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Abstract  
Wire made from metal is a fundamental component found in 

almost every complex product, ranging from a simple pen to a 

spacecraft. It is used to manufacture nails, screws, springs, rivets, 

cables, welding electrodes, and numerous other items that 

surround us daily.  

In an era characterized by increased environmental concerns and 

the pressing need for the industry to become more sustainable, 

process monitoring has emerged as a key instrument for 

strengthening the sustainability improvements of diverse industries 

and operations. Many industries have transitioned into the realm of 

Industry 4.0, entering an era of digital transformation and data-

driven decision-making. However, the production of steel wire has 

fallen behind. The wire drawing process has been performed in a 

similar manner for the last century and the production machines 

generally lack advanced monitoring systems. To catch up, there is 

a great need to digitize the wire drawing process and that is the 

focus of this thesis, Monitoring of the wire drawing process.  

 

In this thesis several different methods to monitor the wire 

drawing process are developed and evaluated, resulting in a 

process monitoring system for the wire drawing process. 

 

Keywords: Wire drawing, process monitoring, condition monitoring, 

drawing force, performance monitoring 
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Introduction 

1.1 Motivation 
Wire made from metal can be found in almost every complex 
product, ranging from a simple pen to a spacecraft. Wire is used to 
manufacture nails, screws, springs, rivets, cables, welding material 
and many other things that surround us daily. Wire forms joints in 
our structures, stabilizes our tires and transports electricity. Without 
wire the world would not be the same. Wire has been an important 
part of society for a long time, the first known mentioning of wire 
and how it can be manufactured is found in the Bible (Old 
Testament), “And they did beat the gold into thin plates and cut it 
into wires” [1].  

Today the production industry faces high demands on increasing 
sustainability and productivity. The production of steel wire has been 
performed in a similar manner for the last decade. Many other 
continuous process industries are moving into Industry 4.0, but the 
wire drawing industry is somewhat lagging. Industry 4.0 creates great 
demands in terms of measuring, understanding and being able to 
control the production process. To control and optimize a process it 
is necessary to know the current state of the process. Today, there is 
rarely any process monitoring in the wire drawing process. These 
demands provide the driving force for carry out the studies in this 
doctoral thesis, Monitoring of the wire drawing process.  

Wire drawing is a continuous metal forming process where several 
tons of wire can be produced in each production run. Today it is not 
common to use a monitoring system to ensure the quality of the 
produced wire product in-line, and even if some kind of monitoring 
is performed it is rarely used to adjust or stop the process if problems 
occur. When a production run is finished the quality of the produced 
wire is checked, and if the wire is bad the whole batch of wire needs 
to be scrapped. By introducing repeatable and continuous monitoring 
of the process performance, it would be possible to detect problems 
before they become issues that lead to damage on the wire and the 
tools, leading to a more sustainable wire production.  
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1.2 Industrial and scientific questions 
The industrial need is to be able to identify problems in the wire 
drawing process, to decrease the environmental impact and increase 
the productivity and profitability. In order to assist in this endeavor, 
the following questions have been investigated. 

• Is it possible to detect problems in the wire drawing process 
by using process monitoring that can be implemented in an 
existing industrial wire drawing machine? 

• Can problems be detected before they become an issue?  
• Can the efficiency of the process be estimated using sensors? 

The scientific questions are more related to understanding how 
different parameters affect the wire drawing process and how this can 
be measured.  

• Are there measurable process parameters in the wire drawing 
process that reflect the properties of the produced wire?  

• Can process signals be linked to material characteristics? 

 

1.3 Methodology 

1.3.1 Research methodology 
The research conducted in this doctoral thesis is oriented towards the 
scientific philosophy of experimentalism. Quantitative experimental 
studies have been performed to give answers and understanding of 
hypotheses derived from the research questions.  

The research questions formulated in the thesis are a direct reflection 
of the industrial needs. Many of the studies performed related to this 
thesis have been in close collaboration with the Swedish wire drawing 
industry, ensuring high relevance to the industry.  

To identify what has been studied in the specific research topics 
previously, systematic literature reviews [2]–[4] of the research areas  
have been carried out. From these literature studies, knowledge gaps 
were identified, and hypotheses were set to try to fill these knowledge 
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gaps. Most of the studies included in this thesis have been published 
and are peer-reviewed, meaning that the work has contributed to the 
scientific field of wire drawing.  

To investigate each set hypothesis, quantitative studies were 
performed. Both laboratory and industrial wire drawing experiments 
have been used for collecting empirical data. In the laboratory setting 
a controlled environment is achieved and there are also greater 
possibilities to measure the process conditions, which is necessary to 
get a good first evaluation of the hypothesis. If the results from the 
laboratory experiments were promising, the hypothesis was then 
further tested in an industrial setting, this approach makes 
implementation of the results on an industrial scale easier since the 
findings already have been tested in the correct environment. To gain 
more information from the experiments, characterization of the 
material (wire, tools and lubricant) used in the experiments has been 
performed using methods such as tensile tests, 3-dimensional 
measuring (CMM), scanning electron microscopy (SEM), hardness 
measurements and surface measurements.   

The results have been processed using statistical methods, to ensure 
that the results were statistically significant. In several of the 
performed studies, finite element modeling was used give further 
understanding of the studied phenomena. Data from the experiments 
(geometries, forces, temperatures, and material properties) were used 
in the models as boundary conditions and to validate the model 
against the real process.  

The research methodology described above and used in this thesis is 
in accordance with the steps seen in the flow chart presented in Figure 
1.1. The methodology is inspired from research methodologies 
described by Agnew and Pyke, and Säftsten and Gustavsson [5], [6]. 
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Figure 1.1. Research methodology flow chart showing the process used in the 
studies presented in this doctoral thesis.  

The focus area of this doctoral thesis is production of steel wire using 
a dry lubricated wire drawing process, meaning that the findings are 
only validated for this process. Many of the findings may be 
applicable to other types of drawing or rolling processes, but this 
remains to be investigated in the future. 

  

1.3.2 Laboratory experimental setup 
In the studies included in this thesis, wire drawing experiments have 
been conducted in the research wire drawing line at Örebro 
University. This has been done because it is vital to have a controlled 
process when performing initial investigations. An industrial setup is 
also preferred so the investigated methods can be implemented in the 
real environment. However, for the first evaluation the level of 
uncertainties in the industrial process line is often too high, and the 
well-controlled laboratory environment is to be preferred. 
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The laboratory setup at Örebro university includes a driven rotating 
pay off, which supplies the wire with an even resistance, which is very 
important when evaluating drawing force. The wire is drawn by a 
single block wire drawing machine without a spooler, the wire is 
stored at the capstan, so a maximum of around 100 kg of wire can be 
used in an experiment. The base setup of the machine includes 
measurement of drawing force, drawing speed, wire temperature, 
ambient temperature and moisture. The parameters are recorded, 
filtered and synced in a LabVIEW [7] software developed by the 
author. The research drawing line is shown in Figure 1.2. 

 

Figure 1.2. Research wire drawing line at Örebro university.  

1.3.3 Evaluation of developed monitoring methods 
In this thesis, methods for monitoring the wire drawing process are 
developed and evaluated. This is therefore the focus of most of the 
publications in the thesis. The evaluation method used throughout 
the papers is quite similar and aims at evaluating the correlation 
between the investigated process monitoring method, the status of 
the wire drawing process, the characteristics of the produced wire and 
a recognized in-situ evaluation method (drawing force). To ensure the 
best possible control of the process, these evaluations have been 
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carried out using the laboratory experimental wire drawing setup 
presented in chapter 1.3.2. 

To change the status of the wire drawing process, the lubrication state 
of the process was changed by removing the lubricant to achieve 
lubricant starvation leading to a non-working process. Meaning that 
the evaluation experiments start with a well-functioning process 
which is then transformed into a non-working process without 
stopping the process. 

1.4 Publications 
This thesis is based on the following studies, referred to in the text by 
their Roman numerals. It contains three journal papers, one 
conference paper and one submitted manuscript. The following list 
contains the included papers and the author’s contributions: 

• Paper I 
Joakim Larsson, Rachel Pettersson & Christer Korin. 
Experimental and theoretical examination and development of 
methods to calculate required pull force in wire drawing. 
Manuscript to be published in Heliyon. Author’s 
contributions: Methodology, Conceptualization, 
Investigation, Writing of original draft. 
 

• Paper II 
Lars Pejryd, Joakim Larsson & Mikael Olsson. (2017). Process 
monitoring of wire drawing using vibration sensoring. CIRP - 
Journal of Manufacturing Science and Technology, 18, pp. 65-
74. Author’s contributions: Methodology, Conceptualization, 
Investigation, Writing of parts of original draft. 
 

• Paper III 
Joakim Larsson, Anton Jansson & Patrik Karlsson. (2019) 
Monitoring and evaluation of the wire drawing process using 
thermal imaging. The International Journal of Advanced 
Manufacturing Technology, 101 (5-8), pp. 2121-2134. 
Author’s contributions: Methodology, Conceptualization, 
Investigation, Writing of original draft. 
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• Paper IV 
Joakim Larsson, Anton Jansson & Lars Pejryd. (2017). Process 
monitoring of the wire drawing process using a web camera based 
vision system. Journal of Materials Processing Technology, 249, 
pp. 512-521. Author’s contributions: Methodology, 
Conceptualization, Investigation, Writing of original draft. 
 
 

• Paper V 
Joakim Larsson, Patrik Karlsson & Anton Jansson. (2023) In-
situ evaluation of the performance of wire drawing using multiple 
sensors. In: In:  Wire Association International 93rd Annual 
Convention, Atlanta, 9-11/5 2023. Author’s contributions: 
Methodology, Conceptualization, Investigation, Writing of 
original draft. 
 

The following publications have also been published in the same 
research area as the above presented papers by the author of this 
thesis, but are not included in the thesis: 

 

• Joakim Larsson & Magnus Jarl. (2011). Teknik för högre 
draghastigheter: temperaturens inverkan. In: Nordic wire 
drawing associations annual conference, Sundsvall, Sweden, 
15-16/9 2011, pp. 53-66. 
 

• Joakim Larsson & Magnus Jarl. (2012). Högre draghastighet. In: 
Nordic wire drawing associations annual conference, Hagen, 
Germany, 18-19/9 2012. pp. 63-70. 
 

• Joakim Larsson, Helena Johansson-Cider & Magnus Jarl. 
(2013). Monitoring of the wiredrawing process. In:  Wire 
Association International 83rd Annual Convention, Atlanta, 
22-25/4 2013. 
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• Joakim Larsson, Helena Johansson-Cider & Magnus Jarl. 
(2014). Temperatures in the wiredrawing process: Measurements 
and simulations. Wire Journal International, 47 (2), pp. 128-
133. 
 

• Joakim Larsson & Lars Pejryd. (2015). Preliminära resultat från 
jämförelse mellan konventionell dragning och dragning med Roller 
Dies.  In: Nordic wire drawing associations annual conference, 
Ed, Sweden, 24-25/9 2015, pp. 103-111. 
 

• Joakim Larsson. (2016). Vibrationsmätning som 
processövervakning i tråddragningsprocessen.  In: Nordic wire 
drawing associations annual conference, Åbo, Finland, 22-
23/9 2016, pp. 53-59.  
 

• Lars Pejryd & Joakim Larsson. (2018). Additively manufactured 
tool holder for wire drawing processes. In:  Euro PM 2018 
Congress and Exhibition, Bilbao, Spain, October 14-18, 2018.  
 

• Karim El-Amine, Joakim Larsson & Lars Pejryd. (2018). 
Experimental comparison of roller die and conventional wire 
drawing. Journal of Materials Processing Technology, 257, pp. 
7-14. 
 

• Joakim Larsson. (2019). Digitalisering i tråddragningsindustrin.  
In: Nordic wire drawing associations annual conference, 
Loka, Sweden, 19-20/9 2019, pp. 66-72.  
 

• Joakim Larsson, Anton Jansson & Lars Pejryd (2020). Wire 4.0 
Wire Journal International,  
 

• Joakim Larsson, Patrik Karlsson & Lars Pejryd. (2020). The 
effect of bearing length on the surface quality of drawn wires. Wire 
Journal International, 53 (2), pp. 50-55. 
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• Joakim Larsson, Patrik Karlsson, Jens Ekengren & Lars 
Pejryd. (2021). Enhanced Cooling Design in Wire Drawing 
Tooling Using Additive Manufacturing. In: The 2nd 
International Conference on Additive Manufacturing for 
Products and Applications (AMPA 2020), Zürich, 
Switzerland, 1-3/9 2020. pp. 426-436. 
 

• Kumar Surreddi, Joakim Larsson & Mikael Olsson. (2022). 
Investigating the surface degradation and wear mechanisms of 
uncoated and PVD-coated cemented carbide dies in steel wire 
drawing. In:  12th Tooling Conference & Exhibition 
Proceedings. (TOOling 2022), Örebro, Sweden, 25-27/4 2022. 
pp. 523-530. 
 

• Joakim Larsson, Sara Garmendia Alustiza, Nagore Otegi & 
Patrik Karlsson. (2022). Enhanced cooling by conformal cooling 
of additively manufactured wire drawing tools made of cemented 
carbides. In:  Metal Additive Manufacturing Conference 
(MAMC 2022), Graz, Austria, 26-28/9 2022. pp. 225-235. 
 

• Joakim Larsson, Bogdan Chetroiu & Erik Enghag. (2022). 
Additively manufactured conformal cooling tool holder for wire 
drawing utilizing triply periodic minimal surfaces. In:  12th 
Tooling Conference & Exhibition (TOOling 2022), Örebro, 
Sweden, 25-27/4 2022. pp. 22-29. 
 

• Joakim Larsson. (2023). Cooling in tooling – Case studies from 
the wire drawing industry In: Wire & Cable Milan 2023, 
Milano, Italy, 16/10 2023. pp. 73-82. 
 

 

 

 

 



Have you heard about wire? 15 
 

1.5 Thesis structure 
Chapter 1 introduces the topic and the motivation behind the work. 
The overarching questions that the thesis tries to answer are 
presented. 

Chapter 2 contains an introduction to the wire drawing process. 

Chapter 3 introduces the theories behind wire drawing. 

Chapter 4 gives an overview of what type of problems which might 
be possible to identify using process monitoring. 

Chapter 5 turns the attention to the main area of this thesis, 
monitoring of the wire drawing process. 

Chapter 6 present and discusses the results from the research studies 
included in the thesis.  

Chapter 7 finally concludes the thesis and answers the overarching 
questions. 
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2 Fundamentals of wire drawing 
In this chapter the fundamentals of wire drawing are presented, what 
is wire drawing and what are the important factors for the process to 
work.  

Wire drawing is a process whereby a hot rolled wire is refined by 
forcing the wire through a single or a series of tools (see Figure 2.1). In 
these tools the cross-section of the wire is reduced, making the wire 
longer and stronger, due to the continuous volume and deformation 
hardening. Using this method high dimensional tolerances of the 
cross-section can be achieved. The deformation leads to high pressures 
acting between the tool and the wire which can lead to immense 
frictional forces in the drawing direction. Therefore, to make the 
process work, it must be well lubricated. Issues with the lubrication 
can lead to increased tool wear, surface damages and other problems 
which all lead to a decrease in productivity and lower yield from the 
production process, which is not good for sustainability. Many 
different types of metals can be processed using wire drawing and 
many different types of lubricants can be used. However, in this thesis 
the focus is on steel wire being lubricated with soap-based powder 
lubricant.  

2.1 Tools for wire drawing 
From the beginning round wire was made using a hammer, forging 
the wire into the desired shape, however, those who have tried 
forging something into a round constant shape know that this is very 
difficult. The next step of the development of the wire drawing 
process was to use tools to deform the wire, leading to more 
consistent shape of the produced wire. The first types of tools that was 
used for drawing wire were stones with conical holes. Archaeologists 
have found drawing stones as old as from 200 B.C [8]. As we learned 
more about how to manufacture hard materials, the choice of the 
material used for the drawing tool changed, also the shape of the tool, 
from the beginning a plate with a series of holes were used, as the 
process evolved and the wire no longer was drawn by hand but by a 
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machine, a tool with a single hole was developed, these tools are 
normally referred to as drawing dies. 

A common material used in the drawing dies before the 1900’s was 
hardened steel, which is still used today for some special applications. 
However, for most applications, materials with superior hardness are 
commonly used for the drawing dies. These harder materials were 
introduced during the first half of the 1900’s. Drawing tools made of 
diamond were first introduced and a bit later tool makers also started 
to use cemented carbide for the drawing dies, today these two 
materials are still the ones most commonly used [8]. Both natural, 
polycrystalline, and manufactured monocrystalline diamonds are 
used, and they give different properties to the produced wire. 
Cemented carbide dies are normally made from tungsten carbide 
with a cobalt binder (6-10%). These are used for a wide span of wire 
diameters and have a lower cost compared to diamond dies.  
Diamond dies are usually used for smaller dimensions of wire (<3 
mm) due to the cost which increases exponential as the die core needs 
to be bigger. The life span of the different types of tools varies vastly, 
depending on the production planning, the tool life can be a crucial 
factor for the profitability of the production process. In recent years, a 
lot of efforts have been made to increase the life of cemented carbide 
dies, research has included using coatings on the functional surfaces 
of the drawing die [9]–[13].Today many die suppliers are starting to 
supply coated dies [14]–[18]. Another attempt to improve the life-
time of the die has been to improve the cooling of the drawing die, 
which has shown great potential, but is not yet fully implemented by 
the industry [19]–[23]. 

Nevertheless, even if a coating or super-efficient cooling is used, the 
inner shape of the die, which forms the wire, is always of highest 
importance to achieve an efficient process and a sufficient tool life. 
This shape has  evolved over time and many researchers have done 
work on  optimizing this geometry [24]-[34], however, there are still a 
lot of different opinions how the optimal drawing die should look 
like. Despite this, the general geometrical features of the drawing are 
the same for all modern drawing dies. These features are important 
for the efficiency of the drawing process and also have an impact on 
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the resulting mechanical properties of the drawn wire. A schematic of 
a drawing die is shown in Figure 2.1.  

 

Figure 2.1. Schematic drawing die, showing the most important geometrical 
features. 

The wire enters the die from the right and the first part of the die is 
called entrance angle/cone/radius. The sole purpose of this first part is 
to collect the lubricant, so it can follow the wire into the drawing die. 
The wire starts to deform as it comes in contact with the angled 
surface called the die angle, which is normally referred to as 2α, 
drawing dies ranging from 6-24° can be found as standard products 
from most suppliers [15], [17], [18], [35].  

The die angle and the diameter of the die are the two parameters that 
are usually possible to specify when buying drawing dies. The die 
angle has a large impact on the deformation of the wire, meaning that 
it affects the mechanical properties of the drawn wire [36]. After the 
die angle, the drawing die has a straight part, the bearing, it is here 
that the diameter and roundness of the wire is set, so it is of highest 
importance for the drawing process. The length of the bearing will 
also affect the process and the finished product [25], [27], [33], [37]. 
After the bearing, is the exit angle. The purpose of this cone is to 
make it easy for residual lubricant to escape from the drawing die. 

The die geometry also has a large impact on how efficient the 
lubrication will be, more on this in chapter 2.2. 
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2.1.1 Tool wear in wire drawing 
As for most other tools, the dies wear as they are used and wire passes 
through them. As the die wears, the produced wire will go out of 
dimensional tolerance. When this occurs, the dies needs to be 
changed, which can be a time consuming activity decreasing the 
productivity [38]. So, to increase the productivity, it is important to 
achieve as low wear rate as possible for continuous wire production. 
Also, as mentioned in section 2.1, since a large proportion of the used 
tools contains cobalt, decreasing the tool wear will increase the 
sustainability since less die material will be used.  

Tool wear is a phenomenon which has been studied for a long time. 
A model of how materials wear in contact with each other was first 
developed by Archard [39] 

𝑊 =
𝑉

𝐿
=  

𝑘𝑓𝐹𝑛

3𝐻
 ,  (1) 

where W (mm3/m) is the worn volume per sliding distance, V is the 
total removed volume, L is the total sliding distance, 𝑘𝑓 is a constant 
relating to the materials involved and the friction condition between 
them, Fn is the normal pressure (which is related to the drawing force) 
and H is the hardness of the tool.  

Even though the wear of drawing dies has high importance to the 
wire drawing process and a crucial impact on the profitability of the 
process, not many research studies have been conducted on the 
subject. There have been many different approaches on how the wear 
of the drawing dies can be predicted.  

Wistreich studied the wear of drawing dies and arrived at the 
conclusion that most of the wear occurs where the wire first comes 
into contact with the die angle and that there is some wear in the die 
angle but not so much in the bearing area. This wear leads to the 
creation of a geometrical torus, visible to the human eye in the 
beginning of the die angle. He also concluded that the wear is of the 
abrasive type [40]. 

Kim et al used finite element analysis to understand the wear in the 
drawing process [41]. The researchers used Archard’s wear equation 
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and adapted it for wire drawing. Since the contact pressure will vary 
in the tool the equation should be written as  

𝑊 =  ∑
𝑘𝑓

3𝐻
(𝜎𝑛𝑉𝑠∆𝑡),𝑁

𝑖=1   (2)   

where σn is the normal stress acting on the die surface, Vs is the 
drawing speed, N is the time step number and Δt is the time step.  

Enghag derived an equation for calculating the average relative 
pressure in the drawing die [36]. He did this by combining the 
equation for drawing force derived by Siebel and Kobitzsch [42] and 
the equation for average die pressure derived by Sachs [43] 

𝑞𝑑

𝜎𝑤
= (− 𝑙𝑛 (1 −

𝐴0−𝐴

𝐴0
) (1 +

𝜇

𝛼
) +

2𝛼

3
)

1−(
𝐴0−𝐴

𝐴0
)

(
𝐴0−𝐴

𝐴0
)(1+

𝜇

𝑡𝑎𝑛𝛼
)
 ,  (3)

  

where 𝐴0 and 𝐴1 are the cross-sectional area of the wire before and after 

the reduction, qd is the average die pressure, σw is the average flow stress 
in the drawn wire and µ is the coefficient of friction between the wire 
and the die.  

Common for the above equations is that they indicate that the 
friction has an impact on the wear of the drawing dies, meaning that 
it is important to always assure a well-functioning lubrication of the 
wire drawing process. 

2.2 Lubrication in wire drawing 
Lubrication is crucial for the wire drawing process to work, the die 
and the wire must be separated from metallic contact with each other 
for the process to work efficiently. However, this is not always the 
case. The lubrication type studied in this thesis is what is commonly 
referred to as dry drawing (not to be confused with the lubrication 
state dry which a term often used in tribology), where a dry soap-
based powder lubricant is used. 

In wire drawing, there are four possible lubrication states, 
hydrodynamic, mixed, boundary and dry[36], [44]. In hydrodynamic 
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lubrication there is a thick lubrication film that separates the die from 
the wire, in boundary lubrication there is a thin film of lubrication 
that does not completely protect the process from metallic contact 
and in mixed lubrication there is both boundary and hydrodynamic 
lubrication. In dry lubrication there is constant metallic contact 
between the die and wire. Figure 2.2 shows schematic images showing 
these lubrication states.  

Figure 2.2. Lubrication states occurring in wire drawing. a) Dry b) Boundary c) 
Hydrodynamic 

These three different lubrication states lead to differences in process 
efficiency, tool wear and drawn wire properties. The dry state leads to 
immense tool wear and damaged surfaces and should be avoided in a 
normal drawing process.  

The lubricant is fed to the reduction process by the wire itself, the 
wire passes through a box filled with lubricant and drags the 
lubricant (calcium- or sodium-based powder) into the drawing die. 
The amount of lubricant that is dragged into the process is dependent 
on many parameters such as the surface of the wire, the presence and 
properties of lubricant carrier, the geometry of the die, the shape and 
size of the lubricant particles and others. 

As the wire gets closer to the deformation zone a wedge-shaped void 
is created between the wire and the die, where the wire first comes in 
contact with the die surface. The shape of this void determines how 
much lubricant will be sucked into the deformation zone. A smaller 
die angle will create longer and tighter cone, which can improve the 
lubrication. However, this can also lead to an unstable drawing 
process, if the wire does not enter the die perfectly straight, it might 
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come in contact with one side of the die already in the beginning of 
the die angle, long before it reaches the deformation zone. If this 
occurs, that side of the wire will not be fully lubricated, creating 
problems in the drawing process. It is common to have larger die 
angle in the first draw of a drawing series, this is to compensate for 
the wire rod not being perfectly straight.  

The demand in the industry to increase productivity results in a need 
to increase the drawing speed. However, this may cause problems in 
the lubrication process: as the speed is increased, more frictional and 
deformation heat per time unit will be generated in the drawing die, 
leading to higher temperatures. The functionality of the lubrication 
in the wire drawing process is highly dependent on the temperature. 
Melting intervals for dry lubricants, have been studied using 
differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA) and thermomechanical analysis (TMA) [36], [45], [46].  
However, in general, the overall common knowledge of the dry 
lubricants used in the wire drawing process is today limited. The 
world market is dominated by a few lubricant manufacturers, who 
are secretive about the chemical composition and the specific 
functions of the components in the individual lubricants. Knowledge 
is empirical and often based on trial-and-error experiments performed 
directly at wire drawing companies. This lack of understanding of the 
lubrication process creates even greater demands on being able to 
measure and verify that a well-functioning lubrication process is 
achieved at all times. 
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3 Wire drawing theory 
This chapter presents the theoretical aspects of wire drawing. 
Methods to estimate the required force to pull the wire and 
temperature increases are presented and explained. 

3.1 Drawing force 
The force required to pull the wire through the drawing die has 
historically been a mystery and as Leonardo da Vinci wrote “The 
amount of force necessary to draw wire through a draw plate cannot 
be known except through experience” [8]. During the 1900’s the force 
requirement was investigated by several research groups, Siebel and 
Kobitzsch derived an equation for the drawing force [42]. Wistreich 
performed parallel studies and came up with a similar equation [40]. 
Avitzur also derived an equation for the drawing force similar to the 
previous researchers [47]–[49].  

One of the most well-known ways to calculate the drawing force in a 
wire drawing process is to use the equation derived by Seibel and 
Kobitszh [42]. The equation for the total drawing force (F) is divided 
into three parts: homogenous deformation (𝐹ℎ), inhomogeneous 
deformation (𝐹𝑖ℎ) and friction during deformation (𝐹𝑓): 

𝐹ℎ = 𝐴1𝑅𝑒𝑚𝑙𝑛
𝐴0

𝐴1
    (4) 

 

𝐹𝑖ℎ = 𝐴1𝑅𝑒𝑚
2𝛼

3
     (5) 

 

𝐹𝑓 = 𝐴1𝑅𝑒𝑚
𝜇

𝛼
𝑙𝑛

𝐴0

𝐴1
  (6) 

By adding Equation (4)-(6) the total drawing force (F) can be obtained  

𝐹 = 𝐴1𝑅𝑒𝑚 (𝑙𝑛
𝐴0

𝐴1
+

2𝛼

3
+

𝜇

𝛼
𝑙𝑛

𝐴0

𝐴1
) ,   (7) 

 

where  𝑅𝑒𝑚 is the mean yield stress of the wire material before and after 

the draw, 2𝛼 is the die angle and μ is the coefficient of friction. 
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The equation adds the forces that occurs in the deformation zone (the 

conical part), however, there is no part added for the bearing area. This is 

based on the assumption that there is no contact between the wire and the 

die in the calibration part (bearing zone) of the die, which could be 

considered as rather doubtful. Persson and Enghag thought so as well, 

leading to their further development of  Equation (7) and adding a part 

for the frictional force in generated in the bearing [50] 

𝐹𝑓𝑏 =  𝜋𝑑1𝐵𝑅𝑒1𝜇 ,    (8) 

where 𝑑1 is the diameter of the reduced wire, 𝐵 is the bearing length in 

millimetre and 𝑅𝑒1 is the yield stress of the reduced wire. Adding this to 

Equation (7) results in 

𝐹 = 𝐴1𝑅𝑒𝑚 (𝑙𝑛
𝐴0

𝐴1
+

2𝛼

3
+

𝜇

𝛼
𝑙𝑛

𝐴0

𝐴1
) + 𝜋𝑑1𝐵𝑅𝑒1𝜇  .  (9) 

Avitzur [47] also had an idea how to include the bearing length in the 

calculation of the drawing force but excluded the term in a later 

publication [48]. Avitzur had a similar approach to calculate the drawing 

force as Siebel and Kobitzsch, with an equation built on three 

components which together contribute to the total drawing force, Internal 

– power term (Wi), Shear – loss term (Ws) and Friction – loss term (Wf).  

𝑊𝑖 = 2 𝑓(𝛼)𝑙𝑛
𝑅0

𝑅𝑓
 ,  (10) 

where 𝑅0 and 𝑅𝑓 are the radius of the drawn wire before and after the 

reduction and 

𝑓(𝛼) =
1

𝑠𝑖𝑛2𝛼
(1 − 𝑐𝑜𝑠 𝛼√1 −

11

12
𝑠𝑖𝑛2𝛼 +

1

√11∗12
𝑙𝑛

1+√
11

12

√
11

12
𝑐𝑜𝑠 𝛼+√1−

11

12
𝑠𝑖𝑛2𝛼

 )  .    (11) 

Further,  

𝑊𝑠 =
2

√3
(

𝛼

𝑠𝑖𝑛2𝛼
− 𝑐𝑜𝑡 𝛼)     (12) 

and 

𝑊𝑓 =
2

√3
 𝜇 (𝑐𝑜𝑡 𝛼 𝑙𝑛

𝑅0

𝑅𝑓
+

𝐵

𝑅𝑓
) .   (13) 
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By combining the Equations (10), (12) and (13) an equation for the 

drawing force including the bearing is obtained, 

𝐹 = 𝐴1𝑅𝑒𝑚 (2 𝑓(𝛼)𝑙𝑛
𝑅0

𝑅𝑓
+

2

√3
(

𝛼

𝑠𝑖𝑛2𝛼
− 𝑐𝑜𝑡 𝛼) +  

2

√3
 𝜇 (𝑐𝑜𝑡 𝛼 𝑙𝑛

𝑅0

𝑅𝑓
+

𝐵

𝑅𝑓
)) .    (14) 

However, Avitzur [48] subsequently simplified the equation , 𝑓(𝛼) was 

approximated to 1, the term for shear loss was simplified to, 
4

3√3
𝑡𝑎𝑛 𝛼, 

and the part for the frictional loss in the bearing was removed from the 

term for friction loss, resulting in,  

𝐹 = 𝐴1𝑅𝑒𝑚 (2 𝑙𝑛
𝑅0

𝑅𝑓
+

4

3√3
𝑡𝑎𝑛 𝛼 + 

2

√3
 𝜇 𝑐𝑜𝑡 𝛼 𝑙𝑛

𝑅0

𝑅𝑓
).    (15) 

Looking at the presented equations used to estimate the drawing 
force it is found that all parameters except one can be obtained by 
measuring the geometrical properties of the drawing die and the 
material properties of the drawn wire. However, one parameter is still 
unknown and this is the coefficient of friction, which is the 
parameter that explain how well the process is working. The wear rate 
of the drawing die is also highly dependent on the friction between 
the wire and the drawing die. A higher friction will increase the 
abrasive wear of the die.  Friction coefficients for a well-functioning 
dry drawing process can be found in the literature. Values in the 
range of 0.01 – 0.07 for a dry drawing process and between 0.08-0.15 
for a wet drawing process are to be considered as normal [36], [51]. 
The friction coefficient can be extracted from the any of the presented 
drawing force equations, as an example this has been done for 
Equation (7) resulting in  

 𝜇 = 𝛼
𝐹−𝐴1𝑅𝑒𝑚(𝑙𝑛

𝐴0
𝐴1

+
2𝛼

3
)

𝐴1𝑅𝑒𝑚𝑙𝑛
𝐴0
𝐴1

 .    (16) 

By using such an equation combined with drawing force 
measurements it is possible to achieve a measurement the 
performance of the lubrication in a specific process. Industrial 
drawing machines used for normal production are seldom equipped 
with equipment for measuring the drawing force. However, some 
modern wire drawing machines have the possibility to read the 
torque from the motors which rotate the capstan pulling the wire 
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through the die. This torque has not yet been proven to be useful for 
this type of measurement, this is probably because there are normally 
several transmission steps between the motor and the actual pulling 
of the wire. It is common to have a gearbox and a belt transmission 
between the motor and the capstan, which will add speed dependent 
noise to the measurements.   

3.2 Temperatures 
As explained in chapter 2.2 the temperatures occurring in the 
drawing process are of high importance for productivity since it 
affects the performance of the lubricant. As the temperature is 
dependent on the production rate, it is an important factor to 
understand and to keep in mind when trying to increase the 
productivity. As the lubrication efficiency deteriorates, F will further 
increase due to the increase in the coefficient of friction between the 
wire and the drawing die, leading to even more increase in 
temperature. 

3.2.1 Wire temperature 
One research study with FEM-analysis, led to the development of an 
equation that can be used to estimate the increase of temperature 
which occurs during one reduction step in a wire drawing process 
[52].  

∆𝑇 = 𝑘
𝐹/𝐴1

𝜌𝐶𝑝
 ,  (17) 

Where ∆T is the temperature increase, 𝜌 is the density of the wire, 𝐶𝑝 
is the wire materials specific heat capacity and k is a correction factor. 
The loss of energy from the wire that the constant k represents is 
mostly due to the cooling of the wire in the drawing die. This  in turn 
depends on the design of the die cooling system and the thermal 
conductivity of the wire and die material [36]. About 0-15 % of the 
energy that is added to the wire during the reduction is removed due 
to the cooling in the drawing die [36], [53]. For the process to work 
in an efficient way the remaining added energy needs to be removed 
from the wire before the wire enters the next reduction step. This is 
normally done by adding many turns of wire on the capstan which 
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pulls the wire. Cooling is added internally in the capstan and the heat 
is thereby removed from the wire through the capstan to the coolant. 
However, as the production rates are increased this cooling might not 
be sufficient to bring the wire back to the original temperature. This 
will cause heat to accumulate in the wire causing the wire 
temperature to increase for each drawing step, a schematic example is 
shown in Figure 3.1. 

 

Figure 3.1. Schematic figure showing the temperature increase in the wire 
caused by an increase in production rate combined with insufficient cooling. 

3.2.2 Wire – Die surface contact temperature 
In the contact region between the wire and the die the temperature is 
higher, this due to the frictional force between the wire and the 
drawing die, this temperature can be estimated using an equation 
derived by Whright [54] 

∆𝑇𝑓 = 𝜏𝐿√
𝑉𝑧

𝐶𝑝𝜆
 ,    (18) 

 
where τL is the shear stress of the lubrication film, z is the contact 
length between the die and the wire and λ is the heat transfer rate of 
the wire.   
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3.2.3 Die temperature 
The temperature of the drawing die affects the hardness of the die 
material, which influences the wear rate of the die [55]. The cemented 
carbide used for the drawing dies has around half of its strength at 
800˚C [56]. Simulations  of the wire drawing process have shown 
temperatures exceeding this temperature [23], [55].   

As explained by the Equation (17), a larger drawing force will increase 
the heat generated in the forming process and as it is a percentage of 
the total heat which ends up in the drawing die, this will also lead to 
an increase in die temperature, affecting the performance of the 
lubricant, the lifetime of the die and thereby the efficiency of the 
process.  

Also, as for the wire temperature, there will be an increase in die 
temperature when increasing the production rate. Even if the wire is 
sufficiently cooled, the die temperature will increase due to the fact 
that the cooling parameters are constant but there is a need to remove 
more heat per time unit, since 

 

and 

 

further 

 

 

Where P is the power needed for the reduction of the wire, V is the 
production rate in m/s, 𝑃𝑑𝑖𝑒 is the energy that is going to the drawing 
die and Q is the heat being removed from the drawing die. As can be 
seen, if the production rate is increased, Q must also increase to 
obtain an energy balance. As the heat is being transported from the 
die to the coolant, there are several materials and transfers for the heat 
to pass through. This means that Q can be defined as the smallest of 
these values representing each transport through a material and each 
transfer between the materials, 

𝑃 = 𝐹 ∗ 𝑉  (19) 

𝑃𝑑𝑖𝑒 = 𝑃 ∗ 𝑘 (20) 

𝑄 = 𝑃𝑑𝑖𝑒  .  (21) 
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𝑄 = 𝑚𝑖𝑛 {

𝑄𝐷𝑖𝑒𝐻𝑜𝑙𝑑𝑒𝑟−𝐶𝑜𝑜𝑙𝑎𝑛𝑡 = 𝛼𝐶𝐴𝐷𝐻∆𝑇𝐷𝐻−𝐶  
𝑄𝐷𝑖𝑒𝐻𝑜𝑙𝑑𝑒𝑟 = 𝜅𝐷𝐻∆𝑇𝐷𝐻𝐺𝐷𝐻

𝑄𝐷𝑖𝑒−𝐷𝑖𝑒𝐻𝑜𝑙𝑑𝑒𝑟 = 𝛼𝐷−𝐷𝐻𝐴𝐷∆𝑇𝐷−𝐷𝐻 
𝑄𝐷𝑖𝑒 = 𝜅𝐷∆𝑇𝐷𝐺𝐷

 (22) 

 

where α is the heat transfer factors, A is the contact areas, ∆𝑇 is the 
temperature differences, G is a geometry factor and K is the thermal 
conductivities. Looking at the equations representing Q, it can be 
seen that if the system parameters are considered to be constant, 
meaning the temperature of the coolant, the heat transfer factors, the 
geometry of the drawing die and the thermal conductivity of the used 
materials, there is only one parameter that can change to compensate 
for the required increase of Q: the temperature difference. However, 
as we considered the temperature of the coolant to be constant, it is 
the temperature of the drawing die that must increase to achieve a 
higher Q, this explains why the temperature of the drawing die 
increases with an increased production rate and why it is very 
important to keep temperature in mind when trying to increase the 
productivity of the wire drawing process. 
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4 Process problems affecting productivity and 
sustainability 

This chapter will present common problems that occur in an 
industrial wire drawing process.  

Problems such as surface defects, high tool wear rate and wire breaks 
are commonly found in industrial wire drawing processes. These 
types of problems often occur due to problems with the lubrication. 
If the efficiency of the lubrication is for some reason changed, this 
leads to a temperature increase, as explained in chapter 3.2, which 
further affect the lubrication efficiency, explained in chapter 2.2. 
Failure to correct the problem can result in damage to the tool and 
the produced wire. 

4.1 Increased tool wear 
Tool wear is highly dependent on the effectiveness of the lubrication, 
i.e. the friction between the wire and the die, as explained in chapter 
2.1.1. According to Equation (1) the tool wear is dependent on the 
constant 𝑘𝑓 which represents the friction in the system. The wear is 
also dependent on the drawing force, which according to Equation 
(7) is also dependent on the friction coefficient of the wire-die system. 
Furthermore, as explained in Chapter 3.2.1, the temperature of the 
drawing die is related to the drawing force, and as shown in a 
previous study, the die wear rate is dependent on this temperature 
[55]. As there is a constant H in Equation (1) which represents the 
hardness of the die material which is dependent on the temperature 
of the drawing die [56] this is not a surprise.  

This means that it is very important to choose the right lubricant for 
the specific process, so that the temperature in the process lies within 
the optimal temperature span of the chosen lubricant [36], [45], [46]. 
Running a process without optimizing the lubrication will cause an 
increase in the tool wear, leading to decreased time between tool 
changes, leading to decreased productivity and sustainability. This is 
also something that might be exceedingly difficult to detect since in 
many cases the drawing dies are changed a long time before they are 
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worn-out due to the production planning. By assuring a well-
functioning lubrication process at all times the tool wear can be kept 
at minimized pace.  

4.2 Surface defects and wire breaks due to poor lubrication 
Even if a suitable lubricant has been chosen for the specific process 
there are a lot of different factors that can create problems with the 
lubrication, these problems include running out of lubricant, tunnels 
in the lubricant, moisture, caking, blockages of the die entrance and 
cooling problems [36], [51]. Figure 4.1 shows an example of blockage 
at the die entrance due to insufficient cooling of the drawing die 
resulting in lubricant being pushed back instead of following the wire 
through the die, preventing fresh lubricant from entering the die.  

Figure 4. 1. Blockage in form of a pipe consisting of melted/burned lubricant at 
die entrance preventing fresh lubricant from entering the drawing die. 
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Lack of lubrication leads to metallic contact between the wire and the 
die which can lead to galling, a kind of severe adhesive wear [57], 
[58]. Material from the wire can be transferred to the die surface, with 
the result that the added wire material scratches the wire as it passes 
through. This is one of the most difficult problems to detect, since the 
scratches can be microscopic and still be critical. Also, the scratch 
might not be found on the whole produced spool of wire, it will start 
at a certain point, and it can actually heal itself, if the material which 
is welded to the die comes loose. This makes this defect very difficult 
to find.  

If the process is allowed to continue running, the efficiency of the 
lubricant might further degrade, and this will lead to more metallic 
contact between the wire and the die. The brightness of the wire 
surface might change as the lubricant is no longer present at the wire 
surface. 

If allowed to run even further, the temperature increase might lead to 
total breakdown of the lubrication, at this point the wire often 
becomes very bright as there is no lubricant on the wire surface, 
instead there is fresh steel material exposed. Finally, a wire break will 
probably occur due to the high friction. Figure 4.2 shows these steps 
starting with a wire produced with a well-functioning lubrication 
process.  

Figure 4.2. a) Wire produced with well-functioning lubrication b) a scratch on 
the wire surface c) very rough surface due to poor lubrication d) wire break due 
to no lubrication (SEM images (a-c) from Paper III) 
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5 Monitoring of the wire drawing process  
In many industries monitoring of certain process-sensitive parameters 
is common to ensure that a process works as it should. By monitoring 
these parameters, it can be ensured that the process is functioning as 
intended. However, in wire drawing, process monitoring is still not 
yet implemented by the industry. Monitoring of the wire drawing 
process has been studied by many researchers during a long period of 
time, but still the industry standard is that the operator visually 
inspects the wire. 

This chapter presents a literature review of the previous work in the 
field of wire drawing process monitoring. Methods that will be 
developed and investigated in this thesis are also presented and 
described in depth. 

5.1 Previous work 
The possibilities of monitoring the wire drawing process have been 
explored by researchers for the last four decades. The focus has been 
on trying to evaluate lubrication performance in-situ as the 
lubrication is the most vital factor for the wire drawing process to 
work. Several different approaches have been made using vastly 
different techniques. 

5.1.1 Resistance between die and wire 
A Swedish research group led by Bruno Nilsson worked over twenty 
years (1980-2001) with developing a method and a device that 
measured the electrical resistance between the wire and the die [59]–
[63]. The researchers claimed that resistance would indicate the status 
of the lubrication performance in the wire drawing process. If the 
lubrication layer thickness between the wire and the die changed, the 
resistance between them would also change. Thus, poor lubrication 
would result in low resistance. The researchers also tried to correlate 
the resistance value to the actual amount of residual lubricant on the 
wire surface. Nilsson also developed an industrial process monitoring 
system using their method, which was called the “Tearing detector”, 
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the product was sold in a small number at the time when it was 
released [64]. 

5.1.2 Vibration measurement 
Vibration measurement is a technique that have been evaluated by 
several research groups and companies for monitoring the wire 
drawing process, with good results over the last four decades. In 1984 
a patent for flaw detection in wire drawing using acoustic emission 
was filed. This was inspired by a paper published in 1980 about 
assessment of the frictional condition in wire drawing using acoustic 
emission [65], [66]. During the 1980’s several attempts were made 
using acoustic emission for monitoring the lubrication process in 
wire drawing [67], [68]. In the beginning of the 2000’s the same 
Swedish research group mentioned in section 5.1.1 used acoustic 
emission and came to the conclusion that the information from the 
measurement could contribute to several monitoring purposes [63]. 
In 2018 acoustic emission was used by a company that developed a 
process monitoring tool for wire drawing leading to a patent and a 
product [69]. However, to the author’s knowledge the 
implementation of the system in the wire drawing industry has been 
very limited. More recently a research group has again used acoustic 
emission to try to monitor the wire drawing process. The findings 
from their studies are interesting since they find that by using 
acoustic emission it is possible to detect which type of lubricant that 
is used and also they find a high correlation between the acoustic 
emission and the tool temperature [70], [71]. 

Common for all these attempts is that they have used acoustic 

emission to collect the vibration data from the wire drawing process. 

5.1.3 Temperature related measurements 
In 2001 Nilsson performed pre-studies on different ways to monitor 
the drawing process using indirect measurements [63]. Two 
investigated methods suggested were related to process temperature 
namely, the thermoelectric voltage occurring between core and case 
of the drawing die and the thermoelectric voltage occurring between 
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core and wire. He found that both had potential and that further 
studies should be conducted. 

 In 2014 an investigation of possible monitoring processes for the 
detection of defects in the wire during the wire drawing process was 
made by the author of this thesis. One of the methods that was 
investigated was the use of a pyrometer to monitor the wire drawing 
process as the wire was wound on the block in the drawing machine. 
Experiments showed promising results in detecting complete loss of 
lubrication. However, when using a pyrometer there is a 
disadvantage, the exact position and size of the measuring point is 
unknown. At the distance which the pyrometer was mounted from 
the block the measuring point was larger than the diameter of the 
wire. This resulted in problems when the wire was unevenly wound 
on the block, the pyrometer would measure the temperature of the 
block instead of the wire, see Figure 5.3 [72].  

5.2 Investigated monitoring methods 
In this thesis three different methods to monitor the wire drawing 
process are developed and evaluated, these are: 

• Vibration measurement 
• Wire temperature measurement 
• Wire brightness measurement 

These three methods were chosen because of the following reasons.  

Vibration measurements in the form of acoustic emission have, as 
mentioned in section 5.1.2, been evaluated, and proven to be a good 
parameter for process monitoring several times during the last 40 
years. However, even though it has been proven to work, there has 
not been any implementation of such systems in the wire drawing 
industry. This indicates that there might be an issue with the acoustic 
emission measurements in an industrial environment, but in view of 
the promising results it is nevertheless an interesting method. 
However, there are other ways to measure vibrations which have been 
evaluated in this thesis. 
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Wire temperature is, as explained in section 3.2, directly related to 
the drawing force which has previously proven to be a good indicator 
of the process status.  Wire temperature has great potential to be used 
for monitoring since it is dependent on the drawing force and it 
should be rather easy to implement measurement.  

The brightness of the wire surface is the most common way which 
is used by the machine operators today to check the status of the 
process. An experienced operator can assess much from just looking 
at the wire as it is wound to the capstan. However, the machine 
operator is not standing by the machine all the time, normally one 
operator runs several machines. Also, the work force is changing 
faster in today’s society and to become an experienced operator takes 
time, often several years. As the brightness of the wire is the method 
which is commonly used in the industry today it should have great 
potential to be used for process monitoring. 

5.2.1 Vibration measurement 
As described in section 5.1.2, there have been several attempts to use 
acoustic emission for monitoring the wire drawing process. However, 
the method has not been successfully implemented in the industry, 
even though, investigations have been made since the 1980’s. This 
leads to the assumption that the method is not suitable for industrial 
use. However, the research studies performed over the years which 
have used acoustic emission measurements have shown promising 
results, that the acoustic emission measurements give vital 
information about the status of the wire drawing process.  

Another method that could be used to measure vibrations is by means 
of an accelerometer. In the past, accelerometers have been very 
expensive, but since the introduction of accelerometers without 
moving parts, the low price have made them much more available. 
Today accelerometers can be found in vastly different applications - 
for example in every smartphone. Using an accelerometer have the 
potential to be less sensitive to disturbances not related to the 
drawing process, this because the method measures the movement of 
the sensor instead of sound, meaning that ambient noises, for 
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example if an operator drops a tool on the floor making a loud noise, 
will not be registered as a problem in the process.   

 

To measure vibrations in the wire drawing process a sensor was 
needed to sample the vibrations created as the wire is drawn. Today 
there are many industrial solutions that can be used out of the box, 
but when these studies started (2012) it was still quite expensive and 
not that common. For this type of initial work, it is very important to 
be able to ensure full control over the measurements, so it is necessary 
to verify that the raw data is captured and that no filtering is made. 
For these reasons, a simple sensor was designed for the specific 
purpose. The sensor was based on a ADXL 335 chip bought on a 
simple breakout board. The circuit was modified to get the full 
frequency range of the accelerometer chip, the board with the sensor 
is shown in Figure 5.1.  

 

Figure 5.1. Accelerometer board used for making the vibration sensor. 

The accelerometer chip supplies an analog signal representing the 
current g-force, this signal was sampled at 12500 Hz using a DT9600 
which is an analog to digital data acquisition tool for use with a 
normal computer with an USB-port. 
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To get understanding of the captured signal, Fourier transformations 
were made on signals representing different stages of a drawing 
process. Also, vibration data not only from the drawing direction but 
from x, y and z were captured and kept in the analysis.  

The hypothesis is that the captured vibration signal will indicate 
changes in the lubrication performance in a similar manner as the 
drawing force signal, meaning that poor lubrication should generate 
higher amplitude in the captured signal. 

 

5.2.2 Wire temperature measurement 
As presented in chapter 2.2 and 3.2, the temperature is of highest 
importance for the functionality of the lubrication process. Also as 
presented in Equation (17), the wire temperature is dependent on the 
drawing force, meaning that by means of wire temperature 
measurement the drawing force can indirectly be measured. The 
temperature of the drawn wire can be measured in several different 
ways, these different methods can be categorized into tactile and 
optical measurements. Both types of measurements have their pros 
and cons. Tactile temperature measurement of the temperature on 
the wire surface can be performed by using a riding thermocouple, 
which is a small wagon with wheels riding on the wire, in between 
the wheels there will be a spring-loaded thermocouple measuring the 
temperature of the wire surface. This works for most wire materials, 
but for some materials which are close to the thermocouple in the 
triboelectric series, large measurement errors will occur. Also, in most 
high-quality wire production processes all unnecessary contact with 
the wire should be avoided. A riding thermocouple is shown in Figure 
5.2. 
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Figure 5.2. Riding thermocouple for measuring wire temperature. 

Optical methods to measure the temperature of the drawn wire 
includes IR-pyrometry and thermal imaging. However, both methods 
are sensitive to the brightness of the wire surface affecting the 
emissivity. The emissivity might in some cases change as the 
lubrication state changes, meaning that the measured temperature 
might change even though the actual temperature is still constant. In 
the work included in this thesis, optical methods have been used to 
measure the temperature of the wire. 

 

As previously stated, the temperature is dependent on the drawing 
force, meaning that a change in the drawing force should be 
measurable on the wire temperature. Examining Siebel’s equation for 
drawing force, Equation (7), it can be seen that a change in drawing 
force, if the wire material and drawing die are unchanged, must come 
from a change in friction coefficient. A change in the friction 
coefficient means a change in the performance of the lubrication 
system. The drawing force equation has been rearranged to be able to 
calculate this friction coefficient, Equation (16). Further, looking at 
Equation (17), the equation to estimate the temperature of the drawn 
wire, it can be seen that all the constituent parts except the drawing 
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force can be considered as constants if the same assumption is made 
as for the drawing force equation, i.e.  that the material properties of 
the wire do not change. However, there are some uncertainties 
regarding the loss constant that need to be measured for the specific 
process. By combining these two equations (16 and 17) it is possible 
to get an equation for estimating the performance of the lubrication 
system by using the wire temperature,  

𝜇 =
𝛼∆𝑇𝜌𝐶𝑝

𝑙𝑛
𝐴0
𝐴1

𝐾𝑅𝑒𝑚

− 𝛼 −
2𝛼2

3𝑙𝑛
𝐴0
𝐴1

 .    (23) 

The hypothesis is that μ calculated using the measured temperature 
(Equation (23)) will change in the same manner as μ calculated using 
the drawing force (Equation (16)), indicating on the lubrication 
performance of the process. 

 

As mentioned, previous in chapter 5.2.2, there may be difficulties 
measuring the temperature of the wire surface using optical methods, 
due to the changing emissivity of the wire surface. The purpose of the 
development of this method was to achieve a monitoring method 
which can be used without knowledge of the emissivity of the drawn 
wire or any other material parameters. The hypothesis set is that if the 
lubrication conditions of the wire drawing process change, then the 
signal from the thermal imaging camera will also change. This change 
is depending on three process factors;  

• The temperature of the wire, as explained in the previous 
chapter.  

• The emissivity of the wire surface, there is a significant 
difference in the reflectivity between an unlubricated and a 
lubricated wire surface, as explained in chapter 5.2.3. 

• Damage on the wire surface, patterns in the thermal images 
caused by both changes in temperature and emissivity. 

Instead of looking at the absolute temperature value of the wire 
surface, the idea is to look at differences in measured temperature 
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over the wire surface. This can be done by using the pixel value 
distribution over a small area of the wire surface. The pixel value 
standard deviation (𝜎), will be defined as,  

𝜎 = √
1

𝑁
∑ (𝑥𝑖 − 𝛾)2𝑁

𝑖=1 ,  (24) 

where 𝑥𝑖 is the value of one pixel and,  

𝛾 =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1  .  (25) 

Further filtering of the monitoring signal is done by applying a 
calculation of the maximum standard deviation for each second, 

𝑇𝑠 = 𝑀𝑎𝑥𝑖=1
𝐹𝑅  𝜎𝑖  , (26) 

where 𝑇𝑠 is the thermal imaging monitoring signal and 𝐹𝑅 is the 
frame rate with which the thermal images are captured. 

The hypothesis is that σ will change as the status of the wire drawing 
changes. 

5.2.3 Wire brightness measurement 
The brightness of the wire is used today by the operators using visual 
assessment. As stated in section 5.2, it takes long time to train a new 
operator to learn to spot the differences in the color of the wire and 
how to control the process depending on what is observed. Also, 
when running many different products, it can be tricky to remember 
the differences in surface brightness between them, what might be 
considered good for one product might not work for another. The 
machine operator does not stand by the drawing machine looking at 
the wire at all times. When the machine is started, and everything 
looks good the operator has to continue the work at other machines 
and so on. Monitoring the brightness with cameras makes it possible 
to continually look at the wire brightness. Figure 5.3 show an example 
of wire being produced with an unstable lubrication process.  
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Figure 5.3. Drawn wire on a capstan, note the color differences on the wire 
turns, indicating on an unstable lubrication process. 

 

The idea of the method is to use a camera that continuously capture 
images of the wire surfaces and then analyses the brightness of each 
captured image. To be able to perform such measurements a sensor 
was designed utilizing a CCD-sensor, in this case an 8-bit webcam 
running at a resolution of 640x480 pixels. For the method to be stable 
and not dependent on the surroundings, the images of the wire need 
to be taken in a protected environment. This environment was 
achieved by designing a special camera housing which is shown in 
Figure 5.4. The sensor was designed as a splitable pipe with hinges, 
this allows for an easy changeover procedure when the wire needs to 
be changed. The dimensions of the pipe section of the housing were 
∅10 𝑚𝑚 internally and 150 𝑚𝑚 in length. 
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Figure 5.4. a) Rendering of the open sensor housing, displaying the wire 
drawing direction, the placement of the CCD-camera and the LED b) Closed 
housing (Figure from Paper IV) 

The housing was fabricated in black colored plastic (polylactide) by 
means of fused filament fabrication. The CCD-camera was placed on 
top of a duct looking down on the wire. The duct also contained a 
white LED with a 30° beam angle that illuminated the wire. The 
length on the CCD-camera duct was adapted to focus the camera on 
the wire surface. The view that the CCD-camera had of the wire can 
be seen in Figure 5.5a. 
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Figure 5.5. a) The wire as seen by the mounted CCD-camera b) The red 
rectangle encloses the pixels used to calculate an average reflection intensity. 
(Figure from Paper IV) 

The brightness of every image was calculated by looking at intensity 
of the reflection caused by the LEDs illumination of the wire. To get a 
comparable measurement, the average intensity in the region of 
interest seen in Figure 5.5b was calculated. The average intensity was 
calculated from these 30x70 pixels by using the following expression, 

𝐼𝐴 =
∑ ∑ 𝐼𝑖,𝑗

𝐶
𝑗

𝑁𝑅
𝑖

𝑁𝑅∙𝐶
, (27) 

where 𝐼𝐴 is the average intensity of one frame, 𝑁𝑅 the row of pixels, 𝐶 
the columns of pixels, and 𝐼𝑖,𝑗 is the intensity of a pixel in position 𝑖 
and 𝑗.  

The hypothesis is that 𝐼𝐴 which represents the brightness of the wire 
will change as the performance of the lubrication changes. 
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6 Results and discussion 
In this chapter, the results from the performed investigations will be 
presented and discussed. The focus of the investigations is to study if 
the proposed monitoring methods can indicate changes in process 
performance and the characteristics of the drawn wire. 

6.1 Investigation of theoretical methods to evaluate the friction 
coefficient  

The method to calculate the coefficient of friction is a central part of 
being able to estimate the performance of the lubrication process. The 
following investigation was conducted in Paper I to compare the 
different methods to estimate the friction coefficient from measured 
drawing force. As described in section 3.1, there are several methods 
to calculate the required force to pull the wire through the drawing 
die. This study was performed to investigate which of the available 
drawing force theories generates results that are consistent and reflect 
the real process. Another outcome of the study was a novel equation 
for predicting the drawing force, see Paper I. 

To generate data that could be used to compare the different methods 
for calculating the drawing force, a set of wire drawing experiments 
were designed where the only parameter that was changed in between 
the experiments were the length of the cylindrical part of the die, the 
bearing. This part of the die was chosen as the variable since this part 
is included in some of the drawing force equations but left out in 
others.  

The hypothesis is that the coefficient of friction for the die-wire 
system should not change with the bearing length. The bearing part 
of the die probably has a rather small impact on the drawing force, 
and if the friction coefficient of the complete wire-die system is 
changed due to the change in bearing length it is considered to be 
incorrect. Also, the calculated coefficients of friction from the 
different equations are used as input for finite element models that 
are used to calculate the drawing force. The drawing force values 
from the finite element analysis are then compared to the drawing 
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forces measured during the experiments, this is done to evaluate the 
accuracy of the different drawing force equations. 

The experiments were performed at the wire drawing laboratory at 
Örebro university, in the single capstan wire drawing machine. 
During each experiment approximately 30 m of wire was drawn. The 
drawing dies used for the experiments are presented in Table 6.1. 

 

Table 6. 1. Geometrical parameters for the drawing dies used in the 
experiments. The bearing is expressed in length (mm) and as a percentage 
of the die diameter. (Table from Paper I) 

Drawing die 
Diameter 

(mm) 
Die angle 

(°) 
Bearing length 

(mm) 
Bearing 

(%) 

1 3.80 12.2 0.35 9.3 

2 3.81 12.3 0.85 22.4 

3 3.80 12.2 1.28 33.8 

4 3.81 11.7 1.64 43.2 

5 3.80 12.0 2.30 60.7 

 

During the experiments the drawing force was measured using two 
force sensors that were fitted to the drawing box in such a way that all 
the force required to pull the wire was lead through the sensors. The 
force sensors used for this were of KIS-2 type and had a range of 0-
30 kN with an error of < 1 %. The signal from the sensors was 
sampled at 800 Hz and then processed in a LabVIEW software, storing 
mean values measured signal, calculated at 1 Hz. 
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The evaluated drawing force equations are those presented in chapter 
3.2, meaning Equations (7), (9), (14-15). However, to be able to use 
them to get the corresponding friction coefficient from each 
experiment the equations needed to be rearranged with respect to the 
coefficient of friction (this is already done for Equation (7) -> 
Equation (16)).  

𝜇 = 𝛼
𝐹−𝐴1𝑅𝑒𝑚(𝑙𝑛

𝐴0
𝐴1

+
2𝛼

3
)

𝐴1𝑅𝑒𝑚𝑙𝑛
𝐴0
𝐴1

 .    (16) 

The rest of the equations were rearranged in their corresponding 
order,  

𝜇 =
𝐹−𝐴1𝑅𝑒𝑚(𝑙𝑛

𝐴0
𝐴1

+
2𝛼

3
)

𝐴1𝑅𝑒𝑚𝑙𝑛
𝐴0
𝐴1

𝛼
+𝑑1𝜋𝑅𝑒1𝐵

  ,   (28) 

 

𝜇 =

𝐹

𝐴1𝑅𝑒𝑚
  − 2 𝑓(𝛼) 𝑙𝑛

𝑅0
𝑅𝑓 

 − 
2

√3
 (

𝛼

𝑠𝑖𝑛2𝛼
−𝑐𝑜𝑡 𝛼)

2

√3
 (𝑐𝑜𝑡 𝛼 𝑙𝑛

𝑅0
𝑅𝑓

 +
𝐵

𝑅𝑓
)

  (29) 

and 

𝜇 =

𝐹

𝐴1𝑅𝑒𝑚
 – 2 𝑙𝑛

𝑅0
𝑅𝑓 

 − 
4

3√3
 𝑡𝑎𝑛 𝛼

2

√3
 𝑐𝑜𝑡 𝛼 𝑙𝑛

𝑅0
𝑅𝑓

. (30) 

The resulting drawing force from the performed experiments differs 
by roughly 5% (200 N) between the experiments with the highest and 
lowest drawing force. 

The equations for calculating the coefficient of friction were used on 
the data from the experiments, resulting in five calculated coefficients 
of friction for each equation, the result is presented in Figure 6.1. 
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Figure 6.1. Calculated coefficient of friction using the Equation 16 (Siebel), 
Equation 28 (Persson), Equation 29 (Avitzur with friction bearing) and Equation 
30 (Avitzur drawing force equation) depending on bearing length and method.   

As can be seen in the results, the equations (28 and 29) which both 
includes a parameter for the bearing length seems to be 
overestimating the influence of the friction in the bearing, since the 
calculated coefficient of friction is decreasing with an increasing 
bearing length. Equation (30) gives a rather high value for the 
coefficient of friction for all the performed experiments. As the 
process was well lubricated it can be assumed that the actual 
coefficient of friction should be under 0.07 according to the literature 
[36], [51]. 

To further evaluate the result from these equations, finite element 
analyses were performed with the geometrical properties of the 
drawing dies, the material properties of the used wire and the 
coefficient of friction calculated using the different equations as input 
data. The software used for the finite element modeling was Ansys 
Workbench [73], a coupled thermomechanical axisymmetric model 
was used for decreased computation time and an implicit solver was 
used for the calculations. A non-linear material model with bilinear 
strain hardening was used for the wire material using data acquired 
from tensile tests. The contact model used was an Augmented 
Lagrange.  An example of a model showing the boundary conditions 
used is presented in Figure 6.2. 



Have you heard about wire? 49 
 

Figure 6.2. Boundary conditions used in the finite element analyses. (Image 
from Paper I) 

The result from the analyses is presented as percentage of difference 
between the mean drawing force from the simulation and the mean 
drawing force from the corresponding experiment. The result is 
shown in Figure 6.2, where it can be seen that Equation (16) and (29) 
gives results closest to reality, under 5% difference for the range of 
bearing lengths normally used in steel wire drawing (20-40%). 
However, looking back at Figure 6.1 it is clear that Equation (29) 
overestimates the influence of the friction in the bearing part of the 
drawing die, meaning that the equation will give results further from 
the real case with an increasing bearing length. The same problem 
will happen with Equation (16) since it does not include a parameter 
for the bearing.  
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Figure 6.3. Evaluated accuracy of the compared drawing force equations (16) 
(Siebel), (28) (Persson), (29-30) (Avitzur) comparing finite element results 
regarding drawing force and the measured mean drawing force from the 
experiments. 

As shown in the results, both Equation (16) and Equation (29) seems 
to give quite accurate results regarding drawing force/coefficient of 
friction for drawing dies with normal bearing lengths. However, as 
Avitzur only presented Equation (29) in the making of Equation (30) 
it is hardly to be considered to be one of the most common methods 
to estimate drawing force. Due to this reason the author of this thesis 
has chosen to use Siebel’s drawing force equation in the research 
studies included in this thesis. 
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6.2 Vibration measurements 
To investigate if vibration measurement by means of an 
accelerometer is a viable solution for process monitoring of the wire 
drawing process a set of experiments were conducted and presented 
in Paper II. The setup used for the experiments to capture the 
vibration signal and drawing force data is shown in Figure 6.4.  

Figure 6.4. Drawing box setup to measure drawing force and vibrations. (Figure 
from paper II) 

Two of the performed experiments to investigate the correlation 
between the drawing force and the vibration signal were:  

• Removal and re-introduction of lubrication during drawing 

• Running out of lubricant. 

 

Removal and re-introduction of lubrication during drawing 

The experiment was conducted to simulate a sudden loss of 
lubrication. The lubricant was removed by means of vacuum suction 
from the drawing box. The resulting signals are presented in Figure 
6.5, both the investigated signals show a sudden increase. For both of 
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the signals there is an incubation time during which the higher 
signals sometimes drop to the previous stable level, this is most likely 
due to the fact that there is some lubricant still present at the die 
entrance which for short periods can contribute to favorable 
lubrication conditions. The process was allowed to run without 
lubricant for around 60 s, roughly equivalent to 30 m of wire, the 
lubricant was then added to the process again and this resulted in the 
reduction of the required drawing force and the vibrations signal also 
dropped down to the previous stable values. It is thus quite clear that 
the change in the performance of the lubrication can be detected by 
both force measurements and by vibration measurements.  

 

 

Figure 6.5. Influence of lubrication condition on the measured drawing force 
and vibration amplitude. The arrows indicate the removal of lubricant (at I) and 
the reintroduction of lubricant (at II) (Figure from Paper II) 
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Running out of lubricant 

When the lubricant was allowed to run out naturally, the signal 
pattern is similar to the case of quick removal with the exception that 
the incubation time, from early indications to constant high 
vibration/drawing force signals, is longer. The signals are shown in 
Figure 6.6. The lubrication is not as drastically lost as for the case of 
complete removal of lubricant from the lubrication box and the 
lubrication situation is thus varying from good to poor for a longer 
time period. The amount of wire drawn from the first signals of 
increased vibrations to the end of the experiment is over 100 m in 
length. The poor lubrication can be detected in both the vibration 
signal and in the force signal.   

Again, it is shown that the loss of efficient lubrication can be detected 
by both force measurements and by vibration measurements. Also, in 
this case the results show that the vibration signals give a higher 
degree of difference between the lubricated and the non-lubricated 
conditions compared to the use of force signals. The detectability of 
poor lubrication conditions is thus strongly favored by using 
vibration signals. Additionally, application of vibration sensors in the 
wire drawing equipment is much easier than the application of force 
measurements. In an industrial environment this is of utmost 
importance. The results also show the importance of early detection 
of poor processing conditions in order to reduce the amount of 
material produced with high risk of defects.  
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Figure 6.6. Influence of lubrication condition on the measured drawing force 
and vibration amplitude, as the lubricant is allowed to slowly run out. (Figure 
from Paper II) 

Vibration signal analysis 

Most of the events related to change in the lubrication performance 
captured in the current investigation were detected at the lower end 
of the frequency domain, under 1000 Hz. Figures 6.7-6.9 show data 
from different stages of the experiment presented in Figure 6.6 that 
has been treated using Fourier transformation. Consequently, the 
monitoring of frequencies below 1000 Hz or even lower seems to be 
conservative enough to capture the important variations in the 
lubrication performance for process monitoring and control 
purposes. The largest change in the signal seems to be happening at 
frequencies below 50 Hz. That is at least for the types of unwanted 
process conditions that have been investigated in this study.  
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Figure 6.7. Vibration frequencies from the beginning of the experiment where 
the lubrication was starved when there still was a well-functioning lubrication. 
(Figure from Paper II) 

Figure 6.8. Vibration frequencies from the experiment where starved 
lubrication conditions were reached (corresponding to the appearance of the 
first two spikes in the vibration signal) (Figure from Paper II) 
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Figure 6.9. Vibration frequencies from the end of the experiment where the 
lubrication was starved, non-lubricated conditions have been reached 
(corresponding to the continuously high vibration signal levels) (Figure from 
Paper II) 

These two experiments showed promising results, and in these cases, 
the unfiltered vibration signal correlated very well with drawing force 
signal and gave good indications regarding the changes in the 
lubrication performance in the drawing process.  
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6.3 Wire temperature measurements 
As explained section 5.2.2 the temperature of the wire has a high 
potential to monitor the performance of the lubrication in the same 
manner as the drawing force, since according to the theory, the 
temperature is highly dependent on the drawing force. The studies in 
Paper III were made to investigate the hypothesis presented under 
5.2.2.1 and 5.2.2.2.  

To capture thermal imaging data a FLIR A600 series thermal imaging 
camera was utilized. The camera has a spatial resolution of 0.68 mrad, 
a field of view of 25° x 19°, a minimum focus distance of 0.25 m, a 
focal length of 24.6 mm, an IR resolution of 640 x 480 pixels, a 
detector pitch of 17 μm, thermal sensitivity <0.05 °C at +30°C and a 
detector time constant that typically is 8 ms. The manufacturer 
specifies an accuracy of ±2 °C or ±2% of reading [74]. The 
temperature measurement range used was 0 - 650 °C, the camera was 
placed approximately 300 mm from the wire, and the image 
capturing frequency used was 200 Hz. With the chosen image 
frequency, the camera uses windowing, meaning a subset of the total 
image is selectively read out. At 200 Hz the camera can handle a 
window of 640 x 120 pixels. The software that was used to capture the 
thermal images and later for analyzing the data was ResearchIR from 
FLIR [75]. The experimental setup used for the trial is shown in Figure 
6.10. 

To provide more understanding of what type of data the thermal 
imaging camera processes, three examples of thermal images are 
shown in Figure 6.11. These thermal images were captured during 
different stages of the experiment. Top images shows where the wire 
drawing process was functioning as intended. Middle image was 
taken exactly at a point where the wire starts to scratch because a 
piece of the wire got welded in the drawing die due metallic contact 
between the wire and the die and the bottom image shows the 
process producing a wire with a scratch. 
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Figure 6.10. Placement of thermal imaging camera, which focuses on the wire 
as it leaves the drawing box. (Figure from Paper III) 

Figure 6.11. Example of thermal images from the experiment. a) Drawing 
process functioning as intended; b) Picture showing at the exact point where 
the wire starts to scratch c) unfunctional process producing scratched wire. 
(Figure from Paper III) 

One type of experiment was used to do this evaluation but with two 
different materials. Only results from one of the experiments will be 
presented in this chapter, for the other case the reader is referred to 
Paper III. In the presented study, a stainless-steel grade (X10 CrNi 18-
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8 HS) was used. During the experiment, drawing force and thermal 
images were captured. The experiment was conducted as follows:  

• Engage monitoring equipment 
• Engage the wire drawing, with lubrication 
• Run the lubricated process for approximately 3 min, ensuring 

that there are stable monitoring signals 
• Remove the lubricant from the lubricant box 
• Disengage the wire drawing process when the lubrication 

process has failed (indicated by an increase in the drawing 
force) 

• Disengage the monitoring equipment 

 

 

Result from the experiments is shown in Figure 6.12 where the 
captured drawing force signal is compared to the method presented 
in chapter 5.2.2.2, the thermal imaging signal calculated using 
Equation (26).  

Figure 6.12. Drawing force and max standard deviation from thermal images 
for each second from the experiment. The experiment was divided into six 
regions, and they are discussed in the text. (Figure from Paper III) 

The results could be divided into six regions. Region A is before the 
drawing process was started, the drawing force was 0 N and the signal 
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from the thermal camera was stable. The transition from region A to 
B indicates where the wire drawing process was started. In region B, 
the wire drawing process is functioning as intended, with functional 
lubrication, the coefficient of friction was calculated to 0.07 using 
Equation (16). The transition from region B to C is where the 
lubricant was removed. The behavior in region C does not display an 
increase in the drawing force signal, however, some clear spikes can 
be seen in the signal from the thermal imaging camera. At the 
transition from region C to D the lubrication in the process has partly 
failed, which is indicated in the drawing force signal. The transition 
from region D to E is where the degradation in lubrication 
performance is detected by the thermal image signal. The coefficient 
of friction went up to over 0.3 before the wire drawing process was 
stopped, transition E to F.  

 

To evaluate the method for in-situ lubrication performance 
monitoring using wire temperature presented in chapter 5.2.2.1, the 
coefficient of friction was calculated and compared using the data 
from the experiment. Coefficient were calculated using Equation (16) 
(drawing force) and Equation (23) (wire temperature). To be able to 
use the data captured by means of thermal imaging, the emissivity of 
the wire needs to be known in order to get the actual temperature. 
For this reason, the emissivity of the wire surface was measured in the 
different regions, this was done by heating the wire and using a tactile 
temperature measurement equipment at the same time as the 
emissivity constant of the thermal imaging camera was iterated, until 
both measuring devices indicated the same temperature. In region B 
the emissivity of the wire surface was measured to 0.4 and in region E 
to 0.25. In region B the mean wire temperature is 103 °C and in 
region E the mean temperature is 156 °C. The coefficient of friction 
was calculated using both the drawing force and the adjusted with 
respect of emissivity wire temperatures, this is shown in Figure 6.13. 
The constant k in Equation (23) was set to 1 as no cooling of the 
drawing die was used during the experiment. As can be seen the two 
different ways to evaluate the performance of the lubrication seems to 
be in good agreement. 



Have you heard about wire? 61 
 

 

 

Figure 6.13. Friction coefficient calculated for the experiment. The coefficient 
has been calculated using the drawing force with Equation 16 and the wire 
temperaturewith Equation 23 respectively. (Figure from Paper III) 

To couple the monitoring data with the characteristics of the 
produced wire, wire samples were collected from the different stages 
of the experiment and characterized by means of SEM. The wire 
surface from region B, C and E is shown in Figure 6.14-6.16. Surface 
analysis of the stainless-steel wire from region B and C revealed 
surface asperity flattening. Additionally, in region C a large scratch 
with width of approximately 500 µm was observed. In the scratched 
region, protrusions rising above the surface were observed, Figure 
6.15b. Surface analysis of the wire from region E show a completely 
damaged surface and the protrusions were the main wear pattern seen 
in Figure 6.16. 
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Figure 6.14. Surface of the stainless-steel wire in region B (functional 
lubrication) a) and magnification of the wire surface in region B displaying 
surface asperity flattening b). (Figure from Paper III)

Figure 6.15. Wire surface from region C (no lubricant in die box). One scratch 
can be seen on the wire surface and the surface beside the scratch is like the 
surface in region B (Figure from Paper III) 

Figure 6.16. The typical surface of the wire in region E (unfunctional 
lubrication) illustrating the observed protrusions in SEM at magnifications of 
x70 a) and x1000 b) (Figure from Paper III) 
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Surface roughness measurements of the wire in region B, C and E 
were also carried out to correlate the monitoring signals with the 
produced wire surface characteristics. The measurements were made 
using a tactile surface roughness equipment. The result is presented in 
Figure 6.17-6.18. The mean roughness of the wire was 𝑅𝑎 = 1.09 µ𝑚 
in region B, 𝑅𝑎 = 0.98 µ𝑚 in region C and 𝑅𝑎 = 6.13 µ𝑚 in region E. 
The scratch that was found in region C in the microscopy (Figure 
6.15) is also detected in the surface roughness measurements (Figure 
6.18b). The surface measurement in Figure 6.18c shows that the wire 
from region E is heavily damaged. 

Figure 6.17. Surface roughness measurement values from the different regions 
of the experiment. (Figure from Paper III)
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Figure 6.18. Example surface roughness measurements of the stainless-steel 
wire in a) region B (functional lubrication) b) region C (no lubricant in die box) 
and c) region E (unfunctional lubrication). The surfaces were measured along 
the curvature of the wire. (Figure from Paper III) 

The two developed and evaluated process monitoring signals utilizing 
thermal measurements correlates very well with both the drawing 
force and the characteristics of the drawn wire.  
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6.4 Brightness measurements 
To investigate the method presented in chapter 5.2.3, meaning that 
process issues can be captured with a camera in the same manner as 
the machine operators do today, the research study presented in Paper 
IV was conducted. 

To test the hypotheses the wire brightness measurement sensor 
presented in chapter 5.2.3.1 was used. Experiments were carried out 
in the same manner as explained in chapter 6.3 and the data and 
resulting wire were analyzed and compared. Experiments were done 
using two different wire materials. In this chapter one of the 
experiments will be presented, the reader is referred to Paper IV for 
the second case. A stainless-steel (X10 CrNi 18-8 HS) wire was drawn. 
The experimental setup used to carry out the trials is shown in Figure 
6.19. 

 

Figure 6.19. Experimental setup, brightness measuring equipment is placed 
after the wire exits the drawing die. (Figure from Paper IV) 

The resulting monitoring signals from the experiment, the CCD-
camera intensity calculated using Equation (27) and drawing force 
signal from the experiment are presented in Figure 6.20. Four regions 
could be observed in the monitoring data. Region A is before the 
drawing process was started, the drawing force was 0 N and the 
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intensity 150. The transition from region A to B indicated where the 
wire drawing process was started. In region B, the wire drawing 
process was functioning as intended, with lubrication, the coefficient 
of friction was calculated to 0.049. The transition from region B to C 
is where the lubrication was removed. The behavior of region C 
displays a constant increase of drawing force, and a constant decline 
in intensity. The friction coefficient increased up to 0.18 before the 
drawing was stopped. The two signals correlate very well and the 
transition from lubricated to non-lubricated process could clearly be 
detected in both signals. The transition from region C to D indicates 
where the wire drawing process was stopped.  

Figure 6.20. Drawing force and measured brightness (intensity). Four regions 
can be seen in the signals. (Figure from Paper IV) 

To be able to correlate the measured process signals with the 
produced wire characteristics, wire samples were collected from 
region B (the lubricated region) and region C (non-functioning 
lubrication). These wire samples were analyzed and characterized by 
means of tactile surface roughness measurement and SEM. The wire 
surface from region B and C captured by SEM can be seen in Figure 
6.21. The surface morphology of the wire in region B displays a 
smooth surface without signs of wear. In region C, however, there are 
severe signs of wear. Surface roughness profiles of the wire in region 
B and C can be seen in Figure 6.22. The roughness of the wire was 
𝑅𝑎 = 1.09 µ𝑚 in the lubricated region and 𝑅𝑎 = 2.30 µ𝑚 in the 
unlubricated region. 
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This shows that the evaluated process monitoring method, brightness 
of the wire, correlates very well with both the drawing force signal as 
well with the characteristics of the produced wire. 

Figure 6.21. a) Surface of the wire in region B b) magnification of the wire 
surface in region B, free from signs of wear c) the surface of the wire in region 
C, displaying severe scarring d) magnification of the wire from region C, 
displaying a scratched surface (Figure from Paper IV) 

Figure 6.22. Surface profiles of the wire in a) region B and b) region C (Figure 
from Paper IV) 



 

68 Joakim Larsson 
 

6.5 Multiple sensor approach - WiSE 
In an effort to make research results available to the industry, 
researchers at Örebro University combined the monitoring methods 
presented in this thesis, and developed a monitoring system for the 
wire drawing process [76], [77]. The sensor utilizes the methods 
developed and evaluated within this thesis i.e.  vibration 
measurement by means of accelerometer, wire brightness 
measurement using CCD-sensors and optical wire temperature 
measurements.   

Some of the development stages are shown in Figure 6.23. The figure 
shows three prototype versions of the sensor installed in the wire 
drawing machine at Örebro University, as can be seen the physical 
footprint of the sensor has been gradually reduced to enable it to be 
used in most drawing machines. 

Figure 6.23. Three prototypes of WiSE process monitoring system for the wire 
drawing process. 

The sensor was named Wire Surveillance Equipment, WiSE [78], and 
has been tested and evaluated in many scenarios, both in laboratory 
environments and in the industry. The sensor is installed at the exit 
side of the die box and the wire passes through the sensor. As the wire 
passes through, three cameras take images of the wire surface, which 
gives full image coverage of the surface. The sensor data is transferred 
by cable or Wi-Fi to a server where the data is analyzed and presented 
in a graphical user interface, shown in Figure 6.24. Each produced coil 
is automatically stored in a separate datafile for easy accessibility. To 
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ensure full trackability, the system can be equipped with a speed-
sensor/signal, meaning that every meter of wire can be traced when 
looking for deviations in the monitoring signals. This also means that 
the system can be used as input for an Overall Equipment Efficiency 
(OEE) system. 

 
Figure 6.24. WiSE interface showing sensor data. 

As suggested in Paper II-IV a threshold could be suitable to use to 
trigger an alarm/stop the machine, this is implemented in the WiSE-
monitoring system. As seen in the results presented in paper III and 
IV the monitoring signal level can change significantly depending on 
the produced wire product. To solve this problem, the thresholds are 
set from a mean value which is calculated every time a new 
production run is started. The sensor utilizes the vibration 
measurement to get the information of when a production run is 
started and stopped to achieve fully functionality without the need 
for the machine operator to interact with the system. The “final” 
product is shown in Figure 6.25 where it is installed in an industrial 
wire drawing machine in Japan.  
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Figure 6.25. WiSE-sensor in an industrial wire drawing machine. 

Paper V was made to investigate what benefits that might exist by 
using multiple sensors for monitoring of the wire drawing process. 
The sensors used in the experiments were the WiSE sensor (vibration, 
brightness of the wire and wire temperature) and drawing force 
sensors, see Figure 6.26. Several different experiments were performed 
all using a carbon steel spring wire, the process conditions were 
changed during the experiments to mimic common problems of the 
wire drawing process, of which three are presented in this chapter.  

Running out of lubricant 

During this experiment the lubricant was left to run out naturally. 
This is a problem that can occur in industry when the operator is not 
able to keep a good level of lubricant in the drawing box or if other 
problems occur such as tunneling in the lubricant or blockage at the 
die entrance. The experiment was allowed to run until the drawing 
force reached elevated levels. 

Issues from previous draws 

This experiment mimics problems with previous draws in the process 
and was done to investigate if problems in draws prior to the draw 
being monitored can be detected. To simulate this the incoming wire 
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had an increased temperature for a period of time, creating problems 
with the performance of the lubricant in the investigated draw. This 
is a problem, which can occur for several different reasons: problems 
in the prior draw such as die damages, insufficient lubrication, die 
cooling not working and others. The problem can also occur when 
trying to increase the productivity, due to the increased drawing 
speed, the wire does not cool down enough on the capstan prior to 
the drawing die (as explained in Figure 3.1). This is a common 
industrial problem due to the demand of higher productivity. The 
increase in temperature of the ingoing wire was created by heating 
the wire using induction heating, this was done since there is only 
one draw in the laboratory setup used for the experiments. The 
temperature was increased to roughly 100°C and was constant 
throughout the heating period.  

Long shallow cosmetic artificial defect  

During this experiment the wire surface was subjected to grinding 
using a handheld angle grinder. This created a very shallow scratch, 
the scratch was not possible to feel by hand, neither before nor after 
the wire was drawn. This simulates a scratch created in a previous 
draw to the draw being monitored or in previous processes to the 
drawing process such as handling or heat treatment.  

Figure 6.26. Experimental setup used in the trials. (Figure from Paper V) 
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6.5.1 Results 
The experiments presented in section 6.5 were performed using the 
same type of lubricant, meaning that the coefficient of friction should 
be similar in all the performed experiments when there is a good 
lubrication situation. When comparing the drawing force from the 
experiments it was found that this was the case, the mean value from 
each of the experiments in the lubricated parts was 9100 ± 100 N. 
Using Equation (16) a corresponding coefficient of friction of 0.05 
could be calculated, which is in the range 0.01-0.07 given in the 
literature as normal for a well lubricated dry drawing process [36], 
[51]. In some of the experiments the signal representing the wire 
temperature shows a slight increase throughout the experiment, this 
is probably because the wire drawing process had not yet reached 
steady state temperature when the experiment was performed. 

Running out of lubricant 

During the experiment a critical low level of lubricant was left to be 
present at the start of the experiment, and the process then ran until 
the force level reached elevated levels. The result from the experiment 
is shown in Figure 6.27, displaying vibration, wire temperature, 
optical signal and drawing force. The vibration, wire temperature and 
drawing force signals show a similar behavior. All signals indicates 
that there are some changes in the process from around 225 seconds. 
This is likely due to the change in lubrication performance due to the 
lack of lubricant. The coefficient of friction increases from 0.05 up to 
0.16 at the end of the experiment. The optical signal, representing the 
brightness of the wire, shows that this signal detects the coming issue 
before the other signals. This is probably because the brightness of the 
wire changes (due to the lack of lubricant) before the loss of lubricant 
affects the friction of the system. This means that the brightness of the 
wire could be used to prevent the process of getting to a poorly 
lubricated state, since it gives an indication before the drawing force 
increases. In this experiment, the process was stopped before any 
damage occurred in the tool or on the drawn wire, there was also no 
indication that could be detected by the machine operator that there 
would be any problem in the process. 
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Figure 6.27. Results from the experiment where the lubricant was let to run 
out. The figure shows the four measured signals, Vibration, Wire temperature, 
wire brightness (Optical) and drawing force. (Figure from Paper V) 

Issues from previous draws 

Figure 6.28 presents the results from the experiment simulating a 
problem in a previous draw, leading to increased ingoing wire 
temperature.  
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Figure 6.28. Results from the experiment simulating problem in a previous 
draw to the one being monitored. The figure shows the four measured signals, 
Vibration, Wire temperature, wire brightness (Optical) and drawing force. 
(Figure from Paper V) 

As shown in the figure, the wire section with increased temperature 
reaches the process after around 180 seconds, the problem is restored, 
and the wire is restored to normal conditions at around 210 seconds. 
The temperature of the ingoing wire was increased to roughly 100°C 
during that time. The increase in temperature seems to have led to 
some problems with the lubrication, as shown by the increase in 
drawing force indicating an increase in the coefficient of friction, the 
coefficient increases to 0.12. The problem occurring in the process 
could also be detected by analyzing the optical signal as well as by the 
drawn wire temperature signal. When the temperature decreases the 
process is going back to a normal state. There is a delay from when 
the ingoing wire temperature goes down until the temperature of the 
drawn wire is back to normal, this is due to the cooling of the 
drawing die, it takes some time for it to return to normal 
temperature.  No damage could be detected on either the tool or the 
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wire, and the operator could not detect any problem with the 
performance of the drawing process. 

The result show that it would be possible to detect a problem in a 
draw previous to the monitored draw. 

Long shallow cosmetic artificial defect  

Figure 6.29 shows the resulting scratch after passing through the 
drawing die, the scratch is very shallow and cannot be felt by hand.  

 

Figure 6.29. Shallow artificial scratch after being reduced in the drawing die. 

The resulting monitoring data from the experiment is presented in 
Figure 6.30. 

 



 

76 Joakim Larsson 
 

Figure 6.30. Results from the experiment where an artificial cosmetic scratch 
investigated. The figure shows the four measured signals, Vibration, Wire 
temperature, wire brightness (Optical) and drawing force. 

The scratch passes through the drawing die after around 160 seconds, 
which clearly shows on the optical signal, a small indication can also 
be seen on the temperature signal. The difference in temperature is 
probably not due to an actual change in wire temperature, since the 
scratch is very shallow but due to the change in emissivity, the scratch 
is much brighter than the undamaged wire surface, which can be seen 
from the increase in the optical signal. As the wire surface becomes 
brighter the measured temperature value gets lower.  

 

Running the drawing process without cooling until problems can be 

detected by machine operator 

The earlier experiments showed that the monitoring sensors could 
detect performance problems occurring in the drawing process 
without it being noticeable for the machine operator. No defects 
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could be detected on the wire or the drawing die after the performed 
experiments where the lubrication performance was degraded. This 
experiment was performed to see how serious the performance 
changes must be to be able to be detected by the machine operator. 
The process was run without cooling and the temperature of the 
ingoing wire was increased during the experiment. The experiment 
was stopped when the operator noticed problems in the process, the 
result from the experiment is presented in Figure 6.31. 

Figure 6.31. Results from the experiments where the process was let to run 
without cooling until the operator would detect that there is a problem in the 
process. The figure shows the four measured signals, Vibration, Wire 
temperature, wire brightness (Optical) and drawing force. 

At the beginning of the experiment the process was left to run in a 
normal state, after 150 seconds the ingoing wire temperature was 
increased to 100 °C. This increase in temperature results in a less 
favorable lubrication situation, which is indicated by all the used 
sensors. After 200 seconds the cooling of the drawing die is removed 
which also leads to an increased temperature of the drawn wire. After 
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approximately 100 additional seconds, the lubrication performance 
degrades further for a short period of time which is indicated by the 
wire temperature and the drawing force measurements. At 400 
seconds the ingoing wire temperature is decreased to room 
temperature, this somehow leads to even an even worse lubrication 
performance for a while, which is indicated by the drawing force 
signal. At 600 seconds the lubrication seems to start to stabilize due to 
the decrease in tool temperature, at this point the ingoing wire 
temperature is increased from room temperature up to 100 °C again, 
which is indicated by the increase in wire temperature. After around 
950 seconds the temperature in the tool has increased to levels which 
causes the lubrication to completely malfunction, which is indicated 
by all the monitoring signals. The coefficient of friction is at this 
point 0.16 and the process is allowed to continue. The vibration level 
and wire temperature are not ideally displayed in Figure 39, but the 
level is more than 200 times higher for the vibration signal compared 
to the mean value from the rest of the experiment and the 
temperature signal is roughly twice as high as displayed. At this point, 
the problems in the process could be detected by the machine 
operator due to a strange noise from the drawing die and the process 
was stopped. When optical inspecting the wire after the experiment, 
the wire surface seems to be brighter, but it is difficult to tell when 
studying the wire with the human eye.  

From the results of the experiment, it is clear that the monitoring 
signals can detect process performance problems long before they 
become a real issue. The monitoring sensors were able to detect 
problems in the process around 900 seconds before the operator 
could notice anything unusual with the process, meaning that if 
process monitoring is utilized in the industrial process, problems 
could be detected and corrected a long time before they actually start 
to cause real problems. 
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7 Conclusions 
This chapter provides concluding remarks on the results from this 
thesis and answers to the questions presented in chapter 1.2. 

7.1 General conclusions and future work 
It was found that process monitoring can be a helpful tool to increase 
the sustainability and productivity in the wire drawing industry. By 
the use of monitoring sensors, it is possible to detect process 
problems before damage is manifest on the tools and the wire, 
meaning that material can be saved from being scrapped. Also, 
information from the sensors can be used to optimize the production 
processes, as limits for the used tooling and lubrication can be found. 

All investigated monitoring methods had close correlation to the 
drawing force which has been previously demonstrated to give 
indications of the status of the wire drawing process. Also, it was 
shown that surface damage due to poor lubrication could be 
correlated to deviations in the monitoring data.  

As shown in paper V, using multiple sensors might have an advantage 
because the error misclassification should be less of a problem, since 
the different monitoring methods react in a similar way to the 
evaluated performance issues.  

A way that might increase the knowledge of what is happening in the 
drawing process using data from the sensors evaluated in this thesis 
would be by the use of machine learning. It might be possible to 
develop a model of how the different monitoring signals react to 
different type of process problems, meaning that a specific type of 
problem could be detected. It would also be very interesting to study 
if it is possible to develop a model that could control and optimize 
the drawing process using the monitoring data as input.  

7.2 Answers to specific industrial and research questions 
To remind the reader of the questions stated in chapter 1.2 the 
industrial and research questions are listed below with formulated 
answers. 
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Is it possible to detect problems in the wire drawing process by using process 
monitoring that can be implemented in an existing industrial wire drawing 
machine?? 
As shown in chapter 6 (Paper II-V) it is possible to detect problems in 
a wire drawing process by using the methods developed within this 
thesis. All methods have been developed considering that they should 
be easily implemented in existing equipment. The sensor system 
presented in chapter 6.5 which builds upon the developed methods is 
a step towards industrial implementation of process monitoring in 
the wire drawing process.  

Can problems be detected before they become an issue?  
The results from the performed studies show that there is high 
potential to detect performance problems before they become an 
issue causing damages to the wire and tools. This of course depends 
on the drawing process and how sensitive the wire material is to 
galling.  

Can the efficiency of the process be estimated using sensors? 
It was shown that a performance index, the coefficient of friction, can 
be calculated which represents the lubrication performance. A 
method to calculate this performance indicator using the wire 
temperature was proven to be viable (Equation (23)). 

Are there measurable process parameters in the wire drawing process that 
reflect the properties of the produced wire??  
All the evaluated process monitoring methods were found to reflect 
the characteristics of the produced wire at a comprehensible level, 
which means that the monitoring signals can indicate whether there 
is damage or not. 

Can process signals be linked to material characteristics? 
The studied process monitoring signals can indicate at a superficial 
level what is happening on the wire surface. However, to be able to 
identify what type of specific defect is on the surface of a certain type 
of wire in a certain process, the specific process must be investigated. 
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