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Abstract 

This thesis project aims to create an overview of new technologies in printed circuit board 
manufacturing which when automated could become part of an Industry 4.0 production flow. 
Potential design limits imposed by new technologies are then applied in the creation process of a 
minimum distance estimation function. The intended purpose of this function is to correctly 
estimate the minimum distance required for the auto-routing software FreeRouting to be able to 
successfully route between two components. 

This is achieved by using a brute-force attack to progressively decrease the distance between 
components using a bisectional approach to find the minimum distance at which the auto-routing 
software can still successfully route for a specific design. Using the results from this brute-force 
attack a couple of linear functions based on different base designs are created and then used to 
implement a minimum distance function. 

The minimum distance estimation function is then intended to be used to implement limits to 
how close components can be placed to each other in a printed circuit board design tool which 
purpose is to enable people with lesser knowledge of printed circuit boards to still be able to realize 
their design ideas.  
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Sammanfattning 

Detta examensarbete ämnar skapa en överblick av nya tekniker inom mönsterkorts-tillverkning som 
när de automatiseras skulle kunna bli en del av ett Industri 4.0 produktionsflöde. Eventuella design-
begränsningar som uppstår till följd av dessa tekniker kommer sedan appliceras i 
skapningsprocessen av en minsta avståndsfunktion. Syftet med denna funktion är att korrekt 
uppskatta det minimala avståndet som krävs för att auto-routing mjukvaran FreeRouting ska kunna 
dra ledningar mellan två komponenter.  

Detta görs genom en brute-force attackvinkel där avståndet mellan komponenter fortsätter 
minskas med bisektionsmetoden tills ett minsta avstånd hittats där auto-routing mjukvaran 
fortfarande kan dra ledningar för en specifik design. Genom användande av resultaten från denna 
brute-force attack skapas sedan ett par linjära funktioner baserade på olika bas-designer och dessa 
används sedan för att implementera minsta avståndsfunktionen. 

Denna minsta avståndet-funktion är sedan ämnad att implementeras som begränsningar för 
hur nära komponenter kan placeras varandra i ett program för design av mönsterkort vars syfte är 
att möjliggöra folk utan kunskaper inom mönsterkortsdesign att ändå kunna realisera sina design-
idéer. 

Nyckelord 

 
Mönsterkort, Industri 4.0 , Litografi, Auto-routing, minsta avstånd, uppskattning





 Acknowledgments | v 

v 

 

Acknowledgments 

We would like to thank Fredrik Jonsson at HIAx for giving us this opportunity to do this thesis 

project, for giving us advice on how to work around issues encountered during the project and for 

giving us a place to work with that had a lovely view and plenty of refreshing air. 

We would also like to thank the people at Mycronic for allowing us to come visit their offices 

giving us an overview of their systems and a really interesting demonstration of their solder jet 

printing equipment. 

 

 

 

 

 

Stockholm, July 2018 
Ali Qhorbani 
Simon Ström 





 Introduction | vii 

vii 

 

Table of contents 

 

Abstract ....................................................................................... i 
Keywords .................................................................................................. i 

Sammanfattning ....................................................................... iii 
Nyckelord ................................................................................................ iii 

Acknowledgments ..................................................................... v 

Table of contents ..................................................................... vii 
List of Figures ............................................................................ x 

List of Tables ............................................................................ xi 
List of acronyms and abbreviations ...................................... xii 
1 Introduction .......................................................................... 1 

1.1 Background .................................................................................. 1 

1.2 Problem definition ....................................................................... 1 

1.3 Purpose ......................................................................................... 2 

1.4 Goals ............................................................................................. 2 

1.5 Research Methodology ............................................................... 2 

1.6 Delimitations ................................................................................ 3 

1.7 Structure of the thesis ................................................................. 3 

2 Background .......................................................................... 5 

2.1 Industry 4.0 ................................................................................... 5 

2.2 Lithography .................................................................................. 5 

2.2.1 Mask-based and mask-less lithography ............................ 5 

2.3 Solder jet printing ........................................................................ 7 

2.4 Automated assembly (Pick and place) ...................................... 8 

2.5 IPC Standards .............................................................................. 8 

2.6 Comparison of existing companies ........................................... 9 

2.6.1 Quick comparison of manufacturing capabilities ............. 10 

2.7 Industry 4.0’s impact on sustainable development ................ 10 

2.8 PCB design software ................................................................. 11 

2.8.1 KiCad .............................................................................. 11 

2.8.2 FreeRouting .................................................................... 11 

2.9 Mathematical functions ............................................................. 11 

2.9.1 Bisection method ............................................................. 11 

2.10 Related work ............................................................................... 11 

3 Methodology ...................................................................... 13 

3.1 Problem-solving approach ....................................................... 13 

3.2 Research Process ...................................................................... 13 

3.2.1 Create and understand simple KiCAD examples ............ 13 

3.2.2 Process for creating routing files ..................................... 14 

3.2.3 Auto-routing and interpreting routing result ..................... 14 

3.2.4 Logging results in external file......................................... 15 

3.2.5 Brute-force attempt ......................................................... 15 



IntroductionTable of contents | 8 

viii 

 

3.2.6 Data analysis ................................................................... 16 

3.2.7 Create function ................................................................ 16 

3.3 Data Collection ........................................................................... 16 

3.4 Experimental design/Planned Measurements ........................ 17 

3.4.1 Test environment/test bed/model .................................... 17 

3.4.2 Hardware/Software to be used........................................ 17 

3.5 Assessing reliability and validity of the data collected ......... 18 

3.5.1 Reliability ......................................................................... 18 

3.5.2 Validity ............................................................................. 18 

3.6 Planned Data Analysis .............................................................. 19 

3.6.1 Data Analysis Technique ................................................ 19 

3.6.2 Software Tools ................................................................ 19 

3.7 Evaluation framework................................................................ 19 

4 Results ................................................................................ 21 

4.1 Major results ............................................................................... 21 

4.1.1 Limitations from standards .............................................. 21 

4.1.2 Brute-force software ........................................................ 21 

4.1.3 Base designs ................................................................... 21 

4.1.4 Minimum distance function .............................................. 21 

4.2 Minor results .............................................................................. 21 

4.2.1 Session importer ............................................................. 21 

4.3 Changes ...................................................................................... 21 

4.4 Brute-force Implementation ...................................................... 22 

4.4.1 Base design case ............................................................ 22 

4.4.2 Worst-case scenario ....................................................... 23 

4.4.3 Brute-force implementation ............................................. 23 

4.4.4 Variations ........................................................................ 24 

4.5 Linear functions ......................................................................... 25 

4.5.1 Importance of sufficient slope ......................................... 26 

4.5.2 Importance of the constant term ..................................... 27 

4.6 Minimum Distance Estimation Function ................................. 29 

4.6.1 Classes ........................................................................... 29 

4.6.2 Usage .............................................................................. 30 

4.6.3 Software design .............................................................. 31 

4.7 Session Importer ........................................................................ 32 

4.7.1 Design considerations ..................................................... 34 

5 Analysis .............................................................................. 35 

5.1 Reliability Analysis .................................................................... 35 

5.1.1 Linear functions ............................................................... 35 

5.1.2 Minimum distance estimation function ............................ 35 

5.2 Validity Analysis ........................................................................ 35 

5.2.1 Linear functions ............................................................... 35 

5.2.2 Minimum distance estimation function ............................ 36 

5.2.3 Further evaluation of validity ........................................... 41 



IntroductionTable of contents | 9 

ix 

 

5.3 Discussion .................................................................................. 41 

5.3.1 FreeRouting .................................................................... 41 

6 Conclusions and Future work .......................................... 45 

6.1 Conclusions ............................................................................... 45 

6.1.1 Goals ............................................................................... 45 

6.1.2 Insights ............................................................................ 45 

6.1.3 Suggestions .................................................................... 46 

6.2 Limitations .................................................................................. 46 

6.3 Future work ................................................................................ 46 

6.3.1 Research average/minimum case................................... 46 

6.3.2 Research timeout requirements ...................................... 47 

6.3.3 Rewrite FreeRouting ....................................................... 47 

6.4 Reflections .................................................................................. 48 

References ............................................................................... 49 

 

  



IntroductionList of Figures | 10 

x 

 

List of Figures 

Figure 1 Exposed area depending on the amplitude dose ............................... 7 

Figure 2 Mycronic MY700JX solder jet printer .............................................. 7 

Figure 3 Mycronic MY300 Pick-and-place machine ....................................... 8 

Figure 4 Description of parameters ............................................................... 10 

Figure 5 Black box example ........................................................................... 13 

Figure 6 Example of how distance can be decreased since routing is still 
possible ..................................................................................... 16 

Figure 7 Visual representation of terms used ................................................ 22 

Figure 8 Worst case for 2, 3 and 4 traces ...................................................... 23 

Figure 9 Example of how stability and linearity was checked ...................... 25 

Figure 10 Example of linear approximation based on 2-8 calculated traces 26 

Figure 11 Example of gentle slope causing an incorrect linear function ...... 27 

Figure 12 Example of an increased constant value successfully exceeding 
newly calculated data points .................................................... 28 

Figure 13 Example of proportional scaling, how it can be scaled smaller or 
bigger ........................................................................................ 31 

Figure 14 Example of decreasing the trace width feature size ...................... 31 

Figure 15 Example of decreasing the via hole diameter feature size ............ 31 

Figure 16 Session file data in need of transformation ................................... 33 

Figure 17 Session file data in kicad_pcb-format ........................................... 33 

Figure 18 Linear function reliability proof for the general base design ....... 35 

Figure 19 Linear function reliability proof for the intermediate base design36 

Figure 20 Linear function reliability proof for the advanced base design ... 36 

Figure 21 Minimum distance function reliability proof for the first arbitrary 
design........................................................................................ 37 

Figure 22 Minimum distance function reliability proof for the second 
arbitrary design ........................................................................ 38 

Figure 23  Minimum distance function reliability proof for the arbitrary 
design........................................................................................ 39 

Figure 24 Minimum distance function reliability proof for the fourth arbitrary 
design........................................................................................ 40 

Figure 25 Comparison between two different via cost distance results for a 
specific design .......................................................................... 42 

Figure 26 Example of the number of traces influencing the routing time 
required for a specific design ................................................... 43 

Figure 27 Example of different scenarios ...................................................... 47 

 

  



IntroductionList of Tables | 11 

xi 

 

List of Tables 

Table 1 Comparison of manufacturing capabilities for 2-layer boards ........ 10 

Table 2 Base design details ............................................................................ 21 

 

  



IntroductionList of acronyms and abbreviations | 12 

xii 

 

List of acronyms and abbreviations 

CLI Command Line Interface 

CPU Central Processing Unit 

CSV Comma-Separated Values 

DLP Digital Light Processing 

DMD Digital Micromirror Device 

DSN Design (file format) 

FR-4 Flame-Retardant grade 4 

GLI Gray Level Imaging 

GPU Graphics Processing Unit 

ICT Information and Communication Technology 

IoT Internet of Things 

IPC Association Connecting Electronics Industries, formerly Institute for Printed 

Circuits 

LDI Laser Direct Imaging 

PCB Printed Circuit Board 

SES Session (file format) 

SLM Spatial Light Modulator 

UV Ultra-Violet 

 



 Introduction | 1 

1 

 

1 Introduction 

In this first chapter the background, goal and purpose of the thesis project will be described. 
Thereafter the specific problem of this project will be defined. In the end research methods and 
delimitations will be presented.  

1.1 Background 

Electric equipment consists of electrical and electronic components that are connected to each other 
and are designed for a specific function. Before the invention of the PCB, circuits were constructed 
by hand and Point-to-Point soldering which was expensive and required much manual testing to 
confirm functionality, but as a consequence of the invention of the printed circuit board (PCB) the 
size of circuits, cost of production and inspection time have all decreased[1]. 

The process of making a PCB consists of several steps. To produce the first layer of the circuit a 
dielectric substance is needed. The most widely used substance for the base of the board is a 
fiberglass known as FR-4. This is a flame-retardant material that provides adequate tolerance 
against variations in temperature and therefore makes for a safer construction area. This board 
substance is then clad with copper on both sides to prepare for the creation of the electrical traces 
that will need to be created between components on the board to form a functional circuit. 

To make these traces there exists a few methods, but typically either mask-based lithography 
approach has been utilized in the past and as of lately mask-less lithography has become more 
common of a method to do so. By coating the copper with a thin layer of light-sensitive photo-resist 
and then exposing intended areas with UV-light this photo-resist then reacts to the exposure by 
either hardening or softening depending on whether negative or positive photoresist is in use[2]. 
Mask-based lithography achieves this by covering up areas of the photoresist that are not intended 
to be exposed with a custom-made mask that prevents light from shining through whereupon the 
whole board is exposed with light so that the exposed photo-resist can react. Mask-less lithography 
however achieves the same result without using a mask by selectively only exposing the intended 
areas of the photo-resist whereas all the other areas of the copper-clad board remain unexposed. 

Having exposed the photoresist the non-hardened parts are then first removed using a chemical 
solution specific to the photoresist after which the exposed copper can be removed by dipping the 
board in a chemical solution such as ferric chloride. This solution will remove all exposed copper 
whereupon the remaining hardened photoresist can be removed leaving the wanted copper traces. 

The next step in the PCB manufacturing process is to add via holes, solder resist and silk screen 
to the board. Via holes are created by using specialized drills with appropriate diameters after which 
these via holes are plated to allow for electrical conductivity between layers. Using a lithographic 
process like that of the creation of the copper traces a solder resist is applied to the top of the board 
after which a photoresist helps determine what parts of the solder resist should remain. Unwanted 
parts of the solder resist are then removed only exposing solder pads and other intentionally 
exposed copper traces after which the remaining photoresist is removed. Silk screen can thereafter 
be printed on top of the board to form the text and guiding lines that are shown on top of the 
board[3]. 

Finally, as a preparation step for soldering components to the printed circuit board the pre-
application of solder paste can be applied using either a stencil or a method like solder jet printing. 
This solder paste solution contains flux which purpose is to clean impurities on the solder pads 
helping to create a stronger bonding between the solder and metal. By placing components on these 
solder areas and heating them up a fully populated PCB has been created and if no issues in the 
creation process has occurred then the PCB ought to be functioning as designed. 

1.2 Problem definition 

This thesis project aims to create an overview of state-of-the-art production methods using new 
lithographic methods and research about how these affect the design rules of a printed circuit board. 
To achieve this different kind of lithographic methods will be described and compared by noting 
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their weaknesses and strengths.  Furthermore, other new technology that can help automate the 
manufacturing flow will be described. 

Using any limits encountered in these new technologies during the research phase it is then the 
intent of this thesis project to apply these as generic guidelines when creating a solution for the 
following question: 

• How close can components be placed to each other will still allowing for automated 
routing to be achievable? 

1.3 Purpose 

The purpose of this thesis project is two-fold – Initially it intends to detail limitations and 
opportunities presented by modern manufacturing technologies and how these could impact an 
automated manufacturing flow from design to fully realized product. 

Identified limitations and opportunities are then intended to be applied during the process of 
researching and creating an algorithm for determining the minimum distance needed to 
successfully route traces between two blocks on a printed circuit board. Such an algorithm could 
help simplify the design process of a PCB- layout and allow for people without advanced knowledge 
to design functional albeit maybe not fully optimal PCBs. 

A side-effect of simplifying such a creation process could potentially be that the need for PCB-
designers decrease for simpler designs and that these people end up having to look for other work 
opportunities. 

1.4 Goals 

The goal of this thesis project is to create a mathematic algorithm that can calculate the minimal 
allowed distance between two blocks in a circuit using a specified software set. Parameters used in 
this function could be the number of traces that needs to be routed between two blocks, minimal 
trace width, number of crossing traces, smallest allowed via hole width etc. 

This has been divided into the following three sub-goals: 

1. Lithography methods: Research the different kinds of lithography methods that are 
presently in use in the industry and compare the advantages and disadvantages inherent 
in these methods with each other.  

2. Standards: Investigate if there are any used standards such as for an example the IPC 
standards that could affect a printed circuit board’s design rules.  

3. Minimum distance estimation function: While keeping lithographic methods and 
standards in mind, research and develop a function that can estimate a minimum 
distance between two component blocks in a circuit that allows for successful routing.  

1.5 Research Methodology 

Using the potential limitations and opportunities of new mask-less technology, solder jet printing 
and relevant standards are used in a programmatic approach when exploring the auto-routing 
software FreeRouting and the importance different routing parameters have on minimal routing 
distance.  

To test changes in these routing parameters and examine what implications they introduce 
software will need to be written that automates the process of creating variations of design files, 
runs these design variations through the auto-routing software with decreasing distance and then 
reports back whether the auto-routing software found a routing solution and at what distance it did. 
By analyzing these results, the intent is to attempt to draw logical conclusions that will serve as the 
base for the creation of an algorithm that can guarantee successful routing given specific routing 
parameters at a certain distance. 
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Another way to do it would be to employ mathematics to analyze the problem and find a 
mathematical solution, but as we are not mathematicians we have opted to go with a problem-
solving method that feels more natural to our line of studies. 

1.6 Delimitations 

PCB design and manufacturing involve different fields of research and development and there is a 
distinct need to properly define and limit what is going to be researched and then developed a 
solution for. 

What kind of board substrate should be used for the fastest or best manufacturing process, 
whether the exposure process involves positive or negative photoresist, what other chemicals and 
methods should be used to achieve the best possible result does not pertain to the area of this thesis 
project.  What is aimed to be researched and described are current manufacturing methods, both 
new and old and the implications newer methods have on board design. Furthermore, standards 
such as the IPC-standards will also have to be researched to see how they relate to these new 
manufacturing processes and if they impose any limitations that would prevent a satisfactory result 
for the end-consumer. 

If more than two layers on a printed circuit board design are to be considered it could be seen as 
logical that more layers introduce additional complexity that could lead to longer development time. 
To prevent that development takes longer than needed it was decided that only 2-layer printed 
circuit board designs will be considered. Furthermore, as designs can vary in complexity a decision 
was made to initially design for more simple problem scenarios and only if time allows attempt to 
solve more complex situations. 

In short: 

• Research will be done to compare older and newer lithographic processes and how 
these impact PCB design. Other limitations as part of the process up until that the board 
itself has been created will also be considered. 

• Standards such as the IPC-standards will be researched to investigate how these apply 
and whether they can be used in conjunction with the design rules that are to be 
decided. 

• Researching and later creating an algorithm only 2-layer printed circuit boards will be 
considered as introducing additional complexity is likely to increase development time. 

• The development on an algorithm will begin by researching more simple scenarios and 
if time allows more complicated ones might also be attempted. 

1.7 Structure of the thesis 

Chapter 2 presents the background information needed to get an understanding about the 
technology surrounding the proposed problem scenario. Chapter 3 then presents the chosen 
methodology and method we intend to use to create a solution for said problem area. Chapter 4 
details the results we have achieved which is then followed by chapter 5 and 6 containing discussion 
and suggestions for future work. 
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2 Background 

This chapter provides basic background information about PCB manufacturing processes from the 
lithographic process used to removed unneeded copper from the PCB layers to the process where 
solder paste is applied to automate and simplify the solder and assembly process. 

Furthermore, this chapter will also describe guidelines, rules and make comparisons between 
existing technologies in the different areas in order to highlight limiting factors that could 
potentially affect the research and development of the algorithm that is to be done. 

2.1 Industry 4.0 

When talking about Industry 4.0 there does not appear to be any strict definition what exactly it is. 
The first industrial revolution was driven by steam engines, the second one by electricity, and 
Information technology and the use of robotics in the third industrial revolution further improved 
the efficiency in production and distribution.  

In Industry 4.0, that is the fourth potential industrial revolution, it is suggested that it will be 
possible to automate many different production steps using digital network systems where 
machines will communicate and speak with each other during production to detect malfunctions, 
abnormalities and by communicating this information to other parts of the production system 
attempts can be made to work around such issues. Such machine to machine communications can 
thus lead to a more flexible production flow with the potential for shorter production times as a 
possible consequence[4]. 

Industry 4.0 can be important to the electronics industry. Companies in industries such as the 
semiconductor one strives to be active in multiple areas and is also trying to find new markets to 
exploit. They are trying to make the whole production process more automated and transform them 
into smarter factories where such automatization could lead to production cost savings[5]. 

Industry 4.0 also has the potential to be profitable even for companies in high-wage countries. 
In the past companies in high-wage countries has had to move their production line to low-wage 
countries in order to save costs, but with more automated manufacturing processes personnel 
requirements are lowered meaning that the need to move production to low-wage countries can be 
reduced[4]. 

2.2 Lithography 

2.2.1 Mask-based and mask-less lithography 

Mask-based lithographic methods are based on using a polyester mask in contact with a large, 
resist-coated substrate. This polyester mask’s purpose is to prevent the resist-coated substrate from 
being exposed in unwanted areas while leaving wanted areas exposed. Placement of this mask is 
manually accomplished by an operator but environmental parameters such as temperature and 
humidity have the ability to distort the polymer material and cause situations with areas being 
incorrectly exposed. 

Mask-less technology however does away with such issues by not requiring such a mask and 
through only exposing desired areas with selective exposure. This therefore means that such 
situations could be prevented through the use of mask-less lithography[6].  

Another advantage of mask-less lithography is that the raw pattern data that define the 
projection's area can be modified and adjusted just before the exposure process. It is therefore 
possible to customize the designs in software dynamically without any additional time 
requirements. Using a mask-based lithographic process however any changes to the design of the 
board would require a new mask to be produced and placed which can be a time-consuming 
process. Furthermore, due to design data being easier to modify on the fly issues caused by the 
lamination process in which the printed circuit board may undergo distortion can be addressed and 
worked around by changing the location of certain features such as via holes, traces among others. 



BackgroundList of acronyms and abbreviations | 6 

6 

 

Due to mask-less lithography being based on exposing areas in the form of many small pixels 
next to each other it has a disadvantage in terms of speed in comparison to that of mask-based 
technologies. Whereas using a mask will allow you to expose a whole board at a time mask-less 
technology relies on exposing smaller sections one at a time which means that the time 
requirements increase. For this reason, it is not as fast as the mask-based alternative and for typical 
high-volume projects it is often more time and cost effective to use the latter. 

When it comes to precision mask-less technology has an advantage in the sense that exposure 
can be focused on much smaller areas and due to masks being more expensive to create and harder 
to place the finer the details of features are. For this reason using a mask-less method can 
sometimes be needed to meet precision requirements[6]. 

2.2.1.1 Laser Direct Imaging 

Laser Direct Imaging is a common technology that is used in the PCB manufacturing industry. In 
this method a focused laser beam is used for directly exposing a copper-clad PCB panel, coated by 
photoresist. The laser will be switched on and off by using a computer control system according to 
the pattern of the circuit.  

The main advantages of using LDI technology is that it reduces the number of the steps needed 
to make patterns on PCBs when compared to using mask-based methods. Using this method also 
leads to a higher quality of exposure level and a higher resolution.  Because of this it also becomes 
easier to design much smaller PCB boards[7]. 

2.2.1.2 Gray Level Imaging 

Gray Level Imaging technology is based on using Texas Instrument’s Digital Light Processing (DLP) 
technology. By using Digital Micromirror Devices (DMD) and an optical system the micromirrors 
can be addressed to reflect light onto the board. A patented gray level imaging technique can then be 
used to achieve the desired resolution.  

To cover all area that needs to be exposed, several projections channel will be used. The heart of 
these channels is an array of DMDs where each pixel element is a square mirror. These mirrors are 
rotatable and when addressed these can be set to an “ON” state where they will be flipped in such a 
way that UV light will be reflected through the projection lens to the substrate. While in the “OFF” 
state however light will be reflected away from the projection area meaning that the area will remain 
unexposed.  

During exposure of the board the DMDs will need to be moved to expose the whole board. 
Rather than turning off the mirrors completely, move to a new location and then expose this new 
area a technique with continuous motion can be used to expose the board. This means that every 
individual spot on it will be exposed to multiple DMD mirrors in a column and the received 
exposure doses is the sum of these mirrors exposure. Using software, the individual mirrors in the 
DMDs can then be flipped during motion to change the amplitude of the received exposure dose.  

Each photo resist has an exposure threshold level which after it has been passed the photo-resist 
is considered to be exposed. Gray Level Imaging then exploits the correlation between exposure 
dosage and the width of an exposure to intentionally change the precision of features. Figure 1 show 
this correlation that the width of the exposed feature is proportional to the amplitude of the dose[6]. 
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Figure 1 Exposed area depending on the amplitude dose 

2.3 Solder jet printing 

Traditionally the process of applying solder paste on PCBs was implemented by using a solder 
stencil. These stencils are made to cover all the areas that dose not to be covered by solder paste 
while leaving the desired areas exposed much like mask-based lithography. The making of these 
solder stencils can be an expensive process depending on the accuracy required and alignment 
issues becomes more frequent the finer details used. The advantage to using such a stencil is that 
the application of solder can be done much more quickly, but one big disadvantage is that a wrongly 
created mask or a needed change to the design of the mask would require it to be completely redone 
costing more money and time[8]. 

As an alternative to using stencils there exists other direct application methods where only 
desired areas are covered in solder such as the older and slower solder printers or the new solder jet 
printers. Solder jet printing works by quickly and precisely shooting out solder paste dots on pre-
programmed positions on the board. The whole process is controlled by software and it makes it 
possible to accurately apply solder paste volumes onto complex board for good solder joints[9]. 
Depending on the machine used software to visually inspect and repair insufficiently covered areas 
can also be included. The Mycronic MY700JX pictured below is a machine with such capabilities. 

 

Figure 2 Mycronic MY700JX solder jet printer 
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Although accuracy can be one of the main limits of a solder jet printing it is not quite as big of a 
limit as it might first appear to be. Due to how solder works when heated if enough solder is 
deposited close enough to the solder pads this solder will naturally be drawn to these areas when 
heated. 

2.4 Automated assembly (Pick and place) 

Having deposited solder paste upon solder areas all that remain is for components to be placed 
upon these areas before being heated. This can be done manually, but using an automated assembly 
machine, commonly known as a pick-and-place machine this too can be made part of an automated 
work flow. These machines work by being fed components that are to be placed and one by one 
placing these where desired. Accuracy for these is the main limiting factor. 

 

Figure 3 Mycronic MY300 Pick-and-place machine 

After the components have been placed the boards will be taken to other machinery to start a 
heating process which will cause the solder paste to melt and bond to the metalized pad and the 
component solder areas. Finally, the PCB is then cooled down and the components will be soldered 
to the board if the procedure was successful.  

2.5 IPC Standards 

The IPC standards are a set of printed circuit board manufacturing and assembly standards decided 
upon by the electronics manufacturing industry at large. These standards are not mandatory to 
implement, and a manufacturer has the choice of whether they want to adhere to these standards or 
not. However, due to customer demanding that such standards be upheld at their choice of 
manufacturing facility it is likely beneficial to adhere to them if possible. 

IPC standards generally come in three different classes where differing levels of errors in 
manufacturing and assembly are allowed. Depending on the kind of product you aim to make and at 
what price point it is intended to be made an appropriate level is chosen. 

• Class 1 – Is the most forgiving of the classes often allowing for visible mistakes so long 
as they do not interfere with the functionality of the device. Products made to adhere to 
class 1 tend to be sold cheaply and are often not expected to last very long[10]. 

• Class 2 – Can be considered a class that strikes a good balance between price and 
quality. These kinds of products are expected to last for a longer amount of time, but 
there is an allowance for smaller mistakes that while not aesthetically pleasing does n0t 
interfere with the functionality of the device or causes any other kind of issues. This 
class is often not used for critical electrical equipment as these need lower rates of 
failure[10]. 
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• Class 3 – Is the most expensive class, but it guarantees that manufactured devices are 
made to a higher standard, they are usually inspected more thoroughly, and rework is 
done to minor issues to ensure compliance. Due to the higher quality expectancies 
machinery can often need to be run at lower speeds to ensure accurate placement of 
components[10]. 

If one wants their manufacturing flow to be compliant with IPC standards one would need to 
purchase or get access to any relevant standards that are desired to be compliant with, make sure 
that the manufacturing and assembly flow adheres to the details of these standards and then have 
these tested to confirm compliance. This would likely lead to a change in design rule limitations 
involving relative distances, but nothing about these standards appear to impose any additional 
limits that would affect mask-less lithographic methods over mask-based ones.  

2.6 Comparison of existing companies 

BRANDNER PCB Ltd is an Estonian company located in Paide, Estonia that is active in 
manufacturing printed circuit boards. According to a response to an inquiry this company does not 
utilize any mask-less technologies in their manufacturing flow and instead relies on mask-based 
methods due for economic reasons.  

The following is a list of the IPC standards and certificates that the company satisfy:[11]  

• IPC – A600H class II 

• IPC-6012B 

• IPC-SM-840D 

• IPC-4552 

• UL acceptance 

• PERFAG 2C ja PERFAG 3E 

• ISO 9001 Insecta 

Cogra Pro AB is Swedish company located in Göteborg, Sweden and is a printed circuit board 
manufacturing company mainly focusing on the Scandinavian electronics market but also the 
manufacturing of smaller series. According to this company the lithographic method used in their 
manufacturing process is based on mask-less lithography.  

The following is the list of standards and certificates that this company satisfy, notably the IPC 
standards are not included: [12] 

• UL Certification  

• ISO 9001 SP 

• ISO 14001 SP 
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2.6.1 Quick comparison of manufacturing capabilities 

The following table aims to highlight the main differences in manufacturing capabilities of the two 

companies presented while the figure following the table aims to explain what the terms are 

referring to. 

Table 1 Comparison of manufacturing capabilities for 2-layer boards 

 Brandner PCB Ltd Cogra Pro AB 

Min Drill hole/ mm 0.1 0.3 

Min Annular ring/mm 0.1 0.15 

Min Clearance/mm 0.075 0.15 

Min Trace width/mm 0.075 0.15 

 

Figure 4 Description of parameters 

2.7 Industry 4.0’s impact on sustainable development 

Due to Industry 4.0’s aim of automating production processes fewer employees will be needed in the 
manufacturing process. Lessened need for employees means that manufacturing can be kept close 
to the customer for much shorter transportation distance and as a consequence delivery times are 
also sped up[4]. 

In mask-based lithography, if a problem is detected or some change in design is required the 
entire production process must be stopped for the problem to be fixed and depending on the 
problem an entirely new solder mask might be needed. Producing new solder masks due to 
problems requires more time and can cost much if it requires fine details, moreover any incorrect 
PCBs will be wasted, and the materials will all need to be properly recycled. Mask-less lithography 
has the potential to solve issues such as these using sensors to detect issues early, work around 
trivial issues caused by the manufacturing process automatically and changes to the design can be 
done on the fly without any substantial cost or time increases[6].  

Due to higher initial costs inherent in mask-based lithographic manufacturing processes 
production of PCBs in smaller numbers can often be economically infeasible. This often leads to a 
situation where companies produce more PCBs than they actually need since once the initial cost is 
paid further manufacturing does not increase costs all that much. Mask-less lithography however 
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does not carry with it such high initial costs meaning that it can enable production of smaller 
number of PCBs and since additional production costs just as much as the ones before then 
companies do not need to create more PCBs than they think they need thereby saving natural 
resources. 

2.8 PCB design software 

2.8.1 KiCAD 

KiCAD is an open source Electronic Design Automation (EDA) software suite providing the tools 

necessary to design and create printed circuit boards completely from scratch or by using footprints, 

symbols and models from already existing libraries. Included with the software suite is software to 

draw PCB schematics, tools to create footprints and symbols as well as software to draw the traces 

needed to complete a PCB design layout. The software itself and its documentation are also 

translated into many different languages [13]. 

2.8.2 FreeRouting 

FreeRouting is an open source auto-routing software first developed in 2004 by Alfons Wirtz. It 

accepts design files generated by printed circuit board layout design software such as KiCAD or 

Eagle containing information about what pads and traces need to be connected to each other and 

how the board is lain out. FreeRouting then attempts to find the most optimised solution for how 

these traces can be drawn or the user can attempt to draw one or more traces manually and then let 

FreeRouting attempt to draw the remaining traces. If a solution is found this solution can then be 

exported in the form of a session file[14]. 

2.9 Mathematical functions 

2.9.1 Bisection method 

The bisection method, also known as interval-halving or as binary search is a mathematical method 

in which a mathematical value is searched for by calculating the midpoint of an interval, checking if 

a set criterion is fulfilled at the midpoint and depending on whether it is a new subinterval is 

selected with the midpoint being the new minimum if the criterion was fulfilled or with midpoint 

being the new maximum if not. This is then repeated until a specific value is found or until the 

difference between the midpoint and interval edges is small enough[15], [16]. 

The bisection method can be used as a search method in a sorted array with n objects in which it 

has time complexity O(log n). By viewing the distance between copper pad columns as the interval 

in which the minimum distance where auto-routing is possible is to be searched for the criterion of 

“Is it possible to route using auto-routing software?” can be used.  

2.10 Related work 

There does not appear to be any directly related work having been done in this area of research. 
Industry 4.0 and how it has the potential to interact with newly developed technology for an 
automated workflow has been well described. However, research on automatization of the design 
process of printed circuit boards in an effort to simplify the workflow does not appear to have been 
done or is at least not publicly available. 

Companies developing EDA software with auto-routing functionality obviously has a need to 
develop algorithms used within their software, but what limits these algorithms impose and what 
possibilities they introduce appears to be an unresearched area. Furthermore, since some of this 
software is proprietary software, it might be that it is not desirable for these software companies to 
make much of their development public knowledge as it could serve as a trade secret for competitive 
advantage. 





 Methodology | 13 

13 

 

3 Methodology 

The purpose of this chapter is to provide an overview of the research method used in this thesis. 
Section 3.1 explains the approach that is to be used to solve the problem. Section 3.2 describes the 
research process. Section 3.3 focuses on the data collection techniques used for this research. 
Section 3.4 describes the experimental design and planned measurements. Section 3.5 explains the 
techniques used to evaluate the reliability and validity of the data collected. Section 3.6 describes the 
method used for the data analysis. Finally, Section 3.7 describes the framework selected to evaluate 
the solution. 

3.1 Problem-solving approach 

The aim of the created solution is to determine a minimum distance between components for which 
several traces can be successfully routed using auto-routing software. One way of looking at this is 
that you feed a number of unordered traces coming from the first component into a black box of 
width x and height y and upon exiting the box these traces are perfectly ordered in a way that makes 
it trivial to route the last part of the process. 

 

Figure 5 Black box example 

This so-called black box is the area needed to successfully rearrange the traces using via holes and 
clever routing tricks to make sure the traces leave the box in the desired order. The goal of this 
thesis project is to calculate how large that black box needs to be in order allow this routing using 
the selected open source auto-routing software FreeRouting. It can be reasonably assumed that 
preference is given to smaller width rather than height given a vertical row of traces but depending 
on requirements this could also be modified to allow for more varied heights. 

3.2 Research Process 

Since the goal of this thesis project is to create a function for determining a minimal distance where 
the open source auto-routing software FreeRouting can still successfully route a number of traces 
the following tasks will need to be done: 

3.2.1 Create and understand simple KiCAD examples 

Understanding the input format for the auto-routing software is key to being able to automate the 
manipulation of the input data. Because of this there is a need to familiarize oneself with the KiCAD 
EDA software suite so that base examples that are to be modified can be produced. 

The input format used for the chosen auto-routing software FreeRouting is the DSN (design) file 
format which is a plaintext file format that was originally created for use with the OrCAD 
SPECCTRA auto-routing software, but due to this file format being written in an easily understood 
way it has later also been adopted for use with other software such as FreeRouting and KiCAD 
among others. 
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Despite its origin it is possible that the design files produced by KiCAD could be incompatible 
with OrCAD SPECCTRA as there is a risk that the DSN file format used with the latter has evolved 
since it was first conceived. This should however not be an issue with the task at hand as KiCAD 
ought to produce design files that can at least be read by FreeRouting. 

Being familiar with the basic creation process of a printed circuit board layout in KiCAD it 
should be possible to export created designs to the DSN-format. This is the file format that will 
manipulated in later steps, so it needs to be studied to understand the file format structure. 

This can be achieved by first manually making a simple design in KiCAD and then exporting it 
for the routing process. By making tiny alterations to the design within KiCAD and then exporting 
these changed designs it should be possible to compare the output files and correlate the alterations 
done with what has been changed in the exported files. Repeating this process for all areas of 
interest an understanding for how the format is constructed should be achieved and creating new 
design files without further involvement from KiCAD should be possible. 

3.2.2 Process for creating routing files 

Knowing how the DSN file format is built and having created a base design file that is to be modified 
a process for reading original variable values, modifying the values, writing them back to a 
temporary file and then using the temporary file as an input for FreeRouting needs to be 
implemented. This needs to be done without the use of KiCAD as the process needs to be automated 
for when the minimal distance is to be found. 

Variables that are of interest as far as modification goes is believed to be the following: 

• Pad size 

• Trace width 

• Clearance (track to track, track to via, track/via to copper edge) 

• Clearance (above the topmost pad/below the bottommost pad) 

• Number of traces 

• Distance between pads 

One way of verifying if the creation process is successful is to compare its output with that of KiCAD. 
If its output mostly matches the KiCAD output and if it also can be successfully interpreted by the 
auto-routing software FreeRouting that indicates that the creation process is valid and functional. 

3.2.3 Auto-routing and interpreting routing result 

Being able to create valid design files it ought to be possible to execute the command line version of 
FreeRouting from Python using a DSN-file as an argument. Upon execution FreeRouting will 
attempt to create traces between desired pads as specified in the design file’s routing net sector and 
if successful a session file will be created which can be imported back into KiCAD or other 
compatible software. 

When launched the command line version of FreeRouting will attempt to route and optimize the 
desired design during a set time period, but if that time period is exceeded the whole process is 
dropped and no session file is created. Additionally, the software will return an exit code signaling 
that a timeout exception has happened. What this practically means is that FreeRouting cannot find 
a working solution or that it needs more time to do so. 

In most reasonable design layouts, the auto-routing should succeed given a sufficient timeout, 
but as the intention is to find the minimal distance at which a specific design can be routed using a 
worst-case scenario FreeRouting is likely to be pushed to its limits. For that reason, it is important 
that the timeout limit is set sufficiently high. 
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To detect if routing was successful FreeRouting’s exit codes can be utilized. These exit codes 
support conveying if the program has successfully executed or not. For the command line version of 
FreeRouting the following exit codes exist: 

0. Successful execution 

1. Unknown error 

2. Invalid input error 

3. File read/write errors 

4. Timeout limit reached error 

5. Interruption occurred error 

Of interest are the exit codes indicating successful execution or timeout limit being reached, but as it 
is important that gathered data is accurate any other errors occurring should be elevated and 
highlighted as it has the potential to invalidate the validity of gathered data points.  

As can also be seen above FreeRouting does not support reporting if a stall in its routing 
algorithms occur and it can therefore reasonably be assumed that rather than prematurely 
interrupting stalls the program is designed to keep running until it is stopped manually or by the 
timeout limit. If functionality like that existed it could be a good time-saving measure, but as it does 
not currently seem to exist the timeout limit exit code will need to be used to report back to the 
Python environment whether or not routing was successful. 

3.2.4 Logging results in external file 

The results received from FreeRouting will need to be logged externally in the form of a file for later 
analysis. The CSV file format ought to be a good output format for this as it is a file format that is 
easy to write regardless of programming language used. Furthermore, it is also a file format that is 
easily imported into various software that can be used for analysis such as for an example Microsoft 
Excel or Wolfram Mathematica. 

3.2.5 Brute-force attempt 

Having the ability to modify design files, execute FreeRouting with the modified design files as 

input, interpreting the output of FreeRouting and logging the results the brute-force attempts can 

begin. Using a sample design file, modifications are made to create a design file with the specific 

design parameters and proportions required for the scenario that is to be researched. 

By gradually decreasing the horizontal distance between the copper pad columns, the minimal 

distance is searched for. Rather than using a linear method with time complexity O(n) the bisection 

method is intended to be used to find the minimal distance. This method while still relatively slow 

should enable the search to be completed with O(log n) time complexity in the worst case where 

every routing attempt fails and the timeout limit is reached. 

In this use case the bisection method works by looking for the shortest distance between the two 

copper pad columns where routing can still be achieved. An interval with the upper and lower 

bounds originally being set to the x-positions of the copper pad columns is used. The midpoint is 

then calculated and checked if routing can be achieved. If routing is successful the upper bound is 

changed to the midpoint, but if it fails the lower bound is set to the midpoint. By continuously 

calculating the midpoint and repeating this procedure a distinct value which is the last value where 

routing is possible can be found. 
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Figure 6 Example of how distance can be decreased since routing is still possible 

Since the units are in μm and designs are unlikely to use such exact precision in their definitions 
a precision higher than that of 1 μm will be decided. This has the advantage that the bisection 
method will not have to run until it reaches a distinct value which has the potential to save 
considerable amounts of time in the brute-force procedure. With a chosen precision of 100 μm this 
method could save log� 100 � 6.64385618977 � 7 steps or less if more exact precision is utilized. 

After a minimal distance has been found for a scenario this distance and the proportions/design 
parameters needs to be logged for further analysis. Furthermore, if time stamps are logged and 
session files are saved then that would enable debugging if unexpected or weird results were to 
appear during the brute-force task. This has the added advantage that even if specific problems 
cannot be pinpointed, invalid results can be disregarded. 

Once one loop has completed the brute-force task will proceed to start over again with the next 
upcoming design parameters. These loops will continue until all selected design parameters have 
been tested and had their results logged. 

3.2.6 Data analysis 

Importing logged distance requirements into Microsoft Excel or Wolfram Alpha analysis can begin. 
What is of interest is to first separate the distinctly different scenarios and from there on look for 
similarities and correlations in distance requirements from different design parameter perspectives. 

It is hoped that the gathered data points will present a correlation that is linear in shape 
allowing for linear approximation, however if such a correlation is not found other types of curves 
might be possible to use for fitting. 

3.2.7 Create function 

If a correlation between the required distance and the design parameters is found function to 
estimate the minimum distance will need to be created. Even if no distinct correlation is found 
during the analysis it should still be possible to create a more generic and less optimised function. If 
possible, it would also be preferable if the developed function could estimate minimum distances 
required for design parameters it was not originally calculated for. 

3.3 Data Collection 

Data collection will be done through the automated brute-force attempt, sample size estimations are 
hard to tell given that there is an uncertainty as to how many attempts needs to be done to provide 
enough material to analyze the data. Further limitations can also occur in the form of time 
restrictions due to the amount of time a brute-force attempt needs. 
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Data that is to be collected will come in the form of distances measured in µm as well as design 
parameters used to gather the data. 

3.4 Experimental design/Planned Measurements 

3.4.1 Test environment/test bed/model 

To reproduce the results of our study one will need a computer with sufficient hardware capabilities 
to be able to run the software used as described below. While hard to do one might also need to use 
the same software versions as the ones used or the result might vary from the one received in this 
study. That is because potential updates to the software in question might lead to software 
incompatibilities and any changes in the routing software could also lead to different outcomes 
whether for the better or worse. 

3.4.2 Hardware/Software to be used 

A requirement throughout this thesis project is that the software produced and used for the final 
product be available as open source to allow usage without additional licensing fees and to allow for 
modification of the software in case such a need arises. 

3.4.2.1 Ubuntu 

Ubuntu is the operating system chosen to be used for this thesis project. It was chosen due to being 
open source and because it by default includes commonly used software development tools 
including but not limited to the Python interpreter which is to be used in this project. Furthermore, 
Ubuntu is compatible with all the other software required to complete this project and due to its 
popularity, it is likely that help material is available should any problems arise.  

3.4.2.2 KiCAD 

KiCAD is an open source software suite for electronic design automation in Windows, Linux and OS 
X. Its intended usage is to help facilitate PCB schematic creation and the conversion from schematic 
to actual PCB design that can later be used in the manufacturing process. 

3.4.2.3 FreeRouting (0.91)[17]  

FreeRouting is a so-called auto-router, software made for automatically creating traces between 
desired points on a PCB given a design layout. The specific version intended to be used in this thesis 
project is one modified to be completely runnable through the command-line making it a good fit 
for a scripted or automated process. Newer versions exist, but these do not come a command-line 
interface and is therefore not suitable for automation. 

3.4.2.4 Python 3.6 

Python was chosen to be the programming language used because it is an open source high-level 
language with many readily available packages and libraries that could be of use in this thesis 
project[18], [19]. Furthermore, it has a reputation for being for being relatively easy to learn to use if 
one has previous programming experience though this should be considered anecdotal evidence 
since it is likely to vary from person to person. 

As an interpreted high-level programming language some overhead is added to its execution 
and as of such it is likely to be slower than compiled lower-level languages[20], [21]. However, since 
the intended task is to use Python in a script-like manner to handle the design parameter 
modifications executing FreeRouting and interpreting the results there should not be any significant 
performance loss incurred due to the usage of Python. Rather, the most limiting factor ought to be 
FreeRouting’s execution time, which is reliant on its implementation in Java and the Java Virtual 
Machine used with the system. 

Python is also intended to be the programming language in which the final distance estimation 
function is implemented in, but as this operation ought to be possible to perform with O(1) time 
complexity the use of Python should not be a limiting factor there either. 
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Despite Python being the programming language of choice there is nothing inherently 
preventing the use of another language given that can execute FreeRouting with in-parameters and 
interpret its output. 

3.4.2.5 Microsoft Excel 

Microsoft Excel is only intended to be used for analysis purposes and as of such it is exempt from 
the requirement that it be available as open source. It can be used to import and handle larger 
amounts of data which is what the log file from the brute-force attempt is planned to contain. 
Importing data from CSV-files can be done in one step provided that the data is correctly formatted, 
and the data can thereafter be sorted based upon multiple criteria. Furthermore, its ability to create 
detailed graphs is desirable when illustrating a point with gathered data being the source.  

3.4.2.6 Wolfram Mathematica 

Wolfram Mathematica is also only intended to be used as an analytical tool in case its advanced 
mathematical and problem-solving capabilities end up being needed in the analysis task. It too 
contains functionality for importing CSV-files and support the creation of more advanced graphs if 
needed. 

3.5 Assessing reliability and validity of the data collected 

3.5.1 Reliability 

Achieved results can be considered reliable assuming that the used research methodology can be 
repeated with similar results being produced thereby enabling the drawing of the same kind of 
conclusions from these. Reliability should be possible to assure if hardware with similar 
performance is used for calculations but using hardware that is significantly weaker or stronger has 
the potential to produce worse, but also better results. 

The hardware intended to be used for final calculations has the following specifications: 

• Intel Core i5 6600k 3.5 GHz CPU with Turbo enabled 

• 16 GB DDR4 RAM 2133 MHz 

• (Intel 600p 512 GB NVMe SSD) 

• (Nvidia GeForce 970 GPU) 

FreeRouting does not utilize GPU power to accelerate calculations and storage device shouldn’t 
impact the result either, but both are listed for clarity’s sake. CPU usage is however high and 
FreeRouting can at times reach 100% utilization on all cores of the system. 

As FreeRouting uses most of the host system’s computing power when executing another 
potential cause for reliability issues is if other computing heavy programs are running at the same 
time as FreeRouting. Even programs that require less computing power has the potential to cause 
reliability issues if the time required to complete the routing process is close to the timeout limit. As 
of such, it is of importance that the host system is utilized minimally during the brute-force 
procedure. 

 

3.5.2 Validity 

Since the goal for the thesis project is to develop an algorithm to estimate the minimal distance 
needed between two components there will always be doubt about whether a more effective solution 
exists. In fact, it is indeed very likely that a better and more effective solution than the one that is to 
be developed will exist. 

However, assuming the research methodology and development approach is correct then it 
should be simple to verify the validity by using the developed function to estimate the minimal 
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distances in a couple scenarios, increasing parameters such as number of traces beyond previously 
calculated values and confirm that the solution remains valid beyond data it was previously 
calculated upon.  

One other validity check that needs to be performed is to check that the developed solution 
works with not only the proportions of the base designs it was calculated with, but also with 
completely different designs. Verification of this can be done by generating new designs with 
arbitrary design parameters. The returned width and height of the minimum distance estimation 
function can then be used to manually recreate the arbitrary design to see if routing can be done 
successfully. To further prove validity this should be done not only with larger design parameters, 
but also with smaller ones as well as a mix of smaller and larger ones. 

If the developed solution is not able to estimate the minimum distance at which routing can be 
achieved in the worst-case scenario then the result of the study must be considered invalid or at 
least flawed. 

3.6 Planned Data Analysis 

3.6.1 Data Analysis Technique 

Using gathered data from a successful brute-force run with desired parameters being varied the data 
will need to be plotted and compared from different aspects to find some correlation between these 
different scenarios and the minimum distance required. No guarantee can be given that a simple 
correlation exists as it is likely to be heavily dependent on how FreeRouting’s routing algorithms are 
structured, but logic would dictate that there should exist a connection between the design 
parameters and the minimum distance required. 

3.6.2 Software Tools 

Microsoft Excel is suggested as one of the tools used to evaluate gathered data to see what worked 
and to perform analysis on the data as it contains functionality for plotting, linear estimations, 
mathematic functions and supports importing data from CSV-files. 

Wolfram Mathematica can also be utilized should the need for more advanced mathematical 
functionality be needed and like Microsoft Excel it supports importing data from CSV-files. 

3.7 Evaluation framework 

The developed solution will be evaluated by creating arbitrary designs with randomly selected 
design parameters (trace width, via hole diameter, clearance and number of traces). Using these 
design parameters with the developed solution it should return an estimated distance for the worst 
case. By then recreating these arbitrary designs manually in KiCAD they can be used as an input for 
the auto-routing software to check if routing can be achieved given the estimated distance. The 
expectation for a working solution is that these recreated designs will successfully route given a 
sufficient timeout limit. 
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4 Results 

This chapter aims to discuss the results achieved during the thesis project as well as explaining how 

they were achieved. 

4.1 Major results 

4.1.1 Limitations from standards 

Researching new technology that could be used in an Industry 4.0 no standards were found to 

impose any limits that would change the design process of a printed circuit board. 

4.1.2 Brute-force software 

A brute-force software implementation for calculating the minimum distance for which the auto-
routing software FreeRouting can route has been created. Using this brute-force software and 
sample design files you can generate the kind of data needed to create base designs. 

4.1.3 Base designs 

Three base designs were created: 

Table 2 Base design details 

Type Via diameter Trace width Clearance Clearance 

above/below 

Linear 

function 

General 650 μm 200 μm 250 μm 1500 μm 1524x-1500 

Intermediate 550 μm 150 μm 175 μm 1050 μm 1337x-100 

Advanced 450 μm 125 μm 150 μm 1050 μm 968x-400 

 

These linear functions can be used to estimate a distance and together with the height can be used to 
set boundaries on how wide and high an area needs to be to allow for incoming traces to be 
successfully routed at the end of the area.  

In the general and intermediate base design the most optimal clearance above and below turned 
out to be 6 times the clearance. For the advanced base design this turned out to be 7 times the 
clearance, but from these three base designs it would appear likely that the optimal value for the 
clearance above and below is somewhere around 6-7 times the clearance. 

4.1.4 Minimum distance function 

A minimum distance function using base designs and proportionality has been implemented. Using 
base designs, proportionally scaling them appropriately and then comparing their estimated results 
it returns the distance of the scaled base design that produced the most effective result. 

4.2 Minor results 

4.2.1 Session importer 

A session importer has been implemented that takes session files from a successful FreeRouting 
routing session and writes this data back into a kicad_pcb-file allowing automatization rather than 
having to import session files manually. 

4.3 Changes 

The initial plan was to run all software in an Ubuntu virtual machine, but throughout the first few 
weeks it became apparent that performance was being hampered due to it running in a virtual 
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machine. Since there were no dependencies on Ubuntu in either the developed solution or the tools 
used a decision was made to move development to run directly within Microsoft Windows instead. 

 

4.4 Brute-force Implementation 

During the initial phase of the development period much time was spent understanding how to 
make a good base design file that could be used later in the automation process. As it was not 
immediately obvious which design approach would lead to good results an initial attempt was made 
using keep-out areas were routing is disallowed as the boundaries for the routing area. However, 
that approach was abandoned after it was noticed that using proper copper edges as boundaries lead 
to significantly better results. 

Furthermore, initially the distance from the copper pads to the various edges and how long 
these distances ought to be had not been taken into consideration. Through experimentation it 
became apparent that what seemed logically sound according to clearance rules did not always 
produce design files that FreeRouting could route. 

4.4.1 Base design case 

Ultimately the base design case came to look like the following:  

 

Figure 7 Visual representation of terms used 

• Trace width is equal to pad size as the pad is meant to represent the start of a trace 
coming in from the outside and not an actual pad. 

• Clearance between pads is set to the minimal allowed value which is the clearance size. 

• Clearance behind pads towards the copper edge is also set to the minimal allowed value 
which again is the clearance size. 

• Clearance above the topmost pad and below the bottommost pad seemingly greatly 
influences the ability to successfully route the traces and had to be varied for that 
reason. The variation of this distance was chosen to always be a natural multiplier of the 
clearance size (� ∗ �������������� where n was varied. 

Since clearance between items such as trace to trace, trace to via hole and trace to edge are all 
handled the same in both the PCB design software KiCAD and in the auto-routing software 
FreeRouting the clearance size became the distance that most of the sizes were based on. This was 
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partly done because it was often the minimal distance allowed between certain features on the 
board, but also because it made for more convenient programming. 

4.4.2 Worst-case scenario 

Assuming that the trace from one pad only goes to that of one other pad and no more than that, 
and that no traces share a pad the number of variations possible for n traces can be described as 
∑ ��

��  since the first trace will have n options, second trace will have n - 1 options until only one 
option is left. 

For something like 8 traces that would be 36 different solutions to investigate and since an 
increasing number of traces would rapidly increase the number of solutions need to be investigated 
a decision was made to limit the investigation to the case where every trace crosses all other traces. 
This should be the most complex situation and if routing can be achieved in the worst case then 
simpler solutions should work as well. 

For 2, 3 and 4 traces this creates the following routing cases: 

 

Figure 8 Worst case for 2, 3 and 4 traces 

4.4.3 Brute-force implementation 

The software solution developed for the brute-force attempts using sample design files, modifying 
these and then executing the auto-routing software FreeRouting with these as parameters has been 
designed in the following manner: 

• The current directory is scanned for design files. 

• The design files are modified one by one, but instead of modifying the original file a 
temporary copy is used to preserve the original file for later reuse. 

• The main modification done is the right copper pad column’s x position and the copper 
edge to the right of it. Using the bisection method, the smallest distance which allows 
automatic routing through FreeRouting given a certain precision is searched for. 

• Further variables changed during the brute-force attempt include clearance between 
traces and via holes/other traces, via hole size, pad size, trace width as well as the 
available routing areas above and below the columns of copper pads. 

• FreeRouting is called with the modified design file as an in-parameter monitoring the 
exit code of FreeRouting to determine whether successful routing has been achieved for 
the current set of variables and distance between pads. 
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• Session files produced by a successful routing attempts during the use of the bisection 
method are copied to their own folder with time and parameters being part of the folder 
name for easy recognition if further analysis is needed. 

• Logs containing timestamps and the specific parameters used for the brute-force 
process are written to a CSV-file for further analysis. 

4.4.4 Variations 

Due to not knowing what correlations could be found during the research process the choice was 
made to not limit the research to just increasing the number of traces of one particular design, but 
also to vary other design parameters. Attempts were made to find correlations between for an 
example trace width and distance, clearance and distance, via hole size and distance. 

However, while finding some correlations between these results there were issues combining 
these separate correlations into something that could be implemented with functional results. 
Furthermore, due to some data appearing to be erroneous with no logical explanation as to why this 
was happening there were questions about the validity of this approach. 

Since the previous approach to solving the problem seemed to produce unusable correlations for 
the intended application it was opted to go with another approach for solving the issue. Rather than 
to change too many parameters at once it was decided to create a few basic design models all with 
different proportions between trace width, clearance and via hole size. 

Design parameter values and names used for the base designs in this proof of concept originates 
from a PCB design guidelines manual made by NCAB Group Sweden AB[22] and are as follows: 

General base design: 

• Trace width – 200 μm 

• Clearance – 250 μm 

• Via hole diameter – 650 μm 

• (Via hole drill diameter – 250 μm) 

Intermediate base design: 

• Trace width – 150 μm 

• Clearance – 175 μm 

• Via hole diameter – 550 μm 

• (Via hole drill diameter – 200 μm) 

Advanced base design: 

• Trace width – 125 μm 

• Clearance – 150 μm 

• Via hole diameter – 450 μm 

• (Via hole drill diameter – 150 μm) 

The idea was to calculate the minimum distance for these base designs with varying number of 
traces as well as varying clearance above and below the pad columns as that clearance had 
previously been found to have an impact on the results. The reason for calculating multiple 
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clearances above and below was to generate enough data to be able to determine which clearance 
above and below made for the most stable and usable result. 

To later estimate the minimum distance needed to successfully route using certain design 
parameters it ought to be possible to proportionally scale the features of the base designs using 
whatever design parameters turns out to be the most limiting. By then comparing the area and 
distances needed for the proportionally scaled designs it should be possible to determine which 
takes the least amount of space. 

Only three designs were created for this thesis project, but there is nothing that would prevent 
any number of designs to be compared so it is a scalable solution. Continuously increasing the 
number of designs would however likely lead to diminishing returns so it would seem reasonable to 
not spend too much design on generating larger amounts of base designs.  

4.5 Linear functions 

Throughout the brute-force procedure’s calculations it was hoped that the results would be linear in 
nature to allow for easier analysis and implementation of a minimum distance estimation function. 
Fortunately, this appears to mostly have been the case with only a select few results presenting odd-
looking results that doesn’t appear to be linear for some reason. Why that is, is unknown but by 
looking past these odd results more sensible, usable results can be found that should be possible to 
use in the creation of a minimum distance estimation function. 

When creating a linear function that is to be used to estimate distances needed when using 
software such as FreeRouting it is important to try to find design parameters where FreeRouting 
behave as steadily as possible. This is due to FreeRouting seemingly tending to produce inconsistent 
results that are not linear in nature if given certain design parameters to work with. With that in 
mind, each time a linear function was to be created the data was first arranged in such a way that it 
could be determined at what clearance values above and below the copper columns FreeRouting 
appeared to behave linear in nature while also producing good results. 

 

Figure 9 Example of how stability and linearity was checked 

In the above graph several cases can be seen where linearity does not appear to hold true and where 
for an example 7 traces produce worse results than 8 traces for 1000 µm and 1750µm clearance 
above and below. Additionally, only a few of these clearances above and below the copper columns 
appear to produce smaller distances with some larger clearances seemingly even needing larger 
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distances to successfully route. Of the above graph 1500 and 2000 µm were chosen for further 
inspection as they both displayed linearity and produced short required distances. 

Using the selected cases linear approximations of the data are created for each case. These 
linear approximations are then modified by increasing the constant value so that it covers all data 
points and to make sure the function remains valid despite the possibility of larger than expected 
variations an additional buffer distance is added to the constant value.  

 

Figure 10 Example of linear approximation based on 2-8 calculated traces 

 The following were the linear functions created for the three base designs with x being the number 
of traces and the result being distance in μm: 

• General: 1524" − 1500 

• Intermediate: 1337" − 100 

• Advanced: 968" − 400 

To confirm that these linear functions were accurate and that they were likely to sufficiently cover 
more than just the 8 traces for which calculations had already been done before calculations were 
done for additional data points (1-4 more traces) and these were then checked to see if the linear 
functions covered them sufficiently. Care was taken to give these calculations extra-long timeout 
limits to avoid erroneous results. 

Utilizing this additional data, the validity of most of the approximated linear functions could be 
confirmed and ones producing optimal distances could be selected. In a few cases the data served to 
disqualify linear approximations since these appeared to be incorrect approximations not covering 
results sufficiently and better options were available. 

4.5.1 Importance of sufficient slope 

When selecting what clearance above and below the copper pad columns is to be used from the data 
gathered it can at times be tempting to pick one function above another due to it appearing to be 
more linear in nature. There is however an inherent danger in picking such a linear function based 
on linearity alone should the slope not actually be steep enough to cover upcoming number of 
traces. This is because the auto-routing software used might have been able to find more efficient 
solutions for simpler designs, but it might not have been able to find equally good solutions for more 
complicated designs. 
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Figure 11 Example of gentle slope causing an incorrect linear function 

This can be seen in the above graph which was one of the candidates for the linear function of the 
Advanced base design. Based upon the results for 2-8 traces this linear function would produce 
more conservative distance estimations due to its gentle slope, but additional calculated data points 
revealed the linear function to be invalid since it did not cover all the additional data points. Because 
of this the linear function would not be possible to use to estimate the minimum distance required 
unless a new inclination was calculated using the new data points or the constant value by at least 
1300 µm. The latter option however would introduce the risk of a similar situation appearing again 
and is therefore not a preferable solution. 

To summarize - When picking a linear function, it should be considered if the slope of the 
selected line appears to be too gentle when compared to other possible solutions. The ability to 
change the inclination of the slope exists, but any larger changes ought to be avoided as this would 
invalidate the solution being based upon calculated values. 

4.5.2 Importance of the constant term 

The constant term, that is the value that changes the linear function’s y-positioning on a graph has a 
simple function for this task. Its job is to provide a sufficient buffer upwards so that all the 
calculated data points are included when using the linear function. Doing so causes some loss in 
efficiency but in return the reliability of the linear distance estimation function is secured. 
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Figure 12 Example of an increased constant value successfully exceeding newly calculated data points 

As can be seen in the graph above by increasing the constant value of the linear approximation (red 
dotted line) to cover all data points and by then adding a bit more for safety (purple line) this newly 
created linear function successfully covers data points that were not yet calculated when the 
approximation was first made. 

Typically, the constant value was increased so that it first covered all data points and then 
another 300-350 μm was added for safety. Higher values than that can of course be used if desired, 
but with the numbers used no apparent issues were encountered. 
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4.6 Minimum Distance Estimation Function 

A minimum distance function has been implemented with three different base designs each with an 
associated distance estimation function dependent upon the number of traces. By inputting the 
desired trace width, via hole diameter, clearance as well as the number of traces a minimum 
distance is estimated and returned. 

4.6.1 Classes 

The implementation of the minimum distance estimation function comes in the form of the 

following developed classes: 

4.6.1.1 BaseDesign 

The first developed class is the BaseDesign class with functionality pertaining to storing the design 
parameters a base design was calculated with, its associated linear function and functions to interact 
with the BaseDesign class. 

Constructor: 

BaseDesign(name, viaSize, traceWidth, clearanceSize, clearanceAboveBelow, slope, 

constantValue) 

• name – The name of the base design the object represents. 

• viaSize – Via diameter size in μm used during calculations of the base design’s distance 
estimation function.  

• traceWidth – Trace width in μm used during calculations of the base design’s distance 
estimation function. 

• clearanceSize – Clearance size in μm used during calculations of the base design’s 
distance estimation function. 

• clearanceAboveBelow – Clearance above and below in μm used during calculations of 
the base design’s distance estimation function. 

• slope – Slope of the associated linear distance estimation function. 

• constantValue – Constant value of the associated linear distance estimation function. 

Functions: 

• distance(traces) – Returns the estimated required distance in mm for a certain number 
of traces when using this base design. 

• height(traces) – Returns the height in mm for a certain number of traces when using 
this base design. 

• area(traces) – Returns the estimated required area in mm2 for a certain number of 
traces when using this base design. 

  



ResultsList of acronyms and abbreviations | 30 

30 

 

 

4.6.1.2 MinimumDistanceObject 

The second developed class is the MinimumDistanceObject class which is a helper class designed to 

estimate the minimum distance required. By adding one or more base designs to the helper class 

object it can estimate the minimum distance required to successfully route a design by scaling and 

comparing different base designs. 

Constructor: 

MinimumDistanceObject() 

Functions: 

• addDesign(baseDesign) – Adds a baseDesign object to the minimum distance 
estimation for comparisons. 

• minimumDistance(traces, desiredViaSize, desiredTraceWidth, desiredClearanceSize) – 
Returns an estimation of the minimum distance required in mm to successfully route a 
designed with the desired design parameters. 

• minimumHeight(traces, desiredViaSize, desiredTraceWidth, desiredClearanceSize) - 
Returns an estimation of the minimum height required in mm to successfully route a 
designed with the desired design parameters. 

4.6.2 Usage 

To use the minimum distance estimation function the following should be done: 

1. Create BaseDesign objects by using the design parameters for calculations as well as the 
calculated linear distance estimation function as in-parameters. 

2. Create a MinimumDistanceObject helper object and add the previously created BaseDesign 
objects to it. 

3. Call the MinimumDistanceObject’s minimumDistance or minimumHeight functions with 
the desired design parameters and an estimated distance required or an estimated height 
will be returned in mm. 

A typical usage scenario could look like the following code: 

# Create Base Design objects using name, values used for calculations and the 

linear distance estimation functions 

generalBaseDesign = BaseDesign("General", 650, 200, 250, 1500, 1524, -1500) 

intermediateBaseDesign = BaseDesign("Intermediate", 550, 150, 175, 1050, 1337, -

100) 

advancedBaseDesign = BaseDesign("Advanced", 450, 125, 150, 1050, 968, -400) 

 

# Create MinimumDistanceObject helper object 

minDist = MinimumDistanceObject() 

 

# Add base designs to the MinimumDistanceObject 

minDist.addDesign(generalBaseDesign) 

minDist.addDesign(intermediateBaseDesign) 

minDist.addDesign(advancedBaseDesign) 

 

# Calculate minimum distance using desired parameters 

print("Shortest distance is " + str(minDist.minimumDistance(12, 150, 50, 100)) + 

"mm and the accompanying height is " + str(minDist.minimumHeight(12, 150, 50, 

100)) + "mm") 
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4.6.3 Software design 

The MinimumDistanceObject helper object and its main function relies on two logical correlations.  

1. When proportionally scaling all features of an already routed design it should be 
possible to recreate this design at any size regardless of whether the desired size is 
smaller or larger than the original one.  

 

Figure 13 Example of proportional scaling, how it can be scaled smaller or bigger 

2. It should always be possible to create a design with at least the same distance or better if 
some features are smaller than the original design. If by some chance the auto-routing 
would fail to route with these smaller features it ought to be possible to manually 
modify the parameter of a larger design so that the features become smaller. 

 

Figure 14 Example of decreasing the trace width feature size 

 

Figure 15 Example of decreasing the via hole diameter feature size 
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After the helper object has been created and the base designs have been added to it the program 
flow is as follows: 

1. The ratios between calculated design parameter values and the desired ones are 
calculated and the largest one, that is the most limiting one is selected as the scaling 
value for the current base design. 

2. Using the number of desired traces, the area approximation is calculated and returned 
using the distance from the base design’s linear function and its total height. 

3. If the current base design’s area when scaled is the smallest one to be calculated yet the 
distance and area is saved for further comparison. If not, its results are discarded. 

4. Repeats steps 1-3 until no base designs remain in the helper object. 

5. Returns the minimum distance. 

To use this in the intended scenario with automated distance checking for a simpler design flow one 
will also need to access the height of the function. This can be done using the minimumHeight 
function of the minimum distance object. This function’s flow is almost identical to the first function 
with the main difference being that it returns the height instead of the width. 

This kind of function is possible to design as both a static function and as an object. The 
reasoning behind making it an object was because while it introduces some overhead it would allow 
for comparisons between two different minimum distance objects that could contain different base 
designs. It does not have to be used this way, but the possibility now exists. 

4.7 Session Importer 

After having routed a design file with FreeRouting a session file is automatically produced which 
needs to be imported back into a format that software like KiCAD understand. This can be done 
manually through a couple of clicks, but this approach is not befitting of an automated approach. 
For that reason, a session importer has been implemented. This session importer takes a session file 
from FreeRouting, reads the newly routed tracks and added via holes and then transforms that data 
into the syntax expected by KiCAD’s PCB-routing portion. This rewritten data is then appended to 
the end of a selected kicad_pcb-file which when opened in KiCAD displays previously existing data 
as well as newly added data. 
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Figure 16 Session file data in need of transformation 

 

Figure 17 Session file data in kicad_pcb-format 
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4.7.1 Design considerations 

Writing the session exporter, a couple of things had to be taken into consideration with some not 
being obvious at first. 

• At first glance it might appear that traces within a specific network always come before 
the via holes, but that is not the case. Traces and via holes can come mixed in any order 
and the code needs to be able to handle that. 

• Finding routing nets is as simple as searching for the net tag, but the net name given 
does not necessarily match the one defined in the kicad_pcb-file. To find the name used 
one has to read the translation data in the original kicad_pcb-file and replace the net 
names accordingly. 

• Code must be written dynamically so that traces and via holes with different properties 
can be correctly read and transformed. The assumption cannot be made that only one 
type of trace or via hole is used. Therefore, the code needs to dynamically read these 
properties and then apply them as required. 
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5 Analysis 

In this chapter, the reliability and validity of achieved results are examined and an overall 
discussion about results is held. 

5.1 Reliability Analysis 

5.1.1 Linear functions 

Reliability of the linear distance functions appear to be confirmed. Given a sufficient timeout limit 

the results produced on one computer can be recreated and therefore the same kind of conclusions 

should be possible to draw from the results. 

5.1.2 Minimum distance estimation function 

Given the same input the program will always produce the same result because of the coded 

execution flow behaving the same  unless some bug were to suddenly happen. 

5.2 Validity Analysis 

5.2.1 Linear functions 

All linear functions appear to be valid. As can be observed in figures 18-20 the additional calculated 
data points (9-12 traces) do not exceed that of the linear distance estimation functions that were 
approximated from the original data points (2-8 traces) and had their constant values increased to 
account for variations. 

 

 

Figure 18 Linear function reliability proof for the general base design 
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Figure 19 Linear function reliability proof for the intermediate base design 

 

Figure 20 Linear function reliability proof for the advanced base design 

 

5.2.2 Minimum distance estimation function 

To confirm the validity of the minimum distance estimation function four different designs were 
created with arbitrary design parameters to see if the results from the function resulted in a distance 
at which FreeRouting could successfully route when manually recreating the scenarios with the 
given measurements. As can be seen below this appears to have been the case as all four arbitrary 
designs were successfully routed. 
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5.2.2.1 Arbitrary design 1 

Arbitrary design 1 had the following parameters: 

• 4 traces 

• 800 μm via diameter 

• 250 μm trace width 

• 300 μm clearance 

The width and height received from the minimum distance function were the following: 

• Width: 5.745 mm 

• Height: 5.688 mm 

When input into FreeRouting it produces the following routing and is therefore successful. 

 

Figure 21 Minimum distance function reliability proof for the first arbitrary design 
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5.2.2.2 Arbitrary design 2 

Arbitrary design 2 had the following parameters: 

• 6 traces 

• 300 μm via diameter 

• 75 μm trace width 

• 125 μm clearance 

The width and height received from the minimum distance function were the following: 

• Width: 3.822 mm 

• Height: 2.725 mm 

When input into FreeRouting it produces the following routing and is therefore successful. 

 

Figure 22 Minimum distance function reliability proof for the second arbitrary design 
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5.2.2.3 Arbitrary design 3 

Arbitrary design 3 had the following parameters: 

• 7 traces 

• 450 μm via diameter 

• 175 μm trace width 

• 225 μm clearance 

The width and height received from the minimum distance function were the following: 

• Width: 8.251 mm 

• Height: 5.310 mm 

When input into FreeRouting it produces the following routing and is therefore successful. 

 

Figure 23  Minimum distance function reliability proof for the arbitrary design 
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5.2.2.4 Arbitrary design 4 

Arbitrary design 4 had the following parameters: 

• 12 traces 

• 150 μm via diameter 

• 50 μm trace width 

• 100 μm clearance 

The width and height received from the minimum distance function were the following: 

• Width: 6.715 mm 

• Height: 3.260 mm 

When input into FreeRouting it produces the following routing and is therefore successful. 

 

Figure 24 Minimum distance function reliability proof for the fourth arbitrary design 
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5.2.3 Further evaluation of validity 

Due to introducing a buffer to the constant value in the linear functions to safeguard against stray 
data points it is likely that there are optimizations that could be achieved by further tweaking the 
linear functions’ slopes and constant values. When testing at what distance the above-mentioned 
arbitrary designs are still able to be automatically routed it was found that they could be decreased 
by the following amounts when steps of 100 µm were used. 

• Arbitrary design 1 with 4 traces could be decreased by 2400 µm. 

• Arbitrary design 2 with 6 traces could be decreased by 200 µm. 

• Arbitrary design 3 with 7 traces could be decreased by 100 µm. 

• Arbitrary design 4 with 12 traces could be decreased by 2200 µm. 

Because of steep slopes it is likely that the minimum distance estimation function is less optimal 
when used with a lower amount of traces. A hint of this can potentially be seen in arbitrary design 1 
as it can be decreased by such a big amount before routing is unsuccessful. A possible optimization 
that could be done would be to split the distance estimation function into two different parts with 
one catering to smaller number of traces and the other to higher numbers. As the number of traces 
increase results are more likely to not stray as much as can be seen in arbitrary design 2 and 3, but 
as can be seen in arbitrary design 4 the possibility of bigger variations still exists. 

If by some chance an estimated width and height would fail, it could be due to the additional 
buffer to the constant value being too conservative. Rather than using 300 µm something like 500 
µm might need to be used. However, throughout tests done a 300 µm buffer appears to have been 
more than enough. 

5.3 Discussion 

5.3.1 FreeRouting 

During the thesis project a couple of limits and quirks have been found within FreeRouting. Some of 
them caused the auto-routing to completely fail while others introduced bottlenecks or strange 
results. 

5.3.1.1 Keep-outs 

In the beginning of the development and research phase an idea was held that instead of building up 
a complete PCB in KiCAD it would be enough to just create components, their pads and then 
proceed to limit the usable routing area with keep-out areas, the so-called areas where routing is 
disallowed. 

This however proved to give inconsistent results when looking for minimal distances. In many 
situations the auto-routing software seemingly stopped being able to find workable solutions and 
was trying the same solutions repeatedly without ever succeeding despite there being easy solutions 
available as could be proven with manual routing. Even simple cases such as two wires crossing 
each other failed to route at distances closer than about 27 mm. 

This limit of 27 mm turned up in many scenarios, both in simpler ones but also in rather 
complex ones leading to a suspicion that there was something wrong with the specific method used. 
To resolve these issues an attempt was made to switch from using keep-out areas to instead limiting 
the routing area with the use of edge cuts, the edges of a printed circuit board. Having made this 
change suddenly much better results were achievable. 

Due to time constraints it was never found what exactly caused these issues with the keep-out 
areas and the auto-routing software, but it was theorised that the decision to design using only 
keep-out areas and no edge cuts created an unexpected situation that would never occur naturally 
during a PCB design process and that this somehow caused FreeRouting’s algorithms to not 
function as they were expected to. 
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5.3.1.2 Via hole cost 

One of the parameters that can be varied in FreeRouting is the cost of using a via hole. This cost is 
one of the parameters that FreeRouting considers when attempting to find the best available 
solution. Decreasing this parameter from the default value 50 to something like 1 will make 
FreeRouting much more prone to use via holes whenever possible. During tests it was found that a 
low value for via hole cost will produce much more consistent results regardless of the selected 
timeout value, but at the expense that it does not spend as much time looking at solutions that 
involves less usage of via holes. 

As can be seen in the figure below using a higher value like 50 produces results with a much 
higher deviation depending on the timeout used. For lower timeout values it usually seemed to 
produce worse solutions than a low via hole cost, but the larger timeout it got the better and more 
optimized results it produced most of the time. 

Thus, depending on the purpose FreeRouting is used for one could opt to use a lower via hole cost 
when constrained by time, but try with a higher timeout value and higher via hole cost when a more 
optimized result is desired. 

 

Figure 25 Comparison between two different via cost distance results for a specific design 

5.3.1.3 Increased area 

Another aspect that heavily affects the results is the area available for routing the solution. Logic 
would dictate that given more vertical space it ought to be possible to create a solution utilizing less 
horizontal space but using FreeRouting that appears to not necessarily always be the case. Giving 
FreeRouting too much freedom appears to limit its ability to find an optimised solution. Even when 
given timeouts of much larger magnitudes to account for the increased number of possible scenarios 
FreeRouting frequently failed to produce a better or even equivalent solution to one where less 
routing space was available. In fact, in many cases it seemingly started to produce worse and worse 
solutions the more routing space it was given. 

This could partially be explained by an insufficient timeout limit, but it carries the implication 
that when automating a system using FreeRouting one needs to make sure that FreeRouting is given 
just the right amount of freedom to produce an optimised result. 

During the project this came to light when it was discovered that the available area above and 
below the copper pad columns heavily affected the results. This area can and will usually be used for 
routing purposes and as of such it needed to be investigated how much available space was too little 
and how much was too much.  
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5.3.1.4 Timeout 

The timeout value is the value used in FreeRouting’s routing algorithms to set an upper limit to how 
much time the software can use to find an optimal/working routing solution. This process appears 
to be largely CPU-dependent where a faster CPU can sometimes find a routing solution given a 
certain timeout limit whereas a slower one would need a larger timeout limit to be able to find the 
same solution. CPU-utilization being very high during execution on all cores also means that a 
difference in number of available CPU cores could be substantial.  

This makes it harder to compare found solutions between different computers without 
increasing the timeout limit to such a degree that both slower and faster CPUs get enough time to 
process something to find the last acceptable solution according to FreeRouting’s algorithms. For 
this thesis project the timeout was intentionally set to higher values such as 180 or 300 seconds 
which during tests appeared to be high enough to be able to disregard the different CPUs used as 
limiting factors. This however meant that each loop in the brute-force procedure could end up 
taking up to 21-35 minutes in the worst-case scenario if all halving attempts failed.  

As a design gets more complicated it will logically require more time to complete, but what is 
not immediately obvious his how this time requirement increases. By only varying the number of 
traces in a specific design the following graph was created showing the time required to successfully 
route and optimize the design. As can be seen the time needed to do so appears to increase at an 
exponential rate which would mean that attempting brute-force attempts at larger numbers of 
traces could end up being infeasible using the current version of FreeRouting as the timeout limit 
needed for valid results would quickly skyrocket. 

A way to partly mitigate this issue would be to modify FreeRouting so that it does not optimize 
anything after it has found a working solution.  

 

Figure 26 Example of the number of traces influencing the routing time required for a specific design 

5.3.1.5 Clearance 

FreeRouting appears to be rather particular regarding clearance and whether it can successfully 
route a trace. In the original base designs the trace width-sized copper pads were placed with exactly 
the amount of spacing between them that was required for it to not be considered a design rule 
violation. However, due to what is believed to be rounding-errors FreeRouting is completely unable 
to route any designs with spacing that is so close to the clearance in some cases. 

 There are two possible solutions to work around and avoid these issues. The first solution is 
to increase the spacing between copper pads by 2 µm. Doing so increases the amount of space 
FreeRouting has to work with by just enough that not even possible rounding-errors would prevent 
routing from being performed and tests showed that to be the case. The second solution is to 
decrease the copper pad-sizes and the trace width by 2 µm (1 µm on each side). The advantage to 
this method is that the spacing can be kept at easily handled values. 
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Ultimately either method could be used, but after consultation with the thesis project’s adviser it 
was decided to go with the latter method. 
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6 Conclusions and Future work 

This chapter contains conclusions drawn from the results of this thesis project, insights gained from 
the work done, suggested future work and improvements and some further reflections. 

6.1 Conclusions 

6.1.1 Goals 

Goal 1: Lithography methods Research the different kinds of lithography methods that are 
presently in use in the industry and compare the advantages and disadvantages inherent in these 
methods with each other. 

Different lithography methods have been researched and an overview of the advantages and 
disadvantages of these methods as well as any limits they would impose on board design and 
manufacturing has been created. Furthermore, other processes that would be part of an automated 
manufacturing flow as well as the comparison between two different manufacturers using different 
lithographic processes have been presented. 

Goal 2: Standards Investigate if there are any used standards such as for an example the IPC 
standards that could affect a printed circuit board’s design rules.  

Standards such as the IPC standards have been investigated to see if they would affect a printed 
circuit board’s design rules. The answer that IPC standards can affect design rules if a manufacturer 
chose to be certified and use these standards, but that they do not affect design rules if a 
manufacturer chose not to adhere to these standards is a somewhat unsatisfactory answer but 
appears to be correct.  

Goal 3: Minimum distance estimation function While keeping lithographic methods and 
standards in mind, research and develop a function that can estimate a minimum distance 
between two component blocks in a circuit that allows for successful routing. 

Three different pieces of software has been developed for this thesis project of which only the 
minimum distance estimation function was an explicit goal. However, the brute-force application is 
a required dependency for generating the linear distance estimation functions used in the former 
function and the session importer is needed if an automated workflow is to be achieved. As the 
software has been successfully tested and seem to work as intended this goal should be fulfilled.  

6.1.2 Insights 

Write dynamic code. In the short term it might appear that by doing certain things manually time is 
being saved, but often this can lead to doing additional work that could have been avoided if 
implemented dynamically the first time. 

As an example – In earlier versions of the brute-force software implementation certain 
parameters such as the number of traces were hardcoded and when calculating differing number of 
traces there was a need to create separate design files for each specific number of traces. If one for 
an example wanted to calculate the minimum distances for a specific design with 2-12 traces, then 11 
different design files needed to be created rather than just one if it had been possible to dynamically 
vary the number of traces. 

Not coding dynamically and doing things manually also introduces the possibility of human 
errors due to mistyping or misremembering what needed to be changed and by how much. This too 
happened a couple of times and could have been avoided. 

Finally, understanding the DSN design file format is key to creating a solution with good results. 
Understanding how the file format is structured, how to modify it and furthermore what limitations 
auto-routing software solutions such as FreeRouting impose on a design file will affect the quality of 
the result. Things like FreeRouting not handling minimum distances between initial traces well and 
the lack of copper edges are examples of such limits. 
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6.1.3 Suggestions 

FreeRouting while open source does not feel like the most optimal of tools for tasks like this due to 
its tendencies to produce inconsistent results if one is not very careful with the design parameters 
adhering to FreeRouting’s liking. Looking into other auto-routing software solutions and seeing if 
these are more effective and consistent than that of FreeRouting while still allowing for automation 
needed for creating a minimum distance function could be worthwhile.    

6.2 Limitations 

During the thesis project several limits were encountered that to an extent limited the outcome of 
the project. Most of these as a part of the FreeRouting auto-routing software and were not 
immediately obvious when one first starts using the software. 

FreeRouting’s apparent inability to route efficiently using just keep-out areas caused many 
headaches in the beginning. It ultimately did not limit later efforts, but the issues caused by this 
limitation led to time being wasted trying to get a non-working solution to work.  

Another limit that should have been obvious but that was not given enough consideration at 
first was the importance of a sufficiently high timeout value to guarantee that FreeRouting could 
successfully route and optimize its results. This later caused issues with more complicated designs 
and lead to scenarios were routing was possible, but the results were interpreted as failures due to 
the timeout limit being reached. By using much higher values for the timeout limit FreeRouting was 
allowed to finish and more correct results were achieved. 

What is believed to be rounding errors in FreeRouting’s code also limited the viability of 
creating designs with exactly the parameters that were desired. It ought to be possible to place 
traces with exactly the clearance in between features but routing only worked consistently when the 
distance was increased by 1 μm on each side of a feature. 

6.3 Future work 

What has been done in this thesis project likely needs to be further refined in order to be used in an 
actual design workflow and the following is what we would recommend should be further 
researched and worked on to improve the solution developed: 

6.3.1 Research average/minimum case 

During this thesis project the focus was put on researching the worst-case scenario due to time 
constraints. Knowing how much area is needed to guarantee that routing can be successfully 
achieved using auto-routing software is the least that can be expected from a workable solution. 
However, it does not accurately represent most situations encountered when it comes to routing a 
printed circuit board design.  

In reality most components will not need to have every trace crossing all other traces and for 
that reason it is of interest to research what an average case might look like and how big of a routing 
area this situation would require. This could then also be expanded to researching even simpler 
cases which are much easier to route. 

A printed circuit board design flow could then be realized as something looking like the 
following figure where the knowledge of the required area for worst-case, average case and 
minimum case scenarios are known and displayed to the end-user. If the end user knows that their 
current printed circuit board design is more complicated than a usual design, then they could opt to 
be safe by using the worst-case distances. However, if the user knows that their design is not so 
complicated they could try the average or even the minimum case upon which tests could be 
performed to see if such routing would be doable. 
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Figure 27 Example of different scenarios 

6.3.2 Research timeout requirements 

The timeout needed for routing is heavily dependent on the number of traces used. It is 
suggested that when performing the brute-force procedure the timeout should be changed 
according to the number of traces used to give enough time for the routing to complete. Through 
observations in this thesis project it would appear like the timeout requirement is exponential in 
nature, but it would most likely worthwhile to further investigate if that is the case and what 
correlation one might find between the number of wires and the timeout required. Doing so would 
enable the timeout to be dynamically changed so that it’s lower when calculating data for a smaller 
number of wires but higher for more complicated situations.  

6.3.3 Rewrite FreeRouting 

To produce better results from the brute-force procedure a rewrite of the command-line version of 
FreeRouting should most likely be done. This rewrite should preferably also be based on more up-
to-date versions of FreeRouting as the possibility of bugs having been fixed in later releases is high. 
The following are suggestions as to what could be in need of being rewritten for better results and 
functionality. 

6.3.3.1 Add new exit code functionality 

Currently the command line version of FreeRouting does not properly signal to the operating 
system if a solution was found but that it was interrupted by the timeout limit during the 
optimization process. It could be advantageous to implement specific exit codes for signaling such 
an event as it could for an example be used to increase timeout limits when needed if the wanted 
result is an optimal routing result. 

Furthermore, if interrupted by a timeout it would be desirable for it to write the last working 
routing solution to a session file. By doing so and signaling through exit codes that FreeRouting was 
interrupted during optimization the surrounding environment would be made aware that while a 
design was produced it did not produce a design that was as optimized as it could be. 
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6.3.3.2 Make optimization optional 

Another modification to FreeRouting that is suggested be done is to make the optimization step 
of the auto-routing procedure optional. In the brute-force procedure time spent optimizing a design 
is always wasted as what is desirable to know is if it’s possible to route or not, not if there is an even 
better solution available. By making the optimization optional each loop’s time requirements could 
be shortened and as a result the brute-force procedure would be sped up and timeout values could 
be set lower. 

6.4 Reflections 

We are of the belief that the work done in this thesis project could serve as the start to one possible 
solution for a problem that will surely be encountered if the whole creation and manufacturing flow 
of printed circuit boards is to be automated for easier and cheaper development.  

Such an automated workflow could provide several benefits such as moving manufacturing 
closer to the customers and allowing for easier realization of product ideas. The first would be good 
from an environmental point of view while the latter would be good from an entrepreneurial view. 
Complete automation could plausibly lead to a loss of jobs, but we are not yet at a stage where 
simple automation is a replacement for actual designers. At least not yet. 
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