. 4.  
After the part model is loaded the system load process 
capability data and process selection rules. The process 
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selection is executed in the Jess inference engine and 
the final results are shown in Fig. 13. 
The feature/process tree shown in Fig. 13 illustrates few 
results from the process selection procedure: 

1. Process selection procedure was successful for all 
features as shown by change of the icon in the 
feature tree for all features (compare folder icon in 
Fig. 13 with a terminate node icon in Fig. 12, before 
the process selection is started).  

2. For each design feature (shown in black in Fig. 13) 
the selected processes are shown in blue and 
intermediate features are shown in magenta. 

 

 
Fig. 12. Features of Slider Example 
 
3. For each feature, the procedure considered alternate 

processes according to the knowledge base, for 
example RECTANGULAR SLOT(9) could be made 
by EndMillingRough  or SideMillingRough. 

4. If a single process satisfies all requirements, there is 
not further expansion, as shown for 
RECTANGULAR SLOT(9). 

5. If there is a need to consider several processes to 

obtain the required tolerances, several processes are 
recommended, see for example RECTANGULAR 
POCKET(7), for which four different processes in 
sequence are necessary.  

6. If the design required tolerances are such that there 
is no a set of processes which would satisfy all of 
them, the last intermediate feature (for which 
nothing can be selected) is shown in red, as is the 
case for SIMPLE HOLE(12) after HoleGrinding. 
This case would require the change in design or 
consideration of new resources. 

 

 
Fig. 13. Selected machining processes for several 

features 
  
 The result shown demonstrates the complete 
consideration of all available processes and their 
sequence in order to produce each feature in the part 
design with specified dimensions, tolerance, and 
surface finish requirements. 
The next step is selecting the most efficient set of 
processes for each feature and sequencing processes of 
all feature to most optimize production. 
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6. CONCLUSIONS 
 
 This paper has demonstrated a successful 
development of the knowledge base for milling 
operations. While the knowledge base may not be 
complete for all machine shops, it provides a template 
for development that could include designed 
experiments in each shop and real-time monitoring of 
the machine performance to adjust the process 
capabilities.  
Implementation of the knowledge base as part of the 
generic rule-based process selection procedure provides 
a roadmap for incorporating the shop floor knowledge 
into automated process planning.  
Visualization of the process selection results provides a 
fidelity of the system and increase the trust between 
engineers and planning software. 
While results demonstrate successful approach, there 
are few other actions that can be taken: 

1. consider mil-turn operations by extending the 
knowledge base to turning processes 

2. Extend reasoning to include machine and tool 
selection by integrating the process selection 
rule with process/machine/tool compatibilities. 

3. Include real-time data collections from 
running machine (e.g. vibrations, forces, etc) 
that may have an impact on capabilities  and 
adjust capability knowledge base for dynamic 
decision making. 
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Abstract: In this paper a damping rate analysis was performed on the cantilever beam and loaded with an 
additional mass at the free end. The experimentally obtained results for bending damping vibration of the cantilever 
have been analyzed. The analysis gives the dependence of the damping factor, measured as the relation of the two 
adjacent amplitudes, from the moment of inertia, all in a non-dimensional form. It was found that there is an 
influence of additional mass on the internal damping coefficient for different inertia moment of the cantilever. 
Key words: bending damping vibration, damping factor,internal damping coefficient,  non-dimensional analysis. 
 
Uticaj dodatne mase konzolnog nosača na karakteristike savojnih prigušenih vibracija. U radu je rađena 
analiza stepena prigušenja kod konzolnog nosača sa i bez dodatne mase na slobodnom kraju. Analizirani su 
eksperimentalno dobijeni rezultati za savojne prigušene vibracije konzolnog nosača. Analiza daje zavisnosti faktora 
prigušenja od koeficijenta unutrašnjeg prigušenja u bezdimenzionalnom obliku. Utvrđeno je da postoji uticaj 
dodatne mase na koeficijent utrašnjeg prigušenja  za različite  momente inercije konzolnog nosača.  
Ključne reči: savojne prigušene vibracije, faktor prigušenja, koeficijent unutrašnjeg prigušenja, bezdimenziona 
analiza. 
 
1. INTRODUCTION 
 
 Damping is a phenomenon that, to some extent, 
accompanies vibration. Meanwhile, the mechanical 
energy in the material or system is scattered in the 
environment as an irreversible process.Inner damping in 
the material is most commonly caused as a result of 
internal reorganization in the structure of materials, such 
as molecular dislocation, and tension changes at the 
grain boundariesas a result of cyclic deformation.  
For internal damping in the material, it can be said that 
to a large extent it depends on the material and 
geometry of the structure. Inner damping often can have 
a hysteresis character [1, 2, 3, 4]. If the damping factor 
is relatively small, which is generally the case with 
internal damping in mechanical structures, the 
assumption about viscous damping is usually assumed 
by Voigt's setting [4, 5, 6, 7]. This means that the 
damping forces are proportional to the relative 
velocities of the material particles [8]. The damping 
model defined in this way is linear in nature. 
The damping effect on the vibration of a particular 
mechanical system is reflected in the decrease in the 
amplitude of oscillation in the case of free damped 
vibrations. This influence is usually defined in the 
theory of vibration through an appropriate damping 
factor that shows the rate of decrease of the oscillation 
amplitude in function of the frequency or oscillation 
period [9]. In this paper, the bending damping vibration 
of the cantilever with and without  additional mass at 
the free end is analyzed, in order to determine the mass 
impact on the internal friction coefficient [10, 11]. 
 
 
 

2. DAMPING ANALYSIS 
 
2.1. Damping factor 
 Figure 1 shows an oscillatory single - degree - of - 
freedom system, which consists of a mass, a spring and 
a dumper. An analysis of the influence parameters on 
the amplitude decreasing character can be performed  
on the given system. 
 

 
Fig 1. Schematic of a oscillatory single-degree-of- 

freedom system 
 
Considering the structural system shown in Figure 1, 
where m is the mass of the moving object, k the elastic 
stiffness coefficient and  η the viscous damping 
coefficient, the dynamic motion equation (1) of the 
system in Figure has the form: 
 0 kxxxm                        (1) 

Assuming the solution of equation (1) is in the form of 
an exponential function, it may be written as: 

     teAx p
t cos0                    (2) 

where ωp is the frequency of dumped vibration and α - a 
phase shift that depends on the initial conditions. 
As it Figure 2 shows, the amplitude of damped systems 
in equation (2)decays exponentially over time. 
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tAetA 0)(  tAetA 0)( 

 
Fig. 2. The time response of an oscillatory single-    

degree - of - freedom system 
 
 Based on the equation (2), the ratio between two 
adjacent amplitudes at the beginning and end of one 
cycle can be written as: 
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Logarithmation of the expression (3) gives the 
logarithmic decrement of the attenuation 
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and by dividing the logarithmic decrement with T, the 
followingis obtained:  
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where δ is the parameter indicating the free vibration 
damping measure, in the literature known as the 
damping factor [9]. 
As the basis for determining the degree of damping, the 
values of the measured time response of free damped 
vibrations are used.  
Using this method, the degree of damping is determined 
by changing the oscillation amplitude in time.In this 
case, we are starting from the assumption that the 
damping in the structure, or system, can be treated as 
viscous. Amplitude of free damped vibrations in a 
single-degree-of- freedom system with viscous 
attenuation (Fig. 2), is changing in time according to the 
following exponential law : 

teAtA  0)(    (6) 

where je A0 is the initial amplitude of the oscillation, 
and is the attenuation factor. 
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Fig. 3. 1Reduction of amplitude in viscous damped system with one degree of freedom 
 
 The value of the damping factor  can be determined 
using the ratio of two adjacent amplitude Ai at the 
beginning and Ai + 1 at the end of the period (Figure 3). 
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If the oscillation amplitude changes according to the 
exponential law given by the equation (6), the 
attenuation factor will have a constant value regardless 
of the choice of adjacent amplitudes Ai and Ai + 1 in the 
equation (7). The exponential curve, however, 
represents a theoretical assumption and the change of 
the oscillation amplitude in a real system can deviate 
more or less from the equation (6) since real attenuation 
changes over time. Consequently, it is recommended, 
instead of one period, to choose a longer interval of n 

period and the attenuation factor can be calcuated based 
on the amplitude ratio Ai and Ai + n (Figure 3). 
 
In this case, the damping factor is calculated as: 
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In this paper, the attenuation factor values for the 
measured experimental results are calculated on the 
basis of the equation (8) where n is the order of 100. 
The damping factor can be written as: 
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(9) 

Where pT is the period of free damped vibrations in a 

non-dimensional form given by expression: 
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 By combining the equations (8), (9) and (10), the 
relationship between the attenuation factor in the 
dimensional and the non-dimensional form is obtained 
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or,respectively: 
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 Dependencies are represented in a non-dimensional 
form (indicated by the line above the symbol). The non-
dimensional damping factor and the oscillation period, 
as well as the non-dimensional moment of inertia, 
provide a simpler analysis of the required dependencies. 
Measurements on cantilevers of certain thickness and 
different lengths, give inertia moments in a non-
dimensional form independent of the cantilever width. 
[9]. 
 

3. RESULTS ANALYSIS 
 
 The measurements were made on inox cantilevers of 
different dimensions with and without additional mass 
at the free end. The measurement sample scheme and 
the metering method using the metering strips are 
shown in Figure 4. 
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Fig. 4. Schematic of the measuring specimen, 

positioning of the measuring tape and the 
stimulus

 
Fig. 5. Dependence of the damping coefficient of internal  damping with and without additional mass 
 
 In order to determine the internal damping on each 
sample, several measurements were made, with the 
effective length of the beam being varied. Thus, for 
each beam, vibrational behavior of the beam is 
measured for different values of the non-dimensional 
moment of inertia defined as: 
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where L is the lenght and h- thickness of the beam. The 
non-dimensional inertion moment, which, as seen from 
equation (13), depends only on the length and thickness 
but not on the beams width, is the main geometrical 
characteristic of the beam.In this way, the influence of 
the geometrical characteristics of the beam on internal 
damping is to be examined. Each measurement for a 
given beam length was repeated several times in order 
to determine the accuracy or sensitivity of the 

measurement. 
 Measured damping factors δ are used to determine 
the internal damping coefficient µ in the material in the 
case of free damped bending vibrations of the elastic 
structures. The internal damping coefficient was 
introduced as a parameter in the damping model in the 
material, assuming that the damping force, which occurs 
as a result of material deformation, is proportional to the 
local velocity deformation rate. In accordance with this 
hypothesis, the equilibrium of motion of the free 
damped bending vibrations of the Euler-Bernoulli beam 
in the non-dimensional form is given by equation [9]: 
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(14)  

 The values of the internal damping coefficient μ are 
calculated by the inverse method [10, 11]. The equation 
(14) was solved numerically by using the finite element 
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method to reproduce the console response obtained 
experientially for different beam configurations and for 
the initial and boundary conditions. 
 Based on the results obtained in Figure 5, the loss of 
the internal damping coefficient results for the 
measurements carried out with the additional mass is 
visible. It is also possible to determine the value 
deviation of the non-dimensional friction coefficient in 
the case of an additional mass in comparison to the non-
mass case. 
 
4. CONCLUSION 
 
 Comparing the values of the internal damping 
coefficient  obtained for the measurement of the 
banding vibrations of the different values of inertia 
moments in the inoculum cantilever, the following can 
be concluded: 
 Measuring of the  amplitude reduction in case of an 

unbarbed console, gives the internal damping 
coefficient whose value is in ranges from 0.25 to 
0.59. It can be said that the values are moving in a 
narrow range, and the changes are expected because 
the internal damping coefficient is expressed 
numerically, based on experimentally obtained 
damping factor values. 

 Measuring of the amplitude reduction in the case of 
a loaded console with an additional mass at the free 
end, gives the internal damping coefficient value in 
range from 0.98 to 2.48, which is obviously a 
deviation of the result compared to the unbalanced 
console and the range of values is very wide. 
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INFLUENCE OF TEMPERATURE OF QUENCHANT ON SOME MECHANICAL 
PROPERTIES OF MEDIUM CARBON STEEL 
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Abstract: The study investigated influence of temperature of quenching water on some mechanical properties of 
medium carbon steel was investigated. The mechanical properties investigated are hardness, toughness and tensile 
strength. The medium carbon steel samples were machined to required dimensions and heated to austenization 
temperature of 9300C and quenched in water maintained at temperatures of 00C, 350C, and 1000C. Control samples 
were also machined, but not heat-treated. The mechanical properties of the quenched and control samples were 
determined through standard property evaluation procedures. The results show that the mechanical properties are 
dependent on the temperature of the quenchant water used. The microstructures also show a dependence on the 
temperature of the quenchant. 
Key words: mechanical properties, carbon steel, microstructures, temperature.  
 
Uticaj temerature vode za kaljenje na neke mehaničke osobine ugljeničnog čelika sa srednjim procentom 
ugljenika. Studija ispitivanja uticaja temperature kaljene vode na neke mehaničke osobine ugljeničnog čelika sa 
srednjim procentom ugljenika. Ispitivane su mehaničke osobine čvrstoće, žilavost i zatezna čvrstoća. Uzorci 
srednjeg ugljeničnog čelika obrađeni su prema potrebnim dimenzijama i zagrejani do temperature austenizacije 
9300C, hlađenje je vršeno u vodi temperature 0oC, 35oC i 100oC. Kontrolni uzorci su takođe obrađeni, ali nisu 
termički tretirani. Mehaničke osobine termički tretiranih i kontrolnih uzoraka određene su standardnim 
procedurama određivanja mehaničkih svojstava materijala. Rezultati pokazuju da mehanička svojstva zavise od 
temperature vode za hlađenje. Mikrostruktura takođe pokazuju zavisnost temperature vode za hlađenje.  
Ključne reči: mehaničke osobine, ugljenični čelik, mikrostrukture, temperatura. 
 
1. INTRODUCTION 
 
 Heat treatment involves subject a material to a 
definite thermal cycle which may be divided into three 
parts: Heating, Holding at a temperature (soaking) and 
cooling. The main objective of heat treatment is to 
modify the properties of the materials heat treated. 
Material properties such as mechanical, physical, and 
chemical properties have all been reported to be 
modifiable by heat treatment (AZoM, 2003). Heat 
treatment is a general term that applies to procedures 
that employ subjecting materials to thermal cycles. 
There is a significant agreement in the literatures that 
the purpose of heat treatment is to influence the 
property of the material (Adedayo et al., 2010; Rajput, 
2006; Brooks, 1982). While there are common 
agreeable features to the definitions of heat treatment, 
however, definitions in some literatures contain 
specifics that call for careful attention to the definition 
of heat treatment. Wisconsin Oven Corporation (2014) 
and Rajput (2006) specify that heat treatment must be 
carried out while the material is in the solid state, with 
the objective to alter the property of the material. In this 
context, thermal processes in which materials are heated 
to semi solid state, such as thixocasting, should not be 
considered as heat treatment processes. However, 
USPTO (1996) stated that thixocasting is a heating 
treatment process used to prepare a material to have 
characteristic semi solid microstructure. 
 Also, heating for the sole purpose of hot working 

such as in rolling, forging and extrusion is excluded 
from the meaning of this definition (Wisconsin Oven 
Corporation 2014). The definition of heat treatment by 
Wisconsin Oven Corporation (2014) has also been 
adopted by American Foundrymen’s Association, the 
American Society for Metals, the American Society for 
Testing and the Society of Automotive Engineers 
(Wisconsin Oven Corporation 2014). Specific 
procedures have been identified to impart specific 
properties in heat treated materials. Some of these 
procedures include: annealing, normalizing, tempering, 
austempering, martempering and hardening etc. The 
main feature of hardening is rapid cooling by 
quenching. The severity of quenching affects the 
hardness of the quenched material. Therefore, any 
means of varying the severity of quenching will 
influence the hardness value of the quenched material. 
Normally, the degree of hotness of a medium will 
affects the rate of cooling, therefore quenching with 
media of different temperature will affect the hardness 
of a material. Herein the rationale for the study is 
identified. 
 
2. EXPERIMENTAL PROCEDURE 
 
The material used for the study is NST 60 Mn steel of 
150mm in length and 12mm diameter. This steel 
material was obtained from Oshogbo steel rolling mill, 
Nigeria. The chemical composition of this steel is 
presented in Table 1. This steel material was then 
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machined on a lathe machine to produce ASTM E8M-
88 standard test samples (Figure 1) for Impact, hardness 
and tensile strength. The test samples were produced 
using High Speed Steel (HSS) cutting tool, with a 
cutting speed of 305 revolutions per minute. Micrometer 
screw gauge and vernier calipers were used for 
measuring the dimensions of the machined samples.  
The produced samples were then heated in a lift – out 
crucible furnace to austenitization temperature of 9300C, 
soaked at this temperature for 1 hour, and quenched in 
buckets filled with water maintained at temperatures: 0, 
35, and 100°C. Control samples which were not 
quenched in water were also prepared. All the prepared 
samples were then evaluated for toughness, hardness 
and tensile strength. The microexamination of the 
microstructure of the samples was also carried out with 
computerized Olympus microscope. 
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Table 1. Chemical composition of the medium carbon 
steel sample 

 

 
Fig. 1. Dimensions of ASTM E8M-88 standard tensile 

test pieces used 
 
3. RESULT AND DISCUSION 
 
 Tables and Figures 2, 3, and 4 show the variation of 
the evaluated mechanical properties, while Figures 5, 6, 
7, and 8 show the stress-strain curves of the samples 
evaluated. Figures 9, 10, 11, and 12 are the 
microstructures of the samples used for the experiment. 
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0 6.7 1.37 9.18 
35 8.4 1.37 11.51 
100 18.7 1.37 25.62 
Control sample 45.7 1.37 62.61 

Table 2. Impact test result 
 

Table and Figure 2 present the variation of 
toughness values of the sample with the temperature of 
the quenching water. The information presented showed 

that the toughness of the steel increases with increase in 
the temperature of the quenching medium, this because 
the increase in temperature of the quenching media 
reduces the quench severity on the quenched samples, 
thereby reducing hardening of the quenched sample 
which also lead to improved toughness.  

Table and Figure 3 show variation of the Brinell 
hardness values of the samples with the temperature of 
the quenching water. The information presented showed 
that the hardness of the samples decreases with increase 
in temperature of the quenching medium, this because 
increased temperature reduces severity of quenching 
which results in less hardening of the samples 
 

 
Fig. 2. Variation of toughness value with quenchant 

temperature 
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Table 3. Hardness test result 
 

 
Fig. 3. Variation of hardness value with quenchant 

temperature 
 
 Table and Figure 4 show variation of tensile strength 
of the samples with the temperature of the quenchant. It 
shows that tensile strength reduces with increase in the 
temperature of the quenchant. 
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Quenchant 
temperatures 

(0C) 

Initial 
length 

L0 

(mm) 

Final 
length 

Lf 

(mm) 

Change 
in length 
∂L(mm) 

Initial 
diameter 
D0 (mm) 

Final 
diameter 
Df  (mm) 

Change in 
diameter 
∂D (mm) 

Original 
Cross-

sectional 
area 

(mm-2) 

Tensile 
strength 
(Nmm-2) 

0 37.58 37.95 0.37 5.12 5.08 0.40 20.6 91.26 
35 37.52 38.44 0.92 5.16 4.71 0.45 20.9 80.38 
100 38.92 41.11 2.19 5.32 4.79 0.53 22.23 71.10 

Control sample 37.41 43.32 5.91 5.20 3.70 1.50 21.24 44.26 
Table 4. Tensile test result 
 

 
Fig. 4. Variation of tensile strength with quenchant 

temperature 

 
 
 
 Figures 5(a,b,c) and 6 present the Stress-Strain 
curves of the tested samples. The Stress-Strain curves of 
the quenched samples showed a typical curve for a 
brittle material, while the curve for the control sample is 
a typical curve for ductile materials.  
 This shows that, by reason of quenching of these 
treated samples, there ductility has reduced due to 
hardening. 
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Fig. 5. Stress-Strain curve of sample quenched in water of, a) 0°C, b) 35°C, c) 100°C 
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 Fig. 6. Stress-Strain curve of the control sample 

 Figures 7, 8, and 9 show the microstructures of the 
quenched samples; while Figure 10 shows the 
microstructure of the control sample. These 
microstructures are essentially ferritic. Ferritic  
structures can be: Massive ferrite, Idiomorphic ferrite, 
Allotriomorphic ferrite, Martcnsitic, Widmanstatten 
Ferrite, Bainite,  Acicular ferrite etc  (Ali, 1991; IIW, 
1988; da Trindade Filho et al., 2004). Normally, steels 
are hardened by rapid cooling from austenitic 
temperature. By rapid cooling, carbon atoms are 
trapped in the austenite to form extremely strained 
structure of iron. 
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Fig. 7. Micrograph of sample quenched at 0°C 
 

 
Fig. 8. Micrograph of sample quenched at 35°C 
 

 
Fig. 9. Micrograph of sample quenched at 100°C 
 

 
Fig. 10. Micrograph of control sample 

4. CONCLUSION 
 
 The result of the study shows that the temperature 
of the quenching medium can significantly affect the 
mechanical properties of steel. There was significant 
modification of the microstructures, thus showing a 
dependence of microstructure on the temperature of the 
quenchant. Generally, increased temperature of the 
quenchant reduced the hardness and tensile strength, 
while the toughness increased with increase in 
temperature. 
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ACCURACY TEST OF DENTAL THREE-DIMENSIONAL OPTICAL SCANNER  
Received: 16 September 2018 / Accepted: 10 December 2018 

Abstract: The paper presents the results of accuracy testing of three-dimensional optical scanner that is used in the 
process of computer integrated fixed dental construction manufacturing in dental medicine. The main purpose of 3d 
scanning is to acquire information about real object’s geometry and transform the collected data into digital form. 
This enables changes to the digital model inside computer software and considerably shortens the process of 
construction modelling. Due to the field of use, the scanner user interface is simple and user friendly. Also, the 
required accuracy of scanning is not high, due to the possibilities of manually adapting the construction at the 
implantation. The main purpose of the experiment was to establish the achievable accuracy range of dental scanner 
for usage in quality control in mechanical engineering in general. Paper presents the experiment and results 
together with explanation of possible causes of deviations. Also, problem and possible solutions that could influence 
the scanner’s accuracy are discussed. 
Key words: optical scanning, accuracy, dental 

Tačnost testiranja tro-dimenzionalnog optičkog skenera u stomatologiji. U radu su prikazani rezultati testiranja 
tačnosti tro-dimenzionalnog optičkog skenera koji se koristi u procesima računarske integracije izrade fiksne 
dentalne konstrukcije u stomatologiji. Glavna svrha 3D skeniranja je skupljanje informacija o geometriji realnog 
objekta itransformacija podataka u digitalni oblik. Ovo omogućuje promenu digitalnog modela u računarskom 
softveru i znatno skraćuje proces modeliranja konstrukcije. Zbog oblasti korišćenja, korisnički interfejs skenera je 
jednostavan i lako upotrebljiv od strane korisnika. Takođe, zahtevana tačnost skenera nije velika, zbog mogućnosti 
manuelnog podešavanja konstrukcije prilokom implantacije. Glavna namena eksperimenta je bila uspostavljanje 
dostignutog raspona tačnosti dentalnog skenera za upotrebu u kontroli kvaliteta generalni u mašinskom 
inženjerstvu. Rad predstavlja eksperiment i rezultate sa objašnjenjem mogućih uzroka odstupanja. Takođe, 
razmatraju se problemi i moguća rešenja koja mogu uticati na tačnost skenera. 
Ključne reči: optičko skeniranje, tačnost, stomatologija 

1. INTRODUCTION

 A three-dimensional optical scanner is a device that 
analyzes real objects or the environment in order to 
collect data on their form and dimensions. Scanning is 
performed according to the principle of projecting a 
fringe pattern of light on the object and recording the 
deformation of this pattern with a digital camera 
system. The collected data is used in the scanner 
software to create a three-dimensional computer model 
of a scanned object [1].  
 Test was performed with OrtoSCAN brand dental 
scanner (Figure 1), which is specialized for easy 
scanning of dental prosthetics and further digital 
modeling. The scanning is based on the principle of 
triangulation of the pattern deformation images from 
two cameras at a known angle in relation to the 
direction of projection. Such a scanning principle 
enables scanning of complex shapes of pocket and 
groove surfaces, self-calibration and consequently more 
accurate results. For the projection of a fringe pattern of 
light, OrtoSCAN scanner uses a white LED projector, 
which allows greater precision and reliability than laser 
beam scanning. The sharp lines of the sample are 
provided based on the optimization of the projector 
settings and the coordinated settings of the turning of 
the object and cameras with high resolution [2]. 

Fig. 1. OrtoScan Optical scanner  
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2. EXPERIMENT 
 
 The aim of the experiment was to establish the 
frame of the accuracy of the 3D scanner, since we were 
interested in how precise it could be used for general 
measurements in mechanical engineering. It was 
decided that for the experiment gauge blocks sizes from 
10 to 60 mm will be used. Gauge blocks were placed in 
the scanner plate with the adapted clamping device. 
The clamping device was adapted to the dimensions of 
the scanner chamber and was adjustable for different 
dimensions of the gauge blocks. 
 Before the start of the scan, the Dental Scanner 
software communication window offers the option of 
determining the scope of the measurement. On the 
screen the status inside of the scanner is shown with a 
horizontal line that can be moved vertically to 
determine the lower line of the measuring range. If the 
horizontal line is in the lower position (0%), the 
scanning area includes gauge blocks and a large part of 
the clamping device. In this case, the scanner software 
algorithm assembled and aligned the data of individual 
scans based on the overlapping geometry of the gauge 
block and the clamping device. Measurements where 
the horizontal line was moved above the clamping 
device and thus reduced the scanning area to only 
gauge block, the software algorithm used to align 
individual scans in a common computer model only by 
taking into account the geometry of the gauge block 
(Figure 2). 
 

 
Fig. 2. Measuring range selection  
 
2.1 Data processing 
 In order to establish deviations, dimension of the 
scanned 3D model of gauge blocks had to be 
determined. This was done with GOM Inspect CAQ 
software package. Each gauge block results were 
processed according to the protocol shown on Figure 3. 
 The first step in setting the dimensions is to transfer 
the STL file to the GOM Inspect software environment. 
Measurements were made between two planes that 
determine the nominal measure of the gauge block. 
One of these planes was used to define a best-fit plane, 
the other serves to determine the points. The plane, 
which served as a reference, is generated on the basis 
of the average values of the total selected area. On the 

other plane, the same number (9) of points were 
selected for each of the measurements of the gauge 
block in and in the same order. The distance between 
the points and the plane were calculated in the normal 
direction. Figure 3 shows a 30 mm block, with 
associated points and distances from the best-fit 
reference plane. The distance number represents the 
distance between the both surfaces that determine the 
nominal value of the gauge block. In the program, the 
distance marked with the symbol L. (last in each result 
table), represents the normal distance of individual 
points from the plane. 
 

 
Fig. 3. Processing of measurement results  
 
2.2 Results 
  The results of the measurements are divided 
into two sets. The first set represents the results of the 
measurements that were made when scanning the 
gauge block with the clamping device, while the 
second set presents the results generated by scanning 
only gauge blocks without the included geometry of the 
clamping device. 
 The average deviation represents the arithmetic 
mean of all the results (9 points) of individual 
measurements. For each of the gauge blocks, 10 
consecutive measurements were performed, each of 
which included a distance analysis of 9 points. Thus, 
for each gauge block, 90 results were available 
(deviations from the nominal distance of the gauge 
block). For each block and each measurement 
separately, it was necessary to determine the average 
deviation value and convert the results into a graphic 
form. Because of the different sizes of the gauge 
blocks, the results are presented in the form of 
deviations from the nominal values of the gauge 
blocks. 
 Figure 4 represents the results of the average 
measurement deviations which were obtained with the 
included clamping device. The most accurate 
measurement is in the case of a gauge block of size 40 
mm, with an average deviation of 0.026 mm. The least 
accurate results are in the case of a gauge block size of 
60 mm, where the average deviation from the nominal 
value of the gauge block is 0.120 mm (failing our 
expectation of achieving 0,1mm accuracy). 
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Fig. 4. Average deviations of measurements with 

included clamping device geometry. 
 
 Figure 5 represents the results of average deviations 
of measurements, where the clamping device was not 
included in the scope of the scanned geometry. The 
minimum average deviations from the nominal values 
of the gauge block were found in the analysis of the 
results of a gauge block of size 10 mm, with an average 
deviation of -0.010 mm. The maximum average 
deviation occurs at gauge block of size 50 mm and are -
0.061 mm. The expected accuracy of 0,1 mm was thus 
achieved in the case of measurements were clamping 
device was not included in the scanning range. 
 

 
Fig. 5. Average deviations of measurements without 

included clamping device geometry. 
 
 A standard deviation is a statistical indicator by 
which it is possible to measure the dispersion of the 
value contained within a population (or a set of data). 
[3]. 
  

 
Fig. 6. Standard deviation in measurements with 

included clamping device geometry. 

 The standard deviation of measurements, where the 
clamping device is included in the scanning range, is 
shown in Figure 6. The most dispersed data is in the 
case of a gauge block of size 60 mm, because the 
standard deviation is 0.020 mm and in comparison, 
with the other results it stands out. Gauge block size 40 
mm scanning represents the most concentrated 
measurement results, because the standard deviation is 
only 0.003 mm. 

 The standard deviations of measurements, where 
the clamping device was not included in the scanning 
range, are presented in the Figure 7. The highest 
standard deviation was obtained at gauge block size 20 
mm and is 0.016 mm. The minimum spread of data is 
in the results of a 40 mm gauge block, with the 
standard deviation of 0.004 mm. Total range of 
standard deviation in the case of second set of 
measurements, where the clamping device was not 
included in the scanning range is 0.012 mm. 

 
Fig. 7. Average deviations in measurements without 

clamping device geometry. 
 
 Figures 8 and 9 represent the maximal and minimal 
values of the measurements of each point according to 
the measurement procedure described in the previous 
chapter. As in the case of the previous results, here too 
are (due to different sizes of gauge blocks) the results 
given in the form of deviations from the nominal values 
of the gauge blocks. 
 The accuracy range of measurements with the 
clamping device geometry included is shown in Figure 
8.  

 
Fig. 8. Accuracy range of measurements, which has 

included clamping device geometry.  
 
 The maximal measured value of the deviation is 
0.115 mm in the case of a gauge block size 60 mm, and 
remarkably stands out in comparison with the other 
values. The minimum deviation value occurs at  40 mm 
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gauge block and is 0.018 mm. The range of 
measurement accuracy is therefore between 0.155 mm 
and 0.018 mm, what is together 0.137 mm. The results 
of the gauge block of size 60 mm have a widest range 
of 0.093 mm, the minimum range occurs in the results 
of a 40 mm block and is 0.015 mm. 

Fig. 9. Average deviations in measurements without 
clamping device geometry.    

 The range of the accuracy of second set of 
measurements, where the clamping device was not 
included in the scanning range, is shown on Figure 9. 
The maximum value of the deviation occurs in a gauge 
block of size 60 mm and is 0.041 mm. The minimum 
value was measured with a gauge block of sizes 10 and 
50 mm, with both deviation results at -0,080 mm. The 
total accuracy range is 0.121 mm. The maximum range 
of measurements of a single block is found in the 
results of a gauge block of size 10 mm at 0.086 mm, 
and the smallest in the results of measurements of a 
gauge block of size 40 mm at 0.015 mm. 

3.CONCLUSION 

 The results of the described experiment present the 
achievable accuracy range that can be expected of 
OrtoScan optical scanner.   
 Most of the measurement results are within the 
expected accuracy of 0.1 mm deviations from the 
nominal values of the gauge blocks. Bigger deviations 
in measurements occurred in gauge block of size 60 
mm. The reason for such deviations is probably that the 
size of 60 mm block is already at the limits of the 
scanner's measuring volume. Particularly interesting 
are the differences between the results of the scans with 
and without the clamping device geometry data being 
processed or not. It can be observed that in cases 

without clamping device geometry, smaller values of 
measurements of gauge blocks were obtained, which 
are also closer to the nominal value of gauge block 
size. In the results of the measurements with the 
clamping device geometry included, the narrower 
scattering of results was achieved and also the narrower 
range of highest and lowest measured values. For this 
reason, we can conclude that the scanning accuracy is 
not affected only by the scanning method, but also by 
the method of data processing at the assembly of 
individual scans in the common 3D geometry. It can be 
assumed that a better repeatability of the measurements 
is due to the fact that in cases of including the clamping 
device geometry there was more data available to the 
assembling algorithm. Also, the shape of the geometry 
could have an influence on the accuracy. The clamping 
device has a much more complex geometry than the 
guage block itself. That could also contribute tu less 
scattering of data when such a geometry is assembled 
from individual scans into a common three-dimensional 
geometry.  
 More positive deviations from the nominal value 
are probably due to the application of the coating layer 
due to the glossy surfaces of metal blocks in order to be 
able to obtain the gauge block geometry by fringe 
pattern scanning. 
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Abstract: The paper describes a process of 3D planning of replacement of an acetabular component on a case of a 
defect with a huge bone loss estimated at level IIIa according to Paprosky. The planning was based on CT scans of 
the affected area and performed in interdisciplinary cooperation among surgeons and mechanical engineers. This 
cooperation combined surgical experiences and knowledge of surgeons with knowledge of engineers in using 3D 
design tools and mechanical calculation. The cooperation resulted in a virtual 3D plan and 3D printed 
communication models that enabled flawless communication among the team members. This lead to a definition of 
optimal hip parameters (centre of rotation, inclination and version angles) in a virtual computer space. To transfer 
the virtually planned parameters and shapes into a real environment surgical equipment were custom made for the 
particular patient. These were surgical guides used to help the surgeon resect the femoral neck and to hold and 
guide the reamer while reshaping the acetabular cave. This way the centre of rotation, inclination and version 
angles were precisely transferred from a virtual computer space into the patient’s hip. The implementation of the 
described procedure required some changes in the surgical process. To that purpose special documentation has 
been prepared that enables the surgeon to approve the surgical plan. Additionally, a user’s guide was written that 
lists and describes all patient specific instruments and their use to enable a flawless surgical process. 
Key words: 3D pre-operative planning, selective laser sintering, hip, medical devices 

Interdisciplinarna komunikacija u ortopedičnom hirurškom planiranju. Ovaj rad opisuje proces 3D planiranja 
zamene acetabularne komponente na slučaju defekata sa ogromnim gubitkom kostiju procenjenim na nivou IIIa 
prema Paproskiju. Planiranje je zasnovano na CT skenerima pogođenog područja i obavljeno je u 
interdisciplinarnoj saradnji između hirurga i mašinskih inženjera. Ova saradnja kombinovala je hirurška iskustva i 
znanja hirurga sa znanjem inženjera u korišćenju 3D alata za dizajn i mehaničkih proračuna. Saradnja je 
rezultitala u virtuelne 3D planove i 3D štampane modele komunikacije koji omogućavaju besprekornu komunikaciju 
među članovima tima. Ovo dovodi do definisanja optimalnih parametara kukova (centar rotacije, uglova nagiba) u 
virtuelnom računarskom prostoru. Za prenošenje virtuelno planiranih parametara i oblika u stvarno okruženej, 
hirurška oprema je prilagođena za određenog pacijenta.To su bili hirurški vodiči koji su pomogli hirurgu da iseče 
butni vrat i drži i vodi razvrtač da preoblikuje acetabularnu duplju. Na ovaj način centar rotacije, uglovi nagiba i 
verzije su bili prebačeni iz virtuelnog prostora u kuk pacijenta. Implementacija opisane procedure zahtevala je neke 
promene u hirurškom procesu. U tu svrhu pripremljena je posebna dokumentacija koja omogućava hirurgu da 
odobri hirurški plan. Dodatno, napisano je upustvo za korisnike koje navodi i opisuje sve specifične instrumente 
pacijenta i njihovu upotrebu kako bi se omogućio besprekorni hirurški proces. 
Ključne reči: 3D pre – operativno planiranje, selektivno lasersko sinterovanje, kuk, medicinski uređaji. 

1. INTRODUCTION

 Aging society and unhealthy life style leads to a 
raising number of total hip replacement interventions. 
Since the primary THRs are performed on ever younger 
patients the number of revisions is in a constant raise 
too [1]. Due to severe bone defects a major intervention 
is needed when replacing a worn out or displaced hip 
endoprosthesis. Two dimensional pre-operative 
planning [2], which is due to a simple process still in 
general use has several disadvantages that often lead to 
longer surgical procedures [3], inaccurate positioning of 
endoprosthesis [4], additional bone loss [5], limb length 
discrepancy [6], longer rehabilitation and also in 
increased overall costs [7]. 
 Pre-operative estimation of bone structure, its 
potential loss and optimal positioning of endoprosthesis 
is difficult or almost impossible to implement when 

using 2D data taken from conventional x-rays. Only 
three-dimensional, spatial data of a bone defect provide 
enough information for precise positioning of 
endoprostheses, accurate preoperative planning and 
flawless surgical process. 
 Y. Inaba et al. [8] investigated the efficacy of pre-
operative planning for implant placement with 
consideration of pelvic tilt in THA, and the accuracy of 
a CT based computer navigation for implant 
positioning. The research found that the Mean absolute 
error of combined anteversion between preoperative 
planning and post-operative measurement was 5° with 
use of the CT based navigation.  
 A. J. Hughes et al [9] have conducted a 3D pre-
operative plan for surgery of two patients on the life size 
3D models of the pelvis, which were manufactured from 
computed tomography scans by selective laser sintering. 
Acetabular reconstruction was planned, trialed, and 
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managed efficiently with improved surgical precision 
and reduced complications. The accuracy and cost 
effectiveness of this technique were impressive and its 
increasing use should prove invaluable as a tool to aid 
clinical practice and education in the future. 
Our research goes beyond the described investigation 
methods by providing the surgeons with patient specific 
resection guides that assure correct placement of the 
endoprostheses and less complications during the 
surgery. 
 
2. METHOD 
 
 Conventional 2D pre-operative planning is 
performed on the anteroposterior (AP) pelvic 
radiography which directly provides the data about the 
inclination angle and the centre of hip’s rotation. The 
version angle can only be calculated indirectly given 
that the lesser trochanter is visible in the radiograph and 
that its size can be reliably defined. This fact and a lack 
of reliable anatomical landmarks accessible during the 
surgery make 2D planning outdated and inappropriate 
for modern THA operations [10]. 
 
2.1 Identifying anatomical landmarks on the bone 
structures 
 Anatomical landmarks are intra-operational, easily 
accessible bone structures that are clearly visible on the 
radiographic images. These usually include medullary 
canal (shaft), the greater and lesser trochanter, the 
acetabular roof, saddle and the teardrop [10]. 
 

 
Fig. 1. Anatomical landmarks: 1. Femoral shaft; 2. 

Greater trochanter; 3. “Saddle”; 4. Lesser 
trochanter; 5. Acetabular roof and 6. Teardrop 

 
 The problem of anatomical landmarks is that most of 
them are only visible on the radiographic images (some 
even as a result of overlapping bone structures) but most 
of them cannot be seen “in vivo” during the surgery. 
 
2.2 Identifying mechanical references 
 Mechanical references are distances among different 
landmarks that define the functionality of the hip joint.  
 After the THA operation, the hip movement has to 
be restored into its anatomical state. This can only be 
assured by a proper definition of mechanical references, 
e.g. original acetabular and femoral rotation center, the 
femoral and acetabular offset and the leg length.  
 The measurements shown in Fig. 2 are unreliable 
because they depend on the circumstances of the 2D 
radiograph acquisition its magnification factor and the 
influence of the version angles unidentifiable in the 2D 
plane of the radiograph [10]. In a f3D space obtained 

from the CT, datasets all the measurements are done 
directly and their precision only depends on the 
accuracy of the CT scanner, which is always precise 
enough for the surgical purposes as has been shown in 
this research. 
 

 
Fig. 2. Mechanical references: 1. Hip rotation centre; 2. 

Longitudinal axis of the proximal femur; 3. 
Femoral offset; 4. Acetabular offset; 5. Hip 
length. (“Leg length discrepancy” - distances 
between the 6L and 6R) 

 
2.3 Optimizing implant positioning to restore hip 
biomechanics 
 Positioning of endoprostheses in the 2D plane of the 
radiograph relies on different templates provided by the 
implant manufacturer. By placing the template over the 
radiograph the surgeon defines the direction, the centre 
of rotation, position and size of the endoprosthesis [10]. 
The accuracy of this process depends on the 
magnification of the radiograph. In the 3D space the 
surgeon can use 3D models of implants that can be 
virtually placed into the femur thus simulating the real 
outcome of the THA. Additionally, the size of the 
defect, bone density and its quality can be foreseen in 
the 3D model. 3D planning includes, a full overview of 
the shape of the bone structures and size of the defect. 
 
2.4 3D pre-operative planning 
 To overcome the obstacles of 2D surgical planning 
we have combined its benefits with the possibilities of 
the 3D space. This is obtained by the reconstruction of 
bone structures from the CT scans. The reconstruction 
starts by segmentation of DICOM data and 
transformation of the segmented dataset into a 3D file, 
usually in STL format. 
 Prior to the 3D surgical planning process a 
coordinate system has to be defined, which corresponds 
to the established surgical practice. According to the 
method of the research Baauw M. et al. [11] we defined 
the Cartesian coordinate system of three planes (sagittal 
coronal and transversal) using 3D landmarks found in 
the STL model. The 3D planning consist of two phases. 
In the first phase we defined the anatomical parameters 
of the hip joint and in the second phase we have 
modelled the devices to transfer the defined parameters 
into the patient’s body. 
 The anatomical parameters are version and 
inclination angles and the center of rotation. In the 3D 
space they can be precisely defined by the use of 
geometrical primitives and Boolean operators provided 
by the CAD software package. By placing the 
primitives into the virtual bone structure we have 
measured and calculated the anatomical parameters of 
the hip with the accuracy and reliability not possible in 



 

41 

the 2D planning process. By Boolean operators we have 
subtracted the bone structure from the geometrical 
primitives in order to model the devices that can be 
produced in the reality. These devices were used during 
the surgery as patient specific resection guides that 
helped the surgeon to maintain the calculated anatomic 
parameters in the operational space. Resection guide is 
intended solely for the inter-operational use to transfer 
the references of the virtual coordinate system into the 
patient’s body, thus facilitating the achievement of 
planned parameters (CR, INC AV). 
 

 
Fig. 3. Individual Cartesian coordinate system of three 

planes (sagittal coronal and transversal). 
 
 

     
Fig. 4. Individual medical devices for the femoral 

resection. 
 

 
Fig. 5. Guides for the femoral resection 

 
3. RESULTS 
 
 The described method has been clinically tested on 5 
patients. We have obtained the informed consent. For all 
of them the above described method has been used. In 
the continuation we are presenting the results of post-
operative CT analysis of the patient that suffered from 

primary osteoarthritis type IIA according to the 
Paprosky classification system. 
 Table 1 shows the difference between the planned 
and post-operative position (Centre of Rotation) of the 
implant. 
 

Transversal 
plane 

Planned 
Post-

operative 
Difference 

CR_FE 95,82  95,77 0,05 
CE_AC 95,82 95,50 0,32 
Sagittal 
plane 

Planned 
Post-

operative 
Difference 

CR_FE 46,87 46,28 0,59 
CE_AC 46,87 46,32 0,55 
Coronal 

plane 
Planned 

Post-
operative 

Difference 

CR_FE 1,91 2,97 1,06 
CE_AC 1,91 3,16 1,25 

Table 1. Data of planned and post-operative centers of 
rotation in the mm 
 
 The results in Table 1 show that the largest deviation 
between the planned and actual position occurs in the 
coronal plain (1,25 mm). The absolute spatial difference 
is 1.40 mm. The differences are at the border of the CT 
scanner’s accuracy and therefore negligible. 
 Table 2 represent the differences in the orientation of 
the implanted endoprostheses (INC and AV). 
 

Inclination Planned 
Post-
operative 

Difference 

INC_FE 135 °  132,73 ° 2,27 ° 
INC_AC 40,75 ° 41,53 ° 0,78 ° 

Table 2. Comparison of planned and post-operative 
angles of inclination (INC) 

 

Anteversion Planned 
Post-

operative 
Difference 

AV_FE 15,13 ° 13,98 ° 1,15 ° 
AV_AC 26,73 ° 24,77 ° 1,96 ° 

Table 3. Comparison of planned and post-operative 
angles of anteversion (AV) 

 
 The difference between planned and post-operative 
inclination of the femur is relatively high as compared 
to other orientation angles (2,27°). This is due to an 
unreliable definition of the femoral anteversion that can 
only be defined according to the direction of the 
condyles in the knee joint, which are not visible in the 
CT of the pelvis area. Therefore, the femoral 
anteversion has been measured against the position of 
the pelvis. This measurement depends on the position of 
the leg during scanning. Even though the difference of 
the femoral anteversion is almost negligible if compared 
to the results of the conventional, 2D planning. Much 
less difference occurred between planned and post-
operative inclination of the acetabulum, which measures 
0,78 °. 
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4.CONCLUSION 
 
 One of the main challenges in hip arthroplasty is 
correct determination of kinematic relations in the hip 
joints. Accurate insertion of the hip endoprosthesis 
according to a pre-operationally planned position and 
orientation is still a problem. Conventional 
determination of size and position of the prosthesis 
based on 2D radiographic image often leads to intra-
operational complications, because of the lack of data in 
the 2D radiographic image and because of the missing 
“in vivo” references that would enable the surgeon to 
position the implant exactly into the planned position. 
The surgeons are trying to compensate the 
disadvantages of 2D planning with their experience. An 
increase in the requirements for revision surgery 
suggests that more attention should be paid to the exact 
restoration of the hip biomechanics. The 3D 
reconstruction of pelvic bones from the CT scanning 
data, and 3D pre-operational planning simplifies the 
operational process and makes it more accurate. The 
accuracy of the implant’s insertion is ensured by patient 
specific resection guides that fit perfectly to the 
morphology of the patient’s pelvic bones, thus assuring 
the planned positioning and functioning of the 
prostheses. 
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POWER PLANT  
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Abstract: The move from fossil fuel to clean energy has become the focus of the 21st century, to suplement the 
energy needs of the world which have been on the increase. This research tackles the challenge of energy 
inadequacy by  designing and fabricating electric generator for micro-power plant using locally sourced materials. 
The design of the 5.5kW induction generator involved the application of recycling technique on the discarded scrap 
motor. Discarded electric motor after cleaning was redesigned and rewound to give an electric power output of 5.5 
kW. The generator was tested under load and no load conditions. The outcomes showed that the generator can 
adequately carry a load of 2.3 kW when operated at speed ranging between 2300 and 2400 pm. The output voltage 
ranging between 150 V and 190 V, while the ouput current was in the range  6.07A and 6.35A. Higher load carrying 
capacity, 5.0 kW was achievable at the rotory  design speed, 3000 rpm  with  the maximum voltage and current 
limits, 239.6 V and 10.467 A, respectively. The 3-phase induction generator was able to sustain  higher power 
output, 5.0 kW of  the design capacity. 
Key words: Electric generator, Micropower plant, Clean energy, Recycling, Palm Kernel Shell (PKS) 
 
Razvoj sistema za proizvodnju električne energije kod mikro-elektrana. Prelazak sa fosilnih goriva na čistu 
energiju postao je u fokusu 21. veka, kako bi dopunili energetske potrebe sveta koji su u porastu. Ovo istraživanje se 
bavi izazovom neadekvatne energije projektovanjem i proizvodnjom električnog generatora za mikroelektranu 
koristeći lokalno nabavljene materijale. Dizajn generatora indukcije 5.5kV uključivao je primenu tehnike reciklaže 
na odbačenom motornom otpadu. Otpadni elektromotor nakon čišćenja je redizajniran i preusmeren da daje 
električnu snagu od 5,5 kV. Generator je testiran pod opterećenjem i bez opterećenja. Ishodi su pokazali da 
generator može adekvatno nositi opterećenje od 2,3 kV kada se koristi na brzini od 2300 do 2400 obrtaja u minuti. 
Izlazni napon se kreće između 150 V i 190 V, dok je struja napona bila u opsegu 6.07A i 6.35A. Veća nosivost 
nosivosti, 5,0 kV je postignuta na rotacionoj brzini dizajna, 3000 obrtaja u minuti sa maksimalnim naponskim i 
strujnim granicama, 239,6 V i 10,467 A, respektivno. Trofazni indukcioni generator je mogao održavati veću izlaznu 
snagu, 5,0 kV od projektovanog kapaciteta. 
Ključne reči: Električni generator, Mikro-Elektrana, Čista energija, Reciklaža, Palm Kernel Shell (PKS) 
 
1. INTRODUCTION  
 
 Electricity is important to human economic activity 
as oxygen is to human existence. Dependence on 
electric power has been on the rise since the industrial 
revolution with the most of it generated from fossil 
fuels. Whitney [1] defines fossil fuels as energy-rich 
substances that have formed from long-buried plants 
and microorganisms. It includes petroleum, coal, and 
natural gas which provide most of the energy that 
powers modern industrial society. The negative effects 
of fossil fuel consumption is a major reason for research 
into alternative ways of power generation. Acid rain and 
global warming are two of the most serious 
environmental issues related to large-scale fossil fuel 
combustion. Other environmental problems, such as 
land reclamation and oil spills, are also associated with 
the mining and transporting of fossil fuels [1].  
 There are currently two main types of power plants 
operating in Nigeria: hydro-electric and thermal or 
fossil fuel power plants. With a total installed capacity 
of 8457.6MW in early 2014, thermal power plants (coal 
or gas-fired plants) dominates the Nigerian power 
supply mix [2]. With the increasing population of 

Nigeria, one of the ways of solving the power supply 
problem is the creation of micropower plants that are 
renewable energy based [3, 4, 5, 6, 7]. Renewable 
energy is also known as alternative energy, is generally 
a form of energy that are not based on fossil fuels which 
are renewable and  sustainable [8]. Biomass, as an 
example of renewable energy is being measured based 
on energy conversion from dry weight of a tree’s leaves, 
branches, stem (trunk), and roots [9, 10, 11].  In the 
production of palm oil, biomass residues can be 
converted to useful fuel for steam and electricity 
generation [12, 13]. In Nigeria, palm oil accounts for 
about 1.5% (930,000 metric tonnes) of the global 
output. A huge quantity of oil palm residues that came 
from palm oil processing could be converted to  electric 
energy [9, 11] from which up to 20 - 35 MW of 
electricity could be generated. This can significantly 
reduce greenhouse gases and creating employment 
opportunities for the local population through sprout of 
small scale industries [13, 14, 15]. 
 Generation of electricity involves combustion, the 
production of heat, conversion of heat energy to electric 
power. A typical power plant consists of a heat source, 
working fluid and generator that converts from 



 

44 

mechanical energy to heat energy, then electric power. 
Palm kernel shells is usable as heat source. Oladosu et 
al. [12] designed a CAD program that was used to 
design a palm kernel shell combusting furnace using 
standard design equations to size the furnace and its 
components. They were able to get results that enabled 
generation of 5kW of electricity from palm kernel shell 
using the data: 5.5kW turbine, 3.1 m superheater, 3.8 m 
riser, furnace of 1.432 m height and 0.45 m3 volume. 
The results were also used to size the appropriate boiler 
for the generation process. The power station of a power 
system consists of a prime mover, such as a turbine 
driven by water, steam, or combustion gases that 
operate a system of electric motors and generators. The 
scope of their study was limited to design, practical 
aspects were neglected. Micro-power plants are known 
to be auxiliary sources of power (less than 100 kW) that 
support the main generation from the power grid. They 
are mostly used in the renewable energy sector where 
input and output can vary and be small, The types of 
turbines used may vary based on the type of primary 
fuel or energy source [16]. 
 Generators are a vital part of electricity generation, 
they are the devices used to convert the mechanical 
energy from the prime mover to electrical energy. It 
works on the principle of electromechanical energy 
conversion which takes place through magnetic or 
electric field medium which is created in the coils 
contained in the generator. A Generator is mainly 
composed of two major parts, the stator and the rotor. It 
produces electricity when a conductor, such as a wire, 
moves through the gap between the poles of a magnet. 
This creates a potential difference, or voltage, between 
the ends of the wire. If the ends of the wire are 
connected by a conductor, a current will flow around the 
circuit [8, 17]. There are two major types of generators 
used in electricity generation, the synchronous and the 
asynchronous. The selection of the most preferred 
informed the design and fabrication of the generator that 
capable of producing a 5.5 kW electric power.  
 The process of electricity generation through a steam 
turbine as the prime mover involves high speed and 
high torque that can be efficiently achieved through 
right choice of generator to mitigate costly nature of 
setting up a micro power plant. There is  need  to design 
a 5.5kW generator that would be made from locally 
sourced materials to guard against highly dependence 
on overseas for spare parts. The aim of the research is to 
design, fabricate and evaluate an efficient 5.5kW rating 
generator for a micro power plant to generate 5.0 kW of 
electricity. The target is to establish a foundation for the 
production of generators for micro power plants from 
locally sourced materials, which will serve as basis of 
developing a system for large-scale production of 
electicity.   
  Addressing the lack of access to energy is a key 
policy priority, and many developing countries have 
begun to implement policies and programs to expand 
the development of their energy resources, including by 
attracting investment to small-scale or renewable power 
generation projects. Small-scale projects are often the 
only option for providing power to remote sites or in 
areas with low or diffuse demand, but they are often 

more expensive than larger projects (per unit of energy 
generated) and are not necessarily the most effective use 
of resources for a national utility company [15, 18]. 
Nevertheless, they are very good options for providing 
electricity to rural areas and supplementing the national 
grid, in addition to the use of renewable energy [9, 19, 
20, 21]. Production of electricity from renewable energy 
(wind, solar, biomass as in palm kernel shell) most 
times rely on electromechanical generators for the final 
stage of conversion from mechanical to electrical 
energy [9, 22, 23]. Generators can be classified into AC 
generators and DC generators.  AC Generators are also 
known as alternators. It works based on the principle of 
electromagnetic induction. Azhumakan et al. [5], 
concluded that the use of asynchronous generators is 
more appropriate because they satisfy requirements of 
high-quality voltage, low mass, relatively low cost, high 
reliability, simple design and an easy maintenance. 
Upadhayay [20] in evaluating the effectiveness of 
micro-hydropower plant  discovered that asynchronous 
generators are preferable because they have ability to 
operate at different speeds with a constant frequency. 
Reduction in costs per unit, durability, reduced size, 
lack of separate DC power supply,  ease of 
maintenance, self-protection against the severe 
overloads and short circuits are the key advantages of 
the asynchronous generators [6, 14, 24]. An inverted 
design, where a rotor with the excitation winding is a 
motionless and the stator rotates, is rare in the 
synchronous machines [7, 25, 26]. Generation by 
Synchronous generators for a micro power plant is a 
complex task [5]. The characteristic feature of the 
asynchronous generator (AG) is their ability to produce 
the magnetizing current for the magnetic fields 
formation. When operating in the generator mode, the 
asynchronous machine consumes the reactive power 
from the network and gives the reactive power to the 
load. The simplest Electromagnetic Generator (EMG) is 
an asynchronous self-excited generator (ASG), which is 
three-phase with the rotor and excitation condensers 
connected parallel to the stator. Until recently the 
application of ASG was restrained by failed external 
characteristics of the engine and absence of reliable and 
cheap source of reactive power. Modern achievements 
in the field of condenser construction, semiconductor 
techniques and electronics, which allowed reduction in 
weight, size and cost of AC condensers, set the stage for 
the successful solution of problems of ASG application. 
Comparative evaluations of weight, size and energy 
performance of asynchronous and synchronous 
generators in the power range of 1-100 kW at a 
frequency of 50Hz and a speed of 3000 rpm showed that 
the total weight of AG together with the excitation 
device is less than the SG by 1.3–1.4 times. Compared 
with the non-contact SG (inductor), the mass of AG is 
less by 2-3 times [5, 26]. 
 
2. MATERIALS AND METHODS 
 
 The induction generator was designed to be self-
induced using the capacitance. The generator was made 
up of two major parts, the rotor and the stator. The 
design of the induction generator involved the 
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calculation of the parameters that transformed the 6.8 
kW scrap induction generator into the working 
generator of 5.5 kW output. The specifications of the 
scrap and the newly  produced generator are given in  
Table 1, which served as basis for the redesign. 
 

Specifications  Available  New design  
Type of 
Generator 

Scrap 
Induction 
generator 

Asynchronous 
or Induction 
generator 

Method of 
excitation 

- Capacitor banks 

Power Output 6.8 kW 5.5 kW 
Number of 
phases 

3-phase 3-phase 

No of poles 4 poles 4 poles 
No of slots 38 slots 38 slots 
Power factor - 0.86 
Efficiency - 85% 

Table 1. Design specifications of the induction 
generator 

 
2.1 Design calculations 
 AC motor units were constructed with two or four 
poles. A magnetic field was created in the stator poles 
that induced magnetic fields on the rotor. The driving 
force of the electric motor is torque. The rotor rotation 
was slower than the magnetic field of the stator. The 
difference between the synchronous speeds of the stator 
and the actual operating speed is called slip [8]. 
Synchronous speed (NS) is the speed at which the 
magnetic field rotates [27, 28]. It is dependent on motor 
design, and was designed to be  1500 rpm.  
 The power produced by the motor depends on the 
speed [27, 28]. The torque (T) of the motor  was 
estimated to be  3.57 kgm. Power (W) in the electric 
circuit is the rate of flow of energy. Apparent power is 
measured in volt-amperes (VA). Reactive Power  
(VAR) is power stored in and discharged by inductive 
motors, transformers and solenoids [27, 29]. Using 
standard formulae [27, 30], apparent power, reactive 
power, phase angle and real power were estimated as 
6.4 kVA, 3.263 kVAR,  30.68o and 5.5 kVA 
respectively using power factor 0.86. 
 Three-phase electricity consists of three AC voltages 
of identical frequency and similar amplitude. Each AC 
voltage phase was separated by 120° [31]. The 3-phase 
circuit was connected in star or wye, with a common 
point called the neutral. The fourth neutral wire was 
used to carry the resultant current [29]. The sum of the 
three 120° phase shifted voltages at any instant is zero 
[29]. The phase and line voltage of the designed 
alternator/generator, Vph (239.6 V) was estimated [28]. 
Based on standard formulae [32], current of 10.467A 
was computed. In order to generate the required 
electricity, the capacitor must be connected to the 
winding of generator. The capacitors served as the 
excitation source for the induction generator [25].  This 
was established from equation (1)  as follows.  

2*2*3

)(*1000
)(

phVf

kVARQ
FC


   (1) 

26.239*50**2*3

263.3*1000
)(


FC  

FFC 307.60)(   

 Increased in number of coils led to increased  
generated electromotive force (EMF). The number of 
turns needed to get the desired output of 5.5 kW was 
gotten over the available specifications of the 6.8 kW 
induction generator. 

oE

voltagephase
turnsofNumber         (2) 

610**02.1*44.4**  fBLEo  

,L is the length of stator, 220 mm 

,B is the breadth or diameter of stator, 190 mm 

,f frequency, 50 Hz 

,oE =9.465192 

Phase voltages for each phase and colour coding were: 
Phase 1 (L1) = 220V Red 
Phase 2 (L2) = 230V Yellow 
Phase 3 (L3) = 240V Blue 

Number of turns for L1 turns23
465192.9

220
  

Number of turns for L2 turns24
465192.9

230
  

Number of turns for L3 turns25
465192.9

240
  

 

 
Fig. 1. A coil having a span equal to 180 electrical 

degrees  (full pitch coil) 
 
Coil of the rotating engine (Fig. 1) was made up of  
multi turns of the conductor. In multi turns coil, there 
were multiple conductors per side of the coil. The pole 
pitch is defined as the peripheral distance between 
centres of two adjacent poles in the rotating generator. 
The distance was measured in term of armature slots or 
armature conductor between two adjacent pole centres.  
Pole pitch is equal to the total number of armature slots 
divided by the number of poles in the generator. For the  
96 slots on the armature periphery and 4 numbers of 
poles in the generator, the numbers of armature slots 
come between two adjacent poles centres was 96/4 (24). 
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The pole pitch is equal to total numbers of armature 
slots divided by the total number of the poles [33]. The 
following data were used to get the winding 
configurations from the standard relations [8, 34]. 
Number of slot =38 (36 used, 2 unused) 
Number of poles =4 
Number of phases = 3 
Coil span = 9 slots 

Slot angle 
9

180o

  

Slots per pole per phase = 3 
Phase difference = 6 
 The winding configuration for the coil sets for each 
of the phases based on the slot per pole per phase is 
shown in Table 2. In lap winding, the coil sets were 
connected in start to start and in finish to finish. 
 
Phase Pole 1 Pole 2 Pole 3 Pole 4 

R 1, 2, 3 10, 11, 12 19, 20, 21 28, 29, 30 

Y 7, 8, 9 16, 17, 18 25, 26, 27 34, 35, 36 

B 13, 14, 15 22, 23, 24 31, 31, 33 4, 5, 6 

Table 2. Winding configurations for the coil sets and 
phases for the generator 

 
 Torque is transmitted from the palm kernel shell 
fuelled steam turbine (petrol engine) to the alternator 
(electric generator) by coupling. Slip can be defined as 
the difference between the flux speed (Ns) and the rotor 
speed (N). The speed of the rotor was expressed as a 
percentage of synchronous speed (Ns). Since the 
synchronous speed of the alternator is 1500 rpm, it has 
to be driven at a speed higher than 1500 rpm to allow 
for the slip to be negative [34]. Hence,  
Speed of the prime mover=synchronous speed + % slip 
speed. 
Speed of the prime mover=1500+%  slip speed  
Minimum requirements for the prime mover (5.5 kW 
steam turbine/13 HP petrol engine) was adopted for the 
peformance evaluation of the generating system.  

kWHPkWPower 698.9746*)(   

The torque needed for the induction generator was 
35.014 Nm (3.57 kgm). By taking the slip of the 
coupling  as -3%, the speed of the engine was estimated 
as,  

100*%
s

s

N

NN
slip


   

rpmN 1545  

The torque generated by the prime mover with output 
power P, 9.698 kW and speed N, 1545 rpm is: 

N

P
T

1000
*

2

60 



 

kgmNmT 11.6941.59   

The design configuration  of the induction generator 
with major components  is given  in Fig. 2. 
 The process of rewinding/redesigning involved the 
following steps. First, the coils from the scrap induction 
generator were removed while the data including the 

number of slots and the number of poles were recorded 
for use in designing for the 5.5kW induction generator 
(Fig. 3). Second, burning and cleaning of slots using a 
blowtorch was carried out. Third, winding of stator and 
rotor coils based on the design calculations was done. 
Fourth, the insulation papers were fixed in the slots, the 
stator was wound based on the slot configuration and 
the number of turns as designed. Fifth, the ends are 
soldered start to start and finish to finish (Figs 4 and 5). 
Last, turning of the shaft on the lathe  to the designed 
size  for the recalibration purpose was carried out (Figs. 
6 and 7). The complete assembly of the fabricated 
components are shown in Fig. 8. 
 

 
Fig. 2.  An exploded view of the Induction generator. 
  

 
Fig. 3.  The scrap induction generator 
 

 
Fig. 4. The stator after rewinding and varnishing 
 

 
Fig. 5. The rotor after rewinding and varnishing 
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Fig. 6. Shaft configuration before turning operation 

 

 
Fig. 7. Shaft geometry after turning operation 

 

 
Fig. 8. Assembly of all the generator components 
 
The materials used for the generator components  were  
classified into consumable and non-consumables. 
Consumable materials were applied in the process of  
design and production of the generator, while the non-
consumables were used during testing process of the 
generator. Consumable materials include the following: 
insulation paper, which was the primary layers of 

insulation in motor coils and they are inserted in motor 
winding to separate each of the winding coils from 
another. Paper insulation was used because of  its 
proven durability at high voltages. Diodes in the system  
allow  the flow of current in one direction. Motor 
varnish (windings immobilizer)  was the second layer of 
insulation  applied to the coils on the rotor and stator 
windings. The appropriate  winding wire size and the 
number of turns were selected based on the design and 
physical space available on the discarded motor. This 
choice was based on; the performance requirements of 
the design (speed, acceleration, power consumption, 
cost, etc.), and constraints on the maximum amperage a 
particular wire size and electrical insulation can survive. 
Hence, SWG 22 (0.711mm) was chosen for the 
generator. Sandpaper was used to remove the coatings 
from the copper wire windings. Insulation sleeves of 
fibre type  were used to insulate wires, provide abrasion 
resistance and environmentally protect the  stranded and 
solid wire. Cotton thread was applied to hold the 
windings firmly in place and hence enabled orderliness 
and neatness. 
 Non-consumable materials include the following: 
Nose plier was used to cut and bend small wires and 
electrical wiring. Spanner provided grip and mechanical 
torque to turn  rotary fasteners,  bolts and nuts during 
assembly process. Oil can was a tool used for system  
lubrication. Mallet was applied  softly and safely to put  
the rotor, windings or coils in place. Wire gauge 
(micrometer)  was for certifying and ascertaining the 
wire diameter of the copper windings before the 
application  of the adjustable  cutter. 
 Engineering materials were selected with the main 
objective of minimizing cost of producing the generator. 
Factors considered in material choice were service life, 
lightweight, corrosion resistance and durability. The 
materials selected based on the design calculations  are 
given in the Table 3. Table 4 shows  the bill of materials 
with respect to the fabricated and tested generator.

 
Machine 
component 

Criteria for selection  
Material  Used for  
The design  

Material suitable  
Reasons for  
Material selection 

Stator 
Strength, 
machinability, cost, 
ailability, stability 

Silicon steel 
Silicon steel, mild steel, 
cast iron  

Strength, low     
cost, 
machinability  

Rotor 
Strength, 
machinability, cost, 
availability, stability 

Silicon steel 
Silicon steel, mild steel, 
cast iron  

Strength, low 
cost, 
machinability  

Machine 
Frame 

Weldability, 
machinability, surface 
finish, cost, strength  

Mild steel  
Mild steel, aluminium, 
stainless steel  

Welding  
ability, cost 
strength  

Shaft 
High torsional rigidity, 
high fatigue resistance  

high strength steel 
high strength steel, 
aluminium alloy, titanium 
and magnesium alloy  

Strength, type of 
load and 
resistance 

Bearing 
Strength, type of load, 
cost  

ball bearing  
Ball bearing Roller 
bearing thrust bearing  

Cost, type of load  

Outer case 
Corrosion resistance, 
lightness, surface finish, 
cost  

Galvanized steel 
Galvanized steel, stainless 
steel, mild steel 

Lightness, 
corrosion 
resistance  

Table 3. Material choice and reasons for selection 
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S/N Material Cost (N) 
1 Induction generator  135,000 
2 Design 15,000 
3 Frame of generator 10,000 
4 Painting 3,000 
5 Engine rest bed 20,000 
6 Petrol engine 47,000 
7 Coupling 5,000 
8 Transportation 15,000 
9 Miscellaneous 5,000 
 Total (in Naira, N) 255,000 
 Total (in USD, $) $700 

Table 4. Bill of engineering measurements and  
evaluation 

  
 The process of testing the induction generator was 
to ascertain if the output at the main, upon connection to 
a prime mover, is the same, higher or at least close to 
those calculated. Some of the parameters tested include 
the generator speed on and without load, the output 
voltage across the lines and phases, the output current 
across the lines and phases, the torque and the 
continuity of the generation. Some of the instruments 
used are: tachometer (sensor device used to measure the 
rotation speed (rpm) of the generator); digital 
multimeter (tool for measuring voltage and current); and 
wattmeter (for measuring the electric power). The 
voltage testing process is illustrated in Fig. 9. The tests 
carried out on the alternator (generator) comprised  no-
load and on load tests. The behaviour of the alternator 
under load was observed and recorded. The chosen load 
were sum up to  2.3 kW. The load was connected to the 
phase 3 of the alternator. The parameters noted were the 
load and no-load speeds, and the load and no-load 
voltage. Tests were carried out at two different periods 
of 13.00 GMT and 19.00 GMT of the same day in step 
of  20 minutes intervals. Tests  were  carried out in four 
replicates. 

 
3. RESULTS AND DISCUSSION 
 
 Table 5 contains the design specifications of the 
fabricated induction generator and the minimum 
requirements for the prospective prime mover. The 
outcome showed that to generate 5 kW of electricity 
minimum power, starting torque and speed required 
were 5.5 kW, 35.014 Nm, and 1500 rpm respectively.  
 

Type of Generator Asynchronous or 
Induction generator 

Method of excitation Capacitor banks 
Power Output 5.5 kW, 6.4kVA 
Minimum starting 
Torque 

35.014 Nm (3.57 Kgm) 

Number of phases 3-phase 
No of poles 4 poles 
No of slots 38 slots 
Power factor 0.86 
Synchronous speed 1500 RPM 
Efficiency 85% 

Table 5. Specifications of the fabricated Induction 
generator 

By considering efficiency and power factor influence in 
the design, minimum power, rotational speed  and 
torque reqirements obtained  for effective prime mover 
action are 9. 698 kW, 1545 rpm and 59.941 Nm, 
respectively (Table 6).   
 

Type of Prime mover Turbine or Engine 
Minimum Power 
required (in Horsepower) 

13 HP 

Minimum Power 
required (in kW) 

9.698 kW 

The minimum Rotational 
speed required 

1545 RPM 

Minimum Torque 
required 

59.941 Nm (6.11 
kgm) 

Table 6. Minimum requirements for the prospective 
prime mover. 

  

  
Fig. 9. Voltage testing of the alternator/generator  
 
 The results obtained for the two tests cases carried 
out on the fabricated generator are presented  as shown 
in Tables 7 and 8, respectively. The current generated 
and recorded based on 2.3 kW load, 0.8 power factor 
and the corresponding line to neutral voltages for the 
phase 3 are given in Table 9. The results showed that a 
maximum  speeds close to 2714 rpm (under no laod) 
and  2439 rpm (under load) were  obtained. The speeds 
were somewhat close to the target speed of 3000 rpm. 
Maximum voltage of 189 V (no load) and 159 V (load) 
were obtained spaning the two cases of testing periods 
(Tables 7 and 8). These output voltages were somewhat 
close to the targetted voltage (239.6 V ≈ 240 V). The 
first case test (during afternoon) under load (2.3 kW) 
showed a variation of voltage and current outputs for 
the four replicates within the range of 151 and 158 V, 
6.07 A and 6.35 A, respectively.  In the second case test 
(during evening under similar load), constant voltage 
and current of 158 V and 6.07 A were observed, 
respectively (Table 9). The amperage was somewhat 
close to the designed current (10.467 A). The outcomes 
of the two cases indicated that the power output (voltage 
and current) were been influenced by the nature of the 
environment. The outcomes further revealed that 
improvement in rotation speed from turbine/engine can 
result in increase in torque and hence the power output. 
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 Time  13.00 13.20 13.40 14.00 
No-load 
speed (rpm) 

2644 2623 2572 2714 

Load speed 
(rpm) 

2423 2439 2401 2426 

No-load voltage (volts) 
Phase 1 78 81 78 88 
Phase 2 178 176 179 188 
Phase  3 180 180 181 189 
Load voltage (volts) 
Phase 1 68 68 70 72 
Phase 2 151 156 153 151 
Phase  3 151 158 151 156 

Table 7. Generator's speed and voltage  test results at 
hours of 13.00-14.00 GMT. 

 
Time  19.00 19.20 19.40 20.00 
No-load 
speed (rpm) 

2667 2696 2633 2609 

Load speed 
(rpm) 

2400 2383 2390 2385 

No-load voltage (V) 
Phase 1 88 81 85 81 
Phase 2 179 178 180 173 
Phase  3 184 181 173 181 
Load voltage (V) 
Phase 1 79 72 78 78 
Phase 2 156 159 157 156 
Phase  3 158 158 151 156 

Table 8. Generator's speed and voltage  test results at 
hours of 19.00-20.00 GMT. 

 
S/N Line to neutral 

Voltage (V) 
Current (Amps) 

Test results at hours of 13.00-14.00 GMT. 
1 151 6.35 
2 158 6.07 
3 151 6.35 
4 156 6.14 

Test results at hours of 19.00-20.00 GMT. 
1 158 6.07 
2 158 6.07 
3 158 6.07 
4 158 6.07 

Table 9. Current and line to neutral voltage based on the 
connected load 

 
 In the process of  testing the alternator, some 
problems were encountered. The alternator was driven 
at over 2000 rpm without producing any power due to 
burnt stator windings caused by the short-circuiting of 
the coils. The fault was corrected by changing 
rewinding type from delta to star where the line voltage 
was made the same as the phase voltage. Other 
induction generator faults and failures encountered 
included: unfavourable operating conditions (electrical, 
mechanical or environmental) that can dramatically 
shorten the life of three-phase stator winding. The 
winding failures were rectified by following the 
standard maintenance measures [35]. On this basis, 
other failures due to poor insulation, voltage surge, 

thermal deterioration of insulation, phase damage, 
winding damage and locked rotor can be rectified.   
   
4. CONCLUSION 
 
 As the generator is a vital part of the electricity 
generating ability of a power plant, it is important to 
choose the generator based on its maintainability, 
efficiency, price and load bearing capacity. Induction 
generators are best for micro-power installations 
because they can produce power efficiently at varying 
rotor speeds. Besides, they are mechanically and 
electrically simpler in design than other generating 
types. They are also more rugged since they require no 
brushes or commutators. This study has exposed that the 
generator can be bought brand new or a scrap generator 
can be rewound to desired power specifications. Besides 
economy of rewind, there are more other advantages 
including loading flexibility, power rating flexibility 
and ease of repair. It was realized from the study that 
the generating ability of any power station depends on 
the cordiality of the relationship between the prime 
mover and the generator. For optimum efficiency of the 
induction generator, it is recommended that the turbine 
or the prime mover to be coupled should have at least 
no-load speed rating of 3000 rpm. The loads connected 
across the mains should be less than the rated wattage (5 
kW) to prevent the heating up and burning of the 
windings. 
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Abstract: The main aim of the study was to analyze power coefficient of tidal turbine. The analzying was performed 
based on input-output data pairs. To arrange the data pairs measurements were performed on the tidal turebine. 
Adaptive soft computing methdology was used for estimation of relationship between the data pairs. The soft 
computing methodoogz was afterwards used for prediction of the power coefficient of tidal turbine based on the 
learined knowledge about the data pairs. During measurement procedure three inputs and one output were 
considered. The inputs are tip speed ratio – TSR, swap area of the turbine and time step. The output is power 
coefficient. The soft computing approach, namely, adaptive neuro fuzzz inference system – ANFIS was used for 
prediction of the power coefficient. Finally obtained results were compared with classical neural networks.  
Key words: tidal turbine, power coefficient, soft computing, prediction 
 
Predikcija koeficijenta snage plimskih turbina primenom adaptivne metdologije mekog računanja. Glavni cilj 
ovog istraživawa je analiza koeficijenta snage plimskih turbina. Ta analiza je rađena na osnovi prikupljenih ulazno-
izlaznih parova podataka. Ti podati su aranžirani na osnovi merenje na plimskim turbinama. Adaptivna 
metodologija mekog računanja je korišćena za estimaciju veza između datih parova podataka. Ta metodologija je 
kasnije korišćena za predikciju koeficijenta snage plimske turbine na osnovu naučenog znanja od datih parova 
podataka. U toku procedure merenja tri ulazna parametra i jedan izlaz su korišćeni. Ulazi su odnos brzine vrha 
turbine, brisna povrpina turbine i vremenski korak. Izlazni parametar je koeficijent snage. Kao metodologija mekog 
računanja korišćena je adaptivna neuro fazi metdologija odnosno ANFIS. Na kraju su ANFIS rezultati upoređeni sa 
rezultatima klasičnih neuronskih mreža.  
Ključne reči: plimske turbine, koeficijent snage, meko računanje, predikcija 
 
1. INTRODUCTION 
 
 In the future marine renewable energy has the 
potential to make significant contribution in energy 
supplies. Two marine renewable energies are tidal and 
wave energies. In order to optimize the marine energy 
power coefficient must be analyzed and predicted as 
easy as possible and with without implementation of 
many input parameters. There are several investigations 
on the tidal turbine power estimation. 
 In work [1] simulations were performed using 3D 
computational fluid dynamical models to predict the 
power output, torque fluctuations and loading 
characteristics of three straight-bladed vertical axis tidal 
turbines where the selection of strut section and blade-
strut joint design was found to have a crucial impact on 
power output. A code was developed in article [2] to 
predict power extraction capacity for the various 
number of flapping hydrofoils based on the kinematic 
and hydrodynamic models and the model can be used as 
one of initial tools to predict power capacity for 
obtaining vast concept regarding tidal sites with the 
flapping foil hydrokinetic turbines. The aim of paper [3] 
was to better understand the kinetic energy extraction by 
varying the material modulus of a turbine blade and 
results were revealed that the 3 bladed rotor displayed 
maximum hydrodynamic performance as a rigid 
structure which then decreased as the blade deformed. A 
numerical model was proposed in article [4] to 

efficiently compute the power produced by a row of 
Vertical Axis Water Turbines (VAWTs) deployed in 
parallel for various water flow conditions. For various 
purposes, investors, industries, government and 
academics are looking to identify the best device in 
terms of cost of energy and performance. However, it is 
difficult to compare the cost of energy of new devices 
directly because of uncertainties in the operational and 
capital costs. It may however be possible to compare the 
power output of different devices by standardizing the 
definition of power coefficients. In paper [5] was 
derived a formula to quantify the power coefficient of 
different devices. 
 In this investigation adaptive neuro-fuzzy inference 
system (ANFIS) [6-15] was applied to predict the tidal 
turbine power coefficient. ANFIS results are compared 
with artificial neural network (ANN) results. 
 
2. METHODOLOGY 
 
2.1 Experimental measurement 
 Blade is the most crucial part of the turbine. The 
water velocity of the tidal currents strikes the turbine 
blades and lead to the rotation of turbine. This converts 
the kinetic energy of the tidal currents into rotational 
energy for the generator and eventually into the 
electricity. The power produced by such turbines is 
given by 
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P= 0.5 Cp ρ A V3                                          (1) 
 
where, P (W) is the power produced, Cp (dimensionless) 
is the coefficient of power, A (m2 ) is the flow contact 
and V (m/s) is the inlet velocity for the turbine. Table 1 
represents the parameters of the turbine studied. 
 
Parameter Description for tidal 

turbine 
Hydrofoil NACA 0025 
Number of  blades  Three 
Blade length 700 mm  
Radius of the turbine 500 mm 

Rotational speed 50 rpm 
Collapsible entities for each 
blade 

Three 

Foldable capacity Half of the installed 
size 

Ratio of scaling 0.95 

Table 1. Parameters of the tidal turbine 
 

In this investigation three parameters are selected as the 
inputs. Table 2 shows three input and output parameter 
which are used in this investigation. Output parameter is 
determined by measurements. 

 
Inputs Parameters 

description 
Symbol 

input 1 TSR 
(dimensionless) 

TSR 

input 2 Area (m2) A 
input 3 Time Step 

(seconds) 
t 

output Power coefficient 
(dimensionless) 

CP 

Table 2. Input and output parameters 
 

2.2 ANFIS methodology 
  
 Fuzzy inference system is used in the process of the 
ANFIS training and evaluation. The fuzzy IF-THEN 
rules of Takagi and Sugeno’s class and three inputs for 
the first-order Sugeno is employed for the purposes of 
this study. The ANFIS has five layers and each of the 
layer has specific purpose during training and 
evaluation procedure. The most important is the select 
fuzzy membership functions before training procedure 
of ANFIS model. In this study bell-shaped membership 
functions are used since these functions are capable for 
establishing of relationships between nonlinet data. 
 To assess the ANFIS success for prediction of power 
coefficient, three statistical indicators were used as 
follows:  
 
1) Root-mean-square error (RMSE) 
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where Pi and Oi are experimental and forecast values, 
respectively, and n is the total number of data. 
 
3. RESULTS 
 

Figure 1 shows scatter plots of prediction of tidal 
turbine power coefficient with ANFIS and ANN 
methodologies. As can be noted from the figures the 
ANFIS methodology gives better prediction accuracy 
than ANN. 

 

 
(a) 

 
(b) 
Fig. 1. Scatter plots for prediction of tidal turbine power 

coefficient with (a) ANFIS and (b) ANN 
methodology 

 
The graph of the model for the ANFIS input-output 

(decision) surface for prediction of the tidal turbine 
power coefficient is a monotonic non-linear surface as 
shown in Figure 2. The figures below also shows the 
response of ANFIS model for the varying selected input 
parameters. 
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(a) 

 
(b) 

 
(c) 
Fig. 2. ANFIS relationships between inputs and output 

 
Table 3 summarize the prediction accuracy results by 
ANFIS and ANN methodology. 

 

 ANFIS ANN 

r 0.95 0.93 

R2 0.91 0.87 

RMSE 0.03 0.04 
Table 3. Statistical results for prediction of tidal turbine 

power coefficient 

4. CONCLUSION 
 

In this study was performed an approach for 
prediction of power coefficient of tidal turbine based on 
several input parameters. Adaptive soft computing 
methdology was applied. The methdology was trained 
by input and output data pairs which are collected 
during measurement procedure. Based on the results one 
can conlude that the methodology coud be used 
effictivelly for tidal turbines’ performances prediction. 
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Abstract: Modern manufacturing processes demand high degree of automation in mass production units. In order to 
achieve the predetermined cycle times, synchronization of different processes in the automated production lines, is 
of utmost importance. Automating the feeding process also leads to reduction of waste and labour costs and 
increase in efficiency. Often, discrete part feeding, along with other variable parameters can give optimum Feed 
rates as results. A suitable feeding mechanism needs to be chosen for this purpose, we use a vibratory bowl feeder 
for its ease of use and its versatile nature. The present study is aimed at mathematically analysing the behaviour of 
a vibratory bowl feeder with different sizes of tube caps used in the pharmaceutical industry and other consumer 
goods industries. The response parameter chosen for this investigation was the feed rate and the various input 
parameters for the study were – part population, part size and frequency of bowl. Once the experimental readings 
were obtained, a mathematical model was developed using Design of experiments statistical package, expressing the 
relationship between input and response parameters in the equational form. Significance testing of the developed 
model was performed using Analysis of Variance (ANOVA). Response surface methodology was then used to 
optimise the obtained model which can be used to predict the behaviour of the feeder. 
Key words: automation, feed rate, mathematical analysis, response surface methodology, ANOVA. 
 
Matematička analiza performansi vibrirajućeg dozatora pri doziranju čepova za flaše. Savremeni proizvodni 
procesi u masovnoj proizvodnji zahtevaju visok stepen automatizacije. Da bi se postiglo unapred određeno vreme 
ciklusa, sinhronizacija različitih procesa u automatizovanim proizvodnim linijama je od najveće važnosti. 
Automatizacija procesa doziranja dovodi do smanjenja troškova otpada, rada i povećanja efikasnosti. Često, 
doziranje diskretnih delova, zajedno sa drugim promenljivim parametrima, može dati optimalne vrednosti dozatora. 
U tu svrhu je potrebno odabrati odgovarajući mehanizam za doziranje, mi smo koristili vibracioni dozator zbog 
jednostavne upotrebe i svestrane primene. Ova studija ima za cilj da matematički analizira ponašanje vibracione 
posude za doziranje sa različitim veličinama čepova za flaše koje se koriste u farmaceutskoj industriji, kao i drugim 
proizvodima široke potrošnje. Izlazni parametar, izabran za ovo ispitivanje, bio je brzina doziranja, a razni ulazni 
parametri za ispitivanje bili su - deo stanovništva, veličina i frekvencija posude. Nakon dobijanja eksperimentalnih 
očitavanja, razvijen je matematički model korišćenjem statističkog paketa "Izrada plana eksperimenta", izražavajući 
odnos između ulaznih i izlaznih parametara u obliku jednačine. Testiranje značajnosti razvijenog modela izvršeno je 
korišćenjem Analize varijanse (ANOVA). Metodologija odzivne površine je zatim korišćena za optimizaciju 
dobijenog modela koji se može koristiti za predviđanje ponašanja dozatora.  
Ključne reči: automatizacija, brzina punjenja, matematička analiza, metodologija odzivne površine, ANOVA. 
 
1. INTRODUCTION 
 
 A feeder is a machine or device that is used to feed 
any kind of material, chemical or product to the 
assembly line, manufacturing stations or wherever 
necessary. The feeder serves the very important purpose 
of automating the assembly process which was 
previously largely dominated by manual labour, hence 
reducing costs, improving efficiency and better results.   
The feeder used during this experiment is Vibratory 
Bowl Feeder. It is an instrument that uses vibration to 
feed material. Both vibration and gravity are used to 
move materials in this feeder. Direction is determined 
by gravity, either down, or down and to a side, and then 
material is moved by vibration. They are mainly used to 
transport smaller objects in large quantity.  
 A number of research papers have been surveyed to 
understand the importance of mechanized feeding and 
to study the various techniques used by the 

experimenters to analyse the behaviour of these feeders. 
 Taguchi approach was applied by Jain et. al. [1, 2] in 
order to optimise the performance of vibratory bowl 
feeder and it was found that part population had a 
negative effect on feed rate whereas, frequency had a 
positive effect on feed rate. Initially, the part size had a 
negative effect but owing to its interaction with 
frequency and part population, it became positive after a 
while. 
 In the investigation carried out by Jindal et. al. [3] 
graphical and mathematical analysis of vibratory bowl 
feeder using clip shaped components revealed that the 
highest frequency with the highest part population was 
exhibiting the maximum feed rate for the smallest part 
size in the graphical analysis.  
 According to Chauhan et. al. [4], the factorial 
approach to study the effects that various parameters 
had on the feeder gave satisfactory results. 
 Bhagat et. al. [5, 6], analysed graphically and 
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mathematically, the behaviour of the vibratory bowl 
feeder for feeding headed components and it was 
concluded that the mathematically developed model 
could estimate the magnitude and direction of the 
effects of variation in factors as well as predicts the 
effects of their mutual interactions. 
 
2. PLAN OF INVESTIGATION 
 
The Investigations were carried out in the following 
steps: 
1. Identifying process parameters and their working 

ranges  
2. Developing of the design matrix  
3. Conducting the experiments as per the design 

matrix 
4. Recording the observations 
5. Formulation of mathematical model 
6. Testing the significance of the model 
7. Results and their analysis 
8. Conclusions 

 
2.1 Identification of process parameters and their 

working ranges 
 There are many part parameters, process parameters 
which were observed to affect the behaviour of the 
feeder. These parameters are part population, part size, 
frequency, part weight, part material, part height and 
shape. A number of trial experiments however showed 
that frequency, part size and part population were the 
most significant process parameters from the lot and 
were therefore, chosen as input parameters for the 
investigation. A series of trial experiments were 
conducted to figure out the working ranges of these 
input parameters. These ranges are shown in table 1. 
The upper limit is represented by +1 & the lower limit 
by -1. 
 

Process Parameters (-1) (0) (+1) 
Frequency 45 47.5 50 
Part Size 16 19 22 
Part Population 45 90 135 

Table 1. Process parameters and their working ranges 
 
2.2 Development of Design Matrix  
 To analyse the individual and interaction effects of 
process parameters, design of experiment’s statistical 
approach was chosen. Central composite face centred 
technique was applied to decide the number of 
experiments to be conducted as per the design matrix 
given in table 2. A total of 20 (23+2*3+6=20) 
experiments were conducted with single replication and 
the corresponding readings for feed rate were recorded 
in Table 2. 
 
2.3 Conducting the experiments as per the design 

matrix 
 The experiments were conducted on a frequency 
bowl feeder with the bowl having a diameter of 300mm 
whose vibrating frequency has been controlled using a 
frequency control unit, which allows stepless control of 
vibrational frequency that acts as an important factor 
affecting the feed rate of this feeder. 

 
Fig. 1. The experimental set up 
 
2.4 Recording the observations 
 Design of matrix’s statistical approach was opted 
and 20 experiments were conducted as per the design 
matrix. The observations have been shown in table 2. 
 

 
Table 2. Recording of observations 
 
2.5 Development of mathematical model 
 “Feed rate = f (A, B, C)” represents response 
parameters i.e. feed rate as a function of input 
parameters (part size, part population and frequency) 
The general regression equation is  
feed rate =β0+ β1A+ β2B+ β3C+ β12AB+ β13AC+ 
β23BC+ β11A

2+ β22B
2+ β33C

2  
where β1, β2, β3 are regression coefficients for linear 
terms  
β12, β13, β23 are regression coefficients for interaction   
β11, β22, β33 are regression coefficients for square terms. 
The actual regression equation for the developed model 
is given below 
Feed rate = 82+66.5A+15B+18.5C+5.87AB+33.12AC-
18.88BC+3A2-4.5B2+C2 
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2.6 Testing the significance of the model 
 The significance of the developed model and lack of 
Fit was tested using ANOVA technique with the help of 
Design Expert software whose results are given in Table 
3. It is evident that the developed model is significant 
and the lack of fit is insignificant. Further, the Fit 

Statistics table given in Table 4 also verifies the claim 
by a significantly high value of R2. The scatter diagram 
between predicted and actual value shown in Fig. 2, also 
corroborates the fact that model is significant because of 
the close proximity of predicted and actual values on the 
scatter diagram. 

 

Source Sum of squares df Mean Value f-value p-value  

Model 19504.49 9 2167.17 144.18 < 0.0001 significant 
A-Frequency 28.90 1 28.90 1.92 0.1957  
B-Part Size 10304.10 1 10304.10 685.53 < 0.0001  

C-Part Population 7182.40 1 7182.40 477.84 < 0.0001  
AB 60.50 1 60.50 4.03 0.0726  
AC 512.00 1 512.00 34.06 0.0002  
BC 1200.50 1 1200.50 79.87 < 0.0001  
A² 51.28 1 51.28 3.41 0.0945  
B² 14.78 1 14.78 0.9832 0.3448  
C² 1.84 1 1.84 0.1225 0.7336  

Residual 150.31 10 15.03    
Lack of Fit 114.98 5 23.0 3.25 0.1106 not significant 
Pure Error 35.33 5 7.07    
Cor Total 19654.80 19     

Table 3. ANOVA Analysis 
 

Std. Dev. 3.88 R² 0.9924 
Mean 109.60 Adjusted R² 0.9855 

C.V. % 3.54 Predicted R² 0.9163 
 - Adeq Precision 50.8128 
    

   Table 4. Fit Statistics 
 

 
Fig. 2. Predicted v Actual scatter diagram 
 
2.7 Results and their analysis 

The results of the investigative work performed so 
far has been depicted in the form of pictorial graphs in 
figures. 3-6. 
The analysis of these results is explained as below 
 
2.7.1 Direct effect of Frequency on feed rate 
 Feed Rate has been found to increase with increase 
in Frequency. This could be explained by the fact that 

increased frequency resulted in more agitation of the 
components which lead to an increased pushing 
tendency among components, driving them towards the 
delivery chute, hence positively affecting the feed rate.  
 

 
Fig. 3. Effect of frequency on feed rate 
 
2.7.2 Direct effect of Part size on feed rate 
 It was found that increase in part size led to decrease 
in feed rate. A possible explanation for this trend could 
be that with increased part size, component mass also 
increased thus granting it more stability towards the 
same amount of agitation. Increase in diameter must 
have contributed to the increase in fall-back factor due 
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to which larger sizes exhibited the tendency to fall back 
from the tracks into the bowl before reaching the 
delivery chute. 
 

 
Fig. 4. Effect of part size on feed rate 
 
2.7.3 Direct effect of Part population on feed rate 
 Figure 5 shows an increasing trend in feed rate on 
being subjected to increase in the part population inside 
the bowl. This could be due to the reason that with 
increase in part population the number of effective 
interactions between components within the bowl 
increase, resulting in components being pushed up the 
tracks at a faster rate, which as a result shows an 
increase in the feed rate. 
 

 
Fig. 5. Effect of part population on feed rate 
 
2.7.4 Interaction effects of Part size and Part 

population on feed rate 
 The interaction curve in Figure 6 shows that both 
part size and part population have positive effect on the 
feed rate, with part population having more dominating 
one and has outweighed the negative effect of part size 
when taken as a single factor. This also, explains that 
the behaviour of a factor may change drastically when 
taken in interaction with other factors. 
 

 
Fig. 6. Effects of part size and part population on feed 

rate 
 
2.7.5 Interaction effects of Frequency and Part 

population on feed rate 
The interaction effects exhibited in Figure 7 show 

that while Part Population has a positive effect on feed 
rate whereas the effect of frequency remains negligible. 
This could be explained as, though these parameters 
have a positive effect when taken independently, but 
when taken together, the effect of frequency seems 
subsided this could be to keep the feed rate within 
practical deliverable rates. 

 

 
Fig. 7. Effects of frequency and part population on feed 

rate 
 
2.7.6 Interaction effects of Frequency and Part size 

on feed rate 
 The graph in Figure 8 shows the effect of part size 
and frequency on feed rate. It is very evident from the 
graph that with increase in frequency, the feed rate 
increases and with increase in part size there is an 
increase in feed rate Moreover, for lower frequency but 
for higher frequency, the slope of the part size v feed 
rate curve increases. 
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Fig. 8. Effects of part size and frequency on feed rate 
 
3. CONCLUSIONS 
 
1. Central composite face centred has been found to be 

satisfactory and useful in predicting the behaviour of 
a vibratory bowl feeder. 

2. Part population and frequency were found to have 
positive effect on feed rate, whereas part size was 
found to have a negative effect on the feed rate, 
when factors are taken individually. 

3. Increase in part population shows an increase in feed 
rate. When interaction effects of part population and 
part size are considered, feed rate exhibits an 
increasing trend with increase in part population but 
a decreasing trend fir increase in part size. 

4. Part population was found to have positive effect on 
feed rate, whereas Frequency seemed to have no 
effect on the feed rate when interaction effects were 
considered. 

5. Part size was found to have a positive effect on feed 
rate. However, it was observed that, for larger part 
sizes, frequency had a negative effect on the feed 
rate whereas for smaller sizes, frequency had a 
positive effect. 
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PERFORMANCE OF A VIBRATORY BOWL FEEDER FOR HEADED COMPONENTS 
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Abstract: Technology has helped to change the entire world. And in manufacturing industries, automation has 
become the competitive advantage. Automation helped to produce mass products at desired speed and rate with 
repeatability. It saves time and manual labour. Mechanised feeding has emerged as critical operation as to ensure 
discrete part feeding to mass producing assembly lines in a desired orientation and at a desired rate, eliminating the 
need of human operator for the job. The objective of our investigation is to study the feed behaviour of the headed 
components such as nails by a vibratory bowl feeder. Looking at the asymmetry of shape of these components slight 
modifications were made in the basic machine to facilitate their feeding.  The response parameter in this case is feed 
rate and the important input parameters were part size, part population and frequency of vibrations. The 
experiments were conducted using the methodology of design of experiments. Central composite face cantered 
technique was used for developing the mathematical model. The adequacy of this model was tested by ANOVA 
analysis and significance of the regression coefficient was checked and the model was optimised by using RSM. 
Key words: Vibratory Bowl Feeder, mathematical modelling, ANOVA, optimisation, Response Surface               
Methodology 
 
Razvoj matematičkog modela za određivanje glavnih komponenti vibracionog uređaja za doziranje. 
Tehnologija je pomogla da se promeni ceo svet. A u prerađivačkoj industriji, automatizacija je postala konkurentna 
prednost. Automatizacija je pomogla u proizvodnji masovnih proizvoda pri željenoj brzini i stopi ponavljanja. To 
štedi vreme i ručni rad. Mehanizovano doziranje se pojavilo kao kritična operacija kako bi se osiguralo da se 
diskretni deo dovodi do masovnih produkcijskih linija u željenoj orijentaciji i po željenoj brzini, eliminišući potrebu 
za ljudskim radom. Cilj naše istrage je proučavanje ponašanja dozatora sa zaglavljenim komponentama kao što su 
ekseri pomoću vibracionog mehanizma za doziranje. Gledajući asimetriju oblika ovih komponenti, u osnovnoj 
mašini su napravljene neznatne modifikacije kako bi se olakšalo njihovo doziranje. Izlazni parametar u ovom 
slučaju je brzina doziranja i važni ulazni parametri su veličina dela, deo populacije i učestalost vibracija. 
Eksperimenti su sprovedeni metodom plana eksperimenata. Za razvijanje matematičkog modela korišćen je 
centralni kompozicioni plan. Adekvatnost ovog modela testirana je ANOVA analizom i proveren je značaj 
koeficijenta regresije, a model je optimizovan korišćenjem RSM-a.  
Ključne reči: Vibraciona posuda za doziranje, matematičko modeliranje, ANOVA, optimizacija, metod odzivne 
površine 
 
1. INTRODUCTION 
 
 Concept of feeding has gained a significant 
importance in previous few years because of its 
usefulness in serving the assembly lines. The pioneering 
work in the field was carried decades ago by Dr. 
Geoffrey Boothroyd [1], who in his elaborated work on 
different types of feeding system has diverted the 
attention towards the importance of mechanised 
feeding. A variety of feeding systems available in the 
industry to suit different requirements. To name a few 
are bowl feeder, centrifugal feeder, step feeder, linear 
feeder, etc. Keeping in view the capability of vibratory 
bowl feeder to handle different shapes and sizes of 
industrial components, the same was selected for the 
study. To further substantiate the importance of this 
feeder a literature survey was carried out and the 
findings of different experimenters was observed. . 
Jindal et. al. [2] carried out investigation work on this 
feeder for clip shaped components and concluded that 
feed rate increases with increase in frequency and part 

population. Pandey et. al. [3, 4] investigated the 
performance of vibratory bowl feeder for threaded 
fasteners and concluded that feed rate increases 
significantly with frequency of vibration but decreases 
with increase in part population. Maher et. al. [5] further 
carried out investigation with the objective to contribute 
to the development of a flexible vibratory bowl feeder. 
Headed components of a vast variety are extensively 
used in assembly operations for fastening and joining.  
Because of their asymmetric shape they pose a 
challenge to feed them in the desired orientation in an 
assembly line. Present work, therefore is an attempt to 
address this problem by conducting a series of 
experiments in a structured way to establish a 
relationship between the important process parameters 
and the response which is feed rate in this case. It is 
assumed that the developed model will not only  help 
analyse the performance but also shall be able to predict 
its behaviour at different combinations of process 
parameters. A popular approach of design of 
experimentation was used to decide the number of 
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experiments to be conducted so that direct and 
interaction effects of parameters can be investigated on 
the feeder output.  Central composite face centred 
technique was used to develop the model followed by 
application of Response Surface Methodology to 
optimise the model.  
 
2. EXPERIMENTAL SET UP 
 
 The experimental set up used for the present 
investigation is shown in figure 1 which consists of a 
vibratory bowl feeder with bowl size 300mm. The 
system is provided with a separate control unit with a 
provision to vary the frequency of vibrations. As the 
subject components are headed fasteners, it becomes 
difficult to ensure their smooth flow and a particular 
orientation delivery owing to their asymmetrical shape. 
Slight modifications were made to ensure one 
component at a time making to the delivery point 
moreover a special delivery chute was designed and 
attached at the delivery point to ensure each component 
aligns itself in its “heads up” position irrespective of the 
kind of orientation it was in before reaching the delivery 
chute. 
 

 
Fig. 1. The experimental set up 
 
3. PLAN OF INVESTIGATION  
 
 The following steps were considered while carrying 
out the present investigation. 

 Identification of important process parameters 
and finding and their working ranges. 

 Development of a design matrix 
 Conducting the experiments as per the design 

matrix. 
 Developing the mathematical model 
 Checking the significance of the developed 

model 
 Results and their discussions 
 Conclusions 

 
3.1 Identification of important process parameters 

and finding and their working ranges. 
 A series of trial experiments were conducted to 
identify the independently controllable process 
parameters and their working limits. The important 
process parameters significantly affecting the 

performance of feeder were found to be the frequency 
of vibration, part size and part population. Their 
working ranges were decided on the basis of the 
intervals in which feeder was found to give stable 
outputs without any erratic observations. The upper 
limit is shown as (+1), lower limit as (-1) and the 
intermediate value as (0). The working limits so decided 
are given in Table 1. 
 

No.
FREQUENCY		
(Hz)	

PART	SIZE		
(mm)	

PART	
POPULATION

1	 40	(‐1)	 25	(‐1)	 150	(‐1)	
2	 42	(0)	 38	(0)	 200	(0)	
3	 45	(+1)	 51	(+1)	 250	(+1)	

Table.1 The input parameters and their working ranges 
 
3.2 Development of a design matrix  
 The total number of experiments to be conducted 
were determined by using design expert software. In the 
present case central composite face centred technique 
was used with each parameter varying at three levels. 
The total number of experiments came out to be 20 { 23 
(full factorial points) + 2*3(star points) + 6(centre 
points) = 20 }. All the possible combinations as per the 
present approach are given in the designed matrix 
shown in Table 2. 
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2 1 1 1 -1 55 
18 2 0 0 0 26 

4 3 1 1 -1 41 
8 4 1 1 1 58 

13 5 0 0 -1 22 
19 6 0 0 0 23 
20 7 0 0 0 18 
16 8 0 0 0 24 
11 9 0 -1 0 20 

9 10 -1 0 0 9 
3 11 -1 1 -1 7 
7 12 -1 1 1 6 

10 13 1 0 0 71 
1 14 -1 -1 -1 4 
5 15 -1 -1 1 13 

17 16 0 0 0 24 
15 17 0 0 0 36 

6 18 1 -1 1 68 
14 19 0 0 1 33 
12 20 0 1 0 33 

Table 2. The design matrix 
 
3.3 Conducting the experiments as per the design 

matrix  
 A total 20 number of experiments were conducted 
by taking the combination of input parameters as per the 
design matrix in table 2. All the readings were taken in 
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single replications and the feed rate were recorded in 
Table 2. 
 
3.4 Developing the mathematical model  
The input parameters and the feed rate can be related as 
per the following  
Feed rate= f(A,B,C), 
where  A,B,C are the frequency, part size and part 
population respectively. 
The general regression equation relating the input and 
the output parameters is given as 
Feed Rate=β0 + β1A + β2B + β3C + β12AB + β13AC + 
β23BC + β11A

2 + β22B
2 + β33C

2  
where β0 is model coefficient, β1 ,β2 ,β3  are regression 
coefficient of linear term , β12 , β13,, β23 are regression 
coefficient for the interaction terms β11, β22, β33 are 
regression coefficient for square terms. The actual 
mathematical equation develop by the software is given 
below in the coded form. 
Feed Rate= 26.94+ 25.40*A -1.50*B +4.90*C -
2.50*AB +2.75*AC -0.75*BC +10.41*A2 -3.09*B2 -
2.09*C2 

 

3.5 Checking the significance of the developed model 
 The significance of developed model is checked by 
ANOVA analysis whose results are given in Table 3. 
 

 
Table 3. ANOVA analysis of the model 
 
 The results of analysis clearly indicate that 
developed model is significant and lack of fit is 
insignificant. The fits statistics results given in table 4 
with a very high value of R2 proves trustworthiness of 
developed model within a percentage limit of 93.41%.  
 

 
Table 4. Fit statistics 
 
To further substantiate the validity of developed model, 
a scatter diagram was plotted between predicted and 
actual values as shown in the figure 2. The close 
proximity between these values clearly indicates the 
suitability of this model with confidence limits of 95%. 
 

 
Fig 2. Scatter diagram between predicted and actual 

values 
 
4. RESULTS AND DISCUSSIONS  
 
 The results of the investigation work carried out are 
depicted in graphical form shown in figures 3-8 and the 
explanation of direct and interaction effects of process 
parameters on feed rate is discussed below. 
 
4.1 Direct of frequency on feed rate 
 The direct effect of frequency is shown in figure 3. It 
can be seen that feed rate increased with increase in 
frequency. The reason attributed can be that as 
frequency increased the magnitude of parts also 
increased resulting in faster movement of components 
up the spiral track. 
 

 
Fig. 3. Effect of frequency on feed rate 
 
4.2 Direct effect of part size on feed rate 
 The effect of part size is shown in figure 4. It is 
evident that initially there is a slight increase in the feed 
rate with increase in the size of parts whereas, there is a 
decrease in the feed rate as the part size is increased 
further.  However, the effect of part size on feed rate is 
almost constant. 
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Fig. 4. Effect of part size 
 
4.3 Direct effect of part population on feed rate 
 The effect of part population is shown in figure 5.  
As part population is increased it is observed that there 
is a marginal increase in the feed rate. The reason for 
this can be as the population was increased, at the 
entrance junction, the components were in a state of 
disorder and were inhibiting each other from following 
the main path.   
 

 
Fig. 5. Effect of part population 
 
4.4 Interaction effect of frequency and part 

population 
 Interaction effect of frequency and part population 
on feed rate is shown in figure 6.  
 

 
Fig. 6. Interaction effect of frequency and part 

population 

 Frequency has a positive effect on feed rate. At all 
part population, feed rate is increasing with the increase 
in frequency. However, part population has a variable 
effect on feed rate. For lower frequency the feed rate is 
almost constant, whereas there is a considerable change 
at higher frequency. 
 
4.5 Interaction effect of part population and part size 
 Interaction effect of part population and part size is 
as shown in figure 7. When part population and part size 
are taken together, they have nominal effect on the feed 
rate. At all part population, feed rate is increasing 
marginally with increase in part size. 
 

 
Fig. 7. Interaction effect  of part population and part size 
 
4.6 Interaction effect of frequency and part size 
 Interaction effect of frequency and part size is 
shown in figure 8. Frequency  again has a positive effect 
on feed rate. At all part sizes feed rate has increased  
with the increase in frequency. Feed rate is almost  
constant at lower frequency  but  there is a drastic 
accretion at higher frequency. 
 

 
Fig. 8. Interaction effect of frequency and part size 
 
5. CONCLUSIONS 
 
1. The statistical approach of central composite face 
centred  technique was satisfactory  for the present 
investigation work and was able to predict the direct  
and interaction effect  with good accuracy. 
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2. The direct effects indicate frequency and part size 
has positive effect on feed rate whereas, part population 
had a negative effect. 
3. The interaction curve of frequency and part size 
shows that the minimum feed rate of 8 is attained at 
minimum frequency and minimum part size. Whereas, 
maximum feed rate of 64 is attained at maximum 
frequency and minimum part size. 
4. The interaction curve of frequency and part 
population shows that the minimum feed rate of 8 is 
attained at minimum frequency and minimum part 
population. Whereas, maximum feed rate of 68 is 
attained at maximum frequency and maximum part 
population. 
5. The interaction curve of part size and part 
population shows that the minimum feed rate of 16 is 
attained at maximum part size and minimum part 
population. Whereas, maximum feed rate of 30 is 
attained at  31.5mm part size and maximum part 
population. 
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QUALITY COSTS MEASUREMENT SYSTEM 
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Abstract: This paper presents the theoretical aspects taken into account when creating an algorithm for a quality 
costs measurement system, developed using a descriptive-analytical method. The methodological approach relies on 
the systemic thinking about management of success, including the elements of integration, innovation and agility, 
taken into account when developing the scope, rules, criteria, possibilities and alternatives. The proposed algorithm 
provides a structured approach and systematic measurement of the quality costs, which, in turn provides for better 
understanding, detection and correction of the errors on the spot where they actually occurred and not where they 
appeared. This ensures the timeliness, accuracy and reliability of the data and information about the costs of 
quality, opens possibilities not only for diagnostic analytics but also for predictive and prescriptive analytics, which 
increases the efficiency of the company.  
Key words: algorithm, system, measurement, quality costs 
 
Teorijski aspekti vezani za kreiranje algoritma za sistem merenja troškova kvaliteta. Ovaj rad predstavlja 
teorijske aspekte uzete u obzir prilikom kreiranja algoritma za sistem merenja troškova kvaliteta, razvijen metodom 
deskriptivno-analitičke analize. Metodološki pristup se oslanja na sistemsko razmišljanje o upravljanju uspehom, 
uključujući elemente integracije, inovacije i agilnosti, uzete u obzir prilikom razvoja prostora, pravila, kriterijuma, 
mogućnosti i alternativa. Predloženi algoritam daje strukturiran pristup i sistematsko merenje troškova kvaliteta, 
što zauzvrat omogućava bolje razumijevanje, otkrivanje i korekciju grešaka na mestu gde su se stvarno desile, a ne 
gde su se pojavile. Time se obezbeđuje pravovremenost, tačnost i pouzdanost podataka i informacija o troškovima 
kvaliteta, što otvara mogućnosti ne samo za dijagnostičku analizu, već i za prediktivnu i preskriptivnu analizu, što 
povećava efikasnost kompanije. 
Ključne reči: algoritam, sistem, merenje, troškovi kvaliteta 
 
1.  INTRODUCTION 
 

The need for sustainability of the modern business 
and products in an environment entailing complex 
technical and technological, information and societal 
and economical systems, contributes to increasing the 
influence of the quality costs, as an economic category 
indicating the quality of the operations [1]. In addition 
to being a measure of the effectiveness and efficiency 
of the activities, processes and systems, as well as the 
realization of the quality objectives [1], the quality 
costs also represent a tool in the rational process 
making strategic management decisions, used to 
identify quality related issues and the weaknesses of 
companies, justify the undertaking of preventive and 
corrective measures, as well as evaluate the 
productivity of the company [2, 3].  
 It has become exceptionally important that quality 
costs related data and information to feature the 
properties of so called “enhanced information”, i.e. be 
“as relevant as possible” and presented in an “as 
suitable as possible” form for the users [4]. The 
fulfillment of these requirements entails the design and 
implementation of a methodologically harmonized 
process in the quality costs measuring system. 
 This paper presents a quality costs measurement 
system algorithm, the methodological approach and 
explains the phases and the stages of the system, makes 

note of specific properties and importance, as well as 
affirmation for efficient implementation and 
functioning of the quality costs measurement system.  
 
2. METHODOLOGICAL APPROACH FOR THE 

QUALITY COSTS MEASUREMENT SYSTEM 
ALGORITHM 

 
The creation of the quality costs measurement 

system algorithm employed a descriptive and analytical 
methodological approach, including systematic 
management of the interrelated phases, stages and units 
in the system with the necessary number of iterations. 
The algorithm incorporates the following affirmations 
that provide for the functionality of the quality costs 
measurement system: 

1. Acceptance of the “management of success” 
teaching based on the elaboration of the scope, rules, 
criteria, alternatives and  the opportunities of a certain 
subject matter, featuring a proactive character [5],  

2. Adoption of the ecology of quality assurance, 
including integration of company resources (human, 
material and methodological), product and process 
innovation and the agility related to the fulfillment of 
the requirements [6], 

3. Reviewing the quality costs measurement system 
using the four functional units: input unit (human 
resources, material, equipment, knowledge, 
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procedures), processing unit (activities and functions 
which transform the inputs into outputs), output unit 
(notifications, reports, publications, recommendations) 
and recipient unit (internal and external users) [2], 

4. Introduction of the principle of integration and 
cooperativeness of the quality and accountancy experts 
[1, 2]. 
 
3. DESCRIPTION OF THE QUALITY COSTS 

MEASUREMENT SYSTEM 
 

The quality costs measurement system should be 
able to identify all quality costs elements, show the true 
value of the quality costs (by categories and by quality 
costs elements), track the quality costs to their primary 
sources and measure the occurrence of the quality costs 
in real time [3].  Indeed, there exist obvious difficulties 
to designing a quality costs measurement system, 
which will systemically identify, record, measure, 
register, calculate, compare and analyze all quality 
costs elements in real time [3]. With a view to 
overcoming the evident difficulties in designing such a 
system, the proposed algorithm employs the approach 
of the author Sorqvist L. [3], who suggests five levels 
of quality costs measurements: first level–traditional 
quality costs according to the categorization of the PAF 
(Prevention-Appraisal-Failure) model, second level–
hidden quality costs, third level –lost revenues, fourth 
level–user costs and fifth level–social and economic 
costs. In the most general context, the quality costs 
measurement system entails three interrelated phases 
[4] (figure 1.): 

Phase 1 refers to a complex understanding of the 
quality costs measurement system framework, which 
contains and describes the competitive position of the 
company, the stakeholders – users, owners and 

employees, the organizational goals, policies and 
strategies, the available resources, methodologies and 
procedures, followed-up and defined from the point of 
view and acceptable directives, risks, behaviors and 
policies of all of the elements of the quality costs 
measurements system. This framework should also 
contain an understanding of the quality costs beyond 
the functional limits of the quality departments [2], i.e. 
within the overall company management [7]. 
Furthermore, quality costs should be looked at as a 
comprehensive system and not just a quality 
management tool [7] 

Phase 2 refers to the quality costs measurement 
process, which comprises three steps: measurement 
process design, quality costs data collection and 
recording and analysis – synthesis – recommendation – 
results and final recommendations. The measurement 
process design involves the creation and development 
of a measurement process protocol comprising a design 
for: data collection; data recording and archiving; 
access to the data and the realization of the analysis, 
synthesis and the results. 
 Phase 3 refers to decision making and taking action, 
exceptionally important in the field of quality cost 
measurement system, because it refers to issues related 
to strategic, tactical and operational objectives and 
interests of the organization. Therefore the presentation 
of the results and recommendations should present the 
output data exhaustively and comprehensively, in the 
most appropriate, clear and understandable form, 
impartially, and completely intended for specific users.  
 The systematic phases require the setup of the entire 
quality cost measurement system on a level of 
standpoint or a culture of quality in the company, 
taking into account the top 10 principles of the quality 
costs measurement system, proposed by J. Juran [4]. 

 

 
Fig. 1. Quality costs measurement system 

 
 The quality costs measurement system should 1.) be 
managed, 2.) provide for a  sufficient packet of 
measurements, 3.) determine who makes the decisions 
and how, 4.)  the decisions as close as possible to the 
activities, 5.) have prepared measurement process 
plans, 6.) facilitate the measurements, analyses and the 
presentation of results, 7.) ensure the implementation of 
measurement protocols and data quality programs, 8.)  
be continuously improved, 9.) help the decision makers 
manage their processes and responsibilities, 10.) and 
acknowledge that it functions within limiting 

circumstances. 
 
4.   QUALITY COSTS MEASUREMENT SYSTEM 
 

Figure 2 shows the quality costs measurement 
system algorithm [1, 2, 3, 4, 8, 9, 10, 11, 12], i.e. a 
structured, integrated and systematic approach to 
understanding planning, implementation, maintenance 
and management of the quality costs measurement 
system. 
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Fig. 2. Quality costs measurement system algorithm 

 
The algorithm, by nature, functions interactively, 

starting from the first iteration which refers to known 
elements, followed by subsequent iterations which 
incorporate less known elements in order to “softly” 
include the employees and avoid the occurrence of the 
learning anxiety phenomenon [13].  

The algorithm design relies on the principle 
stipulating the planning, designing and incorporation of 
quality, rather than controlling the quality [3, 10]. This 
means that it is always more cost effective to do things 
well from first time [3]. Hence, each and every stage of 
product creation and utilization should plan, identify, 
track, measure, calculate, rank, sort, analyze and 

synthesize the costs of quality. Most of the quality costs 
can be only estimated due to the difficulties or the 
impossibility to measure them [3]. For example, the 
quality costs in the group of non-measurable external 
error costs can be estimated using the Taguchi loss 
function [3]. From a broader perspective, quality cost 
measurement represents a joint effort of the entire 
company and therefore the proposed algorithm involves 
the organizational practice, the technical and 
technological aspect, the knowledge related to the 
modern calculation systems [7] and the knowledge in 
the field of quality. Ultimately, this aims at changing the 
mentality in the organizational culture and the 
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acceptable level of error [2], and replaces it with a zero 
defects philosophy [3]. 
 The quality costs measurement protocol (phase 2, 
stage 1) is of especial importance for the measurement 
of the costs of quality. It should ensure the relevance, 
simplicity accuracy and cost-effectiveness of the quality 
cost data [10]. The collection and recording of the 
quality costs entails the creation of an environment 
(“absolutely mandatory”) for the company experts 
responsible for quality and the experts responsible for 
accounting will work in synergy [2, 1]. 
 The most frequently presented methods for 
collecting quality costs include: collection from the 
accounting records, by persons involved in a given 
activity, by working hours, by error types, using the 
personal logs of the employees [2], by time [12], by the 
elements and the categories of the costs of quality, by 
organizational units and by processes [10]. The analysis 
of the quality costs data (phase 2, stage 3) can cover a 
long term and can apply to the process of strategic 
planning and monitoring of the entire progress; short 
term and apply to the process of promoting and 
attainment of the objectives specified for the 
organizational units; and short term and useful for 
tracking quality costs data in order to identify and 
eliminate the reasons for non-compliance and errors 
[10].  
 The unit of recipients (phase 3) is the final unit of 
the quality costs measurement system in the presented 
algorithm. Phase 3 involves activities such as results 
sharing, comparisons between actual and planned 
results and application of quality management tools. 
The results of the integration of the activities in phase 3 
are recognized in the existence of three types of main 
responsible centers: 1.) Cost center which analyses the 
company performance by monitoring the costs and the 
responsibility for the costs, 2.) Profit center which 
analyses both the costs and the profits of the company 
and 3.) Investment center which tracks the costs, the 
revenues and the investments of the company [11]. 
 
5.  CONCLUSION 
 

The quality costs measurement system represents 
one of the ways to measure the effect of the programs 
and initiatives for company quality improvement. The 
proposed algorithm clearly shows the sequential 
activities in the quality costs measurement process, 
adapted to the real needs and capabilities of the 
companies in an environment of limited knowledge and 
limited resources. The stage and the systemic structure 
of the quality costs measurement system algorithm 
facilitate identification and tracking of the quality costs 
at the places where they actually occur and not at the 
places where they appear. This ensures the timeliness, 
accuracy and reliability of the data and information 
about the costs of quality, opens possibilities not only 
for diagnostic analytics but also for predictive and 
prescriptive Analytics of the costs of quality. Using this 
approach, companies that have introduced adequate, 
proper and acceptable quality costs measurement 
systems, where all components function as planned with 
the assistance of a program for provision of quality data 
and measurements also have the highest efficiency.  
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Abstract: Adaptive neuro fuzzy network or ANFIS could be used for different aspects of prediction during 
productive development. In this study ANFIS network was appliced for prediction of bending and thickness of 
shaped surface by laser formation. Laser manufacturing represent imporant part in new productive development. 
Shaped surface modeling by laser forming process needs many irradiations along surface paths with different 
parameters of heating. This surface requires thickening and bending in order to get required shapes. In this study 
was attempted to analyze the process parameters influence on the bending and thickening of the shaped surface by 
laser. The used inputs were circular and radial laser scan, laser spot diameter, laser power and scan speed. The 
selection procedure can produce results to simplify the shaped surface forming. Finally it was attamted to determine 
how services as added values have infleunce on the enterpreneusthip activity for laser manufacturing business. 
Key words: ANFIS; forecasting; laser manufacturing; entrepreneurial activity; business 
 
Upravljanje totalnom preduzentičkom aktivnošću primenom adaptivne neuro-fazi logike. Adaptivna neuro 
fazi mreža ili ANFIS se može koristiti u različitim aspektima predikcije u toku razvoja poroizvodnje. U ovom radu je 
ANFIS mreža korišćena za predikciju savijanja i debljine površine primenom lasera. Primena lasera u proizvodnji 
predstavlja jedan od najvažnijih delova u proizvodnji. Modelovanje oblikovanih površina primenom laserske 
tehnologije zahteva mnoga lasetska zračenja duž putanja površine sa različitim parametrima zagrevanja. Glavni 
parametri kod oblikovanja neke površine su savijanje i debljina te povšina nakon oblikovanja kako bi se dobili 
traženi oblici. U ovom radu je analiziran proces uticaja pojedinih parametara na savijanje i debljinu oblikovane 
površine primenom laserske tehnologije. Korišćeni ulazi su radijalno i cirkulanro lasersko skeniranje, prečnik 
laserke dodirne tačke sa površinom, snaga lasera i brzina skeniranja laserom. Procedura selekcija može da da 
rezultate kako bi formiranje oblikovanoh površina bilo uprošćeno. Na kraju je urađena analiza kako dodatne usluge 
mogu da utiči na preduzetničku aktivnost primenom laserske proizvodnje. 
Ključne reči: ANFIS; predikcija; proizovdnja laserom; preduzetnička aktivnost; biznis. 
 
1. INTRODUCTION 
 
 Shaped surface modeling by lasers requires surface 
deformation often because of thermal stresses produced 
by controlled laser beams, which scan surface. Complex 
shaped surface could be modeled from flat surfaces by 
the numerous laser scans along different directions 
(radial and circular for example) and with suitable 
machining parameters. Definition of the machining 
parameters could be very challenging and complex task 
due to the high nonlinearities of the shaped surface 
modeling. There were many experimental, numerical 
and empirical methods for shaped surface modeling by 
laser forming process. 
 In article [1] was used spiral irradiating scheme for 
laser forming of a saddle shape and it as proved that this 
irradiating scheme was suitable for modeling of saddle 
shapes. With increasing of the number of irradiation 
passes, curvatures of saddle shape were increased 
considerably [2]. Despite a lot of research was done in 
the field of laser forming, generation of a three-
dimensional surface by this process is still a challenging 
task. Effect of spot diameter variation for the laser 
forming process was analyzed in study [3]. In article [4] 
was found that the combination of radial and circular 
scan schemes works better for achieving higher bending 

angle of the obtained surface. Due to the high peak 
temperature and heating rate caused by the latter shaped 
beam, a higher value of micro hardness in the 
transformation hardened zone was found in article [5]. 
In work [6], two different irradiating schemes were used 
and compared for flame forming of a bowl-shaped 
surface and it was proved that the obtained bowl-shaped 
surface with spiral irradiating scheme has larger 
curvatures and symmetry and lower residual stresses in 
comparison with the obtained bowl-shaped surface with 
combined irradiating scheme. To improve the forming 
quality of parts fabricated by laser direct metal forming, 
the forming process of three-dimensional parts under 
open-loop LDMF system was studied in paper [7] and it 
was suggested that uneven surface of parts was caused 
by instability of process parameters. Laser forming is a 
thermal forming process, which uses laser beam 
irradiation to produce desired final forms. With 
increasing laser power, line energy, and heat flux, dome 
height increases and with increasing beam diameter, 
sheet thickness, and scan velocity, dome height 
decreases notably [8]. Due to an enhancement of 
ductility of the surface region, higher compressive 
residual stresses can be achieved for the adapted process 
chains after the final peening step [9]. The laser forming 
process, in which a bending deformation of a metal 
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plate is produced by non-uniform thermal stress coming 
from nonlinear laser-heating cycles, is a promising 
technology for the rapid production of metallic shaping 
components [10]. Laser forming continues to be a 
promising technology in manufacturing due to its fast 
speed, flexibility, and low-cost [11, 12]. In laser 
forming of three-dimensional surfaces, simultaneous 
bending and thickening of the sheet being formed are 
often required [13, 14]. 
 The main goal in this study was to avoid high 
nonlinearity of the mathematical approaches by using 
soft computing methodology. Soft computing methods 
do not require knowledge of internal system and these 
methods can provide compact solution for multi-
variable problems. Adaptive neuro-fuzzy inference 
system (ANFIS) [15] was used to determine the most 
dominant machining factors for the shaped surface 
modeling process by laser forming process. Finally in 
the article was determined influence of services as 
benefits on the entrepreneurship business on the laser 
manufacturing process. 
  
2. METHODOLOGY 
 
2.1 Laser manufacturing process of shaped surface 
 Yb fiber laser was used for the shaped surface 
modeling process. Stainless steel sheet AISI 304 was 
used as working specimens. Diameter of the collimated 
laser beam was 15 mm, which could produce diameter 
of spot of 250 µm by the optical system. Laser 
displacement sensor was used for deformation 
measurement of the bending and thickening of the 
shaped surface.  
 Radial and circular laser scans were performed for 
the laser irradiation since this combination of the laser 
scan was the most suitable for the complex surface 
forming. Four machining parameters were considered as 
inputs for the shaped surface modeling process. Circular 
laser scan was produced bending of the shaped surface 
and radial laser scan produced thickening of the shaped 
surface. These input parameters are presented in Table 1 
for the bending prediction of the shaped surface. Table 2 
shows the inputs for the thickening prediction of the 
shaped surface. Bending and thickening of the shaped 
surface were used as output factors. The main aim was 
to analyze the influence of the input factors on the 
bending and thickening variations of the shaped surface. 
 

Inputs Parameters Min. Max. 
Input 1 Circular scan radius [mm] 30 50 
Input 2 Laser spot diameter [mm] 2 5 
Input 3 Laser power [W] 250 750 
Input 4 Laser scan speed [m/min] 0.5 7 

Table 1. Used parameters for bending of shaped surface 
  

Inputs Parameters Min. Max. 
Input 1 Radial scan lines [mm] 20 40 
Input 2 Laser spot diameter [mm] 2 5 
Input 3 Laser power [W] 250 750 
Input 4 Laser scan speed [m/min] 0.5 7 

Table 2. Used parameters for thickness of shaped 
surface 

2.2 Laser manufacturing business 
 Entrepreneurship is a multilevel and complex 
phenomenon that gained importance in the global 
economy because of changes in employee 
qualifications, work contents, and psychological 
contracts in the employment field. Entrepreneurship 
contributes to economic growth in being a conveyor of 
new or existing knowledge spillover and creative ideas 
that might otherwise not be utilized and realized for the 
benefit of all. Linking entrepreneurship to economic 
growth means linking the individual level to the 
aggregate levels. The most significant contribution of 
small businesses and entrepreneurial activity is their 
ability to innovate.  
 Various studies show that entrepreneurs contribute 
to economic development, job creation, and different 
aspects of wellbeing through creative destruction [16]. 
The most popular themes in entrepreneurship research 
have traditionally revolved around micro-level factors 
including opportunity recognition, motivation, financing 
and performance. Opportunity identification is 
considered a mainstream fundamental issue in 
entrepreneurship research, given that it is an important 
entrepreneurial capability and a source of competitive 
advantage.    
 Table 3 shows the input and output parameters, 
which are used in this study for, laser manufacturing 
business. Services include value added in wholesale and 
retail trade, transport, and government, financial, 
professional, and personal services such as education, 
health care, and real estate services. Also included are 
imputed bank service charges, import duties, and any 
statistical discrepancies noted by national compilers as 
well as discrepancies arising from rescaling. Value 
added is the net output of a sector after adding up all 
outputs and subtracting intermediate inputs. It is 
calculated without making deductions for depreciation 
of fabricated assets or depletion and degradation of 
natural resources. Unemployment refers to the share of 
the labor force that is without work but available for and 
seeking employment. GNI per capita (formerly GNP per 
capita) is the gross national income. GNI is the sum of 
value added by all resident producers plus any product 
taxes (less subsidies) not included in the valuation of 
output plus net receipts of primary income 
(compensation of employees and property income) from 
abroad. 
 

1. GNI per capita 
2. Services, etc., value added (% of GDP) 

Inputs 

3. Unemployment, (% of female labour 
force) 

Output 1. Total entrepreneurial activity (%) 
Table 3. Used parameters in study for laser 

manufacturing business 
 
2.3 ANFIS methodology 
 MATLAB software is employed for whole 
procedure of ANFIS training and testing. During 
training process, ANFIS parameters are identified 
optimized.  
      In the training process the hybrid learning 
algorithms were applied. The hybrid algorothm is 
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coupled of least squares estimation and the gradient 
decline order.  
 To assess the ANFIS success RMSE statistical 
indicator was used. The indicator could be presented as 
follows: 
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where Pi and Oi are known as the experimental and 
forecast values, respectively, and n is the total number 
of data samples. 
 
3. RESULTS 
 
3.1 Laser manufacturing of shaped surface 
 ANFIS network was used for find the parameters 
influence on the output variables (bending of shaped 
surface). The parameter with smaller RMSE has more 
influence on the output parameters. The following 
results are achieved: 
 

1. Circular scan radius, RMSE = 1.7071 

2. Laser spot diameter, RMSE = 2.0818 

3. Laser power, RMSE = 2.3494 

4. Laser scan speed, RMSE = 2.3779 

According the results the input parameter 1 (Circular 
scan radius) has the highest influence on the bending of 
shaped surface since the input 1 has the smallest RMSE.  
 ANFIS network was used for find the parameters 
influence on the output variables (thickness of shaped 
surface). The parameter with smaller RMSE has more 
influence on the output parameters. The following 
results are achieved 
 

1. Radial scan lines, RMSE = 7.5269 

2. Laser spot diameter, RMSE = 6.7082 

3. Laser power, RMSE = 6.9218 

4. Laser scan speed, RMSE = 7.5202 

According the results the input parameter 2 (Laser spot 
diameter) has the highest influence on the thickness of 
shaped surface since the input 2 has the smallest RMSE.  
  
3.2 Laser manufacturing business 
 ANFIS network was used for find the parameters 
influence on the output variables (total entrepreneurial 
activity of the laser manufacturing business). The 
parameter with smaller RMSE has more influence on 
the output parameters.  According the Table 4 the input 
parameter 2 (services) has the highest influence on the 
total entrepreneurial activity since the input 2 has the 
smallest RMSE.  
 Table 5 shows the numerical results for the two 
parameters influence on the total entrepreneurial 
activity. GNI per capita and services forms the optimal 
combination which is the most influential on the total 
entrepreneurial activity prediction. 
 

Total entrepreneurial activity 

GNI per capita --> RMSE = 4.9919 

Services, etc., value added --> RMSE = 4.2391 

Unemployment, --> RMSE = 5.7961 

Table 4. Forecasting of the total entrepreneurial activity 
of laser manufacturing business according to 
single parameters 

 
 

Total entrepreneurial activity 

GNI per capita-Services, etc., value added --> RMSE = 3.3874 

GNI per capita-Unemployment, --> RMSE = 4.5238 

Services, etc., value added- Unemployment, --> RMSE = 3.6392 

Table 5. Forecasting of the total entrepreneurial activity of laser 
 manufacturing business according to two parameters

4. CONCLUSION 
 
 Shaped surface modeling by laser forming process is 
a complex task due to the many processing parameters. 
Therefore in this study was applied a soft computing 
methodology to overcome the prediction difficulties of 
the bending and thickening prediction of the shaped 
surface by removing some unnecessary input 
parameters. Finally it was attamted to determine how 
services as added values have infleunce on the 
enterpreneusthip activity for laser manufacturing 
business. 
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