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Traditional electronic systems are usually fabricated via printed circuit boards (PCBs). 

In a regular PCB, the electronic components are placed and mounted on a two-

dimensional board. Such a component layout limits the freedom in the component 

placement process which results in larger electronic devices. With the use of Additive 

Manufacturing technology, it is possible to create 3D Circuits which are structures with 

embedded electronics. 3D circuits allow for easier electrical component placement 

which results in building smaller electrical devices, but they have disadvantages too. 

Heat transfer is a big concern in creating functional 3D circuits since the electrical 

components which generate heat are placed in a compact space. To solve this issues, 

there is a need for a design framework in which an automation tool places the electrical 

components in the most optimum way to achieve the minimum electrical resistance 

resulting in less wire length and possibly smaller designs. The automation tool 

considers heat transfer constraints to prevent electrical components from overheating. 

In this thesis design automation methods for 3D circuits have been explored and 

implemented as a proof-of-concept of future commercial grade software that will 

facilitate 3D circuit design. The developed automation tool uses a stochastic approach 

(Genetic Algorithm) to optimize the electrical component layout. 
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1. INTRODUCTION 

1.1. Research Motivation 

Traditional electronic systems are usually fabricated via printed circuit boards (PCBs), 

which provides both the electrical interconnects between electronic components and 

the physical structures for mounting the components [1]. In a regular PCB, electronic 

components are placed and mounted on a two-dimensional board. Such a component 

layout limits the freedom in the component placement process which results in larger 

electronic devices. 

Given the aspect ratio of PCBs, embedding electronic circuits in geometrically 

complex structures and freeform containers is difficult. Although the inherent planar 

shape of PCBs allows for creating electronic devices with similar planar shape, for 

example computers and laptops it is not the most optimum design for every electronic 

device. Imagine a futuristic tubular shape computer in which the electrical components 

can placed in a three dimensional space with different orientations to allow for a very 

compact device. Or imagine a very high-tech and smart pill that can be swallowed to 

monitor body activities. Such a pill needs to pack multiple electrical components in a 

very small body, it is obvious that the design of the pill and lack of space requires a 

more optimum component layout, something that is not possible by using regular 

PCBs. 

A three-dimensional environment can provide more freedom in component 

placement and interconnect routing for circuit design. This means that electrical 

components can be placed in arbitrary locations with different orientations to create 

more compact electronic devices. Creating 3D structures with embedded electronics 

has other advantages. For example, Additive Manufacturing (AM) technology and 

specifically 3D printing which is improving day by day, can be used to print these 

structures. The key concept of AM is the layer-based fabrication of 3D parts from 

digital data, which provides design flexibility, and mass customization [2]. 
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Designing compact electronic devices is usually more cost-effective and exhibits 

better performance and endurance because of the smaller size but there are limitations 

to how densely they can be packed. Inside electronic devices, there are power-

consuming components, poor component packaging can lead to high failure rates due 

to overheating and thermally induced stress. With electronic components, the problems 

associated with heat transfer are amplified by the fact that technologically advanced 

components are more sensitive to high temperatures [3]. 

Designing 3D circuits can provide us compact electronic devices, freeform and 

complex shaped structures with embedded electronics which are only manufacturable 

using 3D printing. 3D circuits provide designers with more freedom in component 

arrangement and wire routing, but as stated earlier it has its own disadvantages resulting 

in issues such as device overheating. These issues can be addressed by creating a design 

framework capable of handing the thermal constraints. A framework that utilizes an 

optimization process to perform component placement and wire routing in the most 

optimum way while considering heat transfer.  

1.2. Research Intention 

1.2.1. Objectives 

The aim of this research is to explore the possibilities and demands of design 

automation for designing 3D circuits. In order to conduct the research, a number of 

objectives are considered as shown below. 

• To conduct research about current methods of manufacturing electronics 

• To review the current AM technologies and their capabilities 

• To know how commercial Electronic Design Automation tools work and what 

features the support. 

• To define a combination of AM processes that allows for fabricating 3D 

circuits. 
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• To identify the challenges of designing and manufacturing 3D circuits. These 

challenges could be related to material selection, manufacturing processes, 

equipment and software tools. 

• To automate the process of 3D circuit design by performing optimization in 

electrical component placement and routing in the presence of heat transfer 

conditions. 

1.2.2. Novelty 

This thesis project focuses on automating the design process for 3D circuits when heat 

transfer conditions are present. The developed optimization tool utilizes actual CAD 

models of electrical components and uses real electrical footprints to import 

information about component pin locations in order to perform wire routing. The 

optimization algorithm can avoid component to component overlap while placing all 

the components inside a user-defined container.  

1.3. Thesis Structure 

The thesis has been broken down into individual chapters, the aims of which have been 

detailed here. In Chapter 1 the motivation and research intensions are provided.  

Chapter 2 focuses on the related work and literature review. In this chapter brief 

explanations about current PCB manufacturing processes, Additive Manufacturing 

technologies and Electronic Design Automation (EDA) state of the art software are 

presented. Finally, combinations of AM technologies that can be used in building 3D 

circuits are discussed at the end. 

In Chapter 3, design and manufacturing challenges of building 3D circuits are 

discussed in detail. Challenges include material selection, manufacturing constraints 

and software design tools limitations.  
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Chapter 4 is dedicated to the developed automation tool. In this chapter problem 

formulation, design variables and the objective function are discussed. Data retrieval 

and optimization process are explained in the end.  

The results are mentioned in Chapter 5 including two 3D circuit samples 

generated by the automation tool. Outputs of the optimization tool are also discussed 

and evaluated. The work that has been done in this thesis project in reviewed in 

Chapter 6. 

Future work will be discussed in chapter 7. The goal in this research project was 

to explore the possibilities and demands for designing 3D circuits. There are a lot of 

areas that have to be studied in order to improve the design process. Ideas and 

possible next steps are discussed in this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

2. RELATED WORK 

In this chapter a review of current and previous literature is conducted which provides 

an overview of topics related to designing and manufacturing 3D circuits.  Topics 

include traditional Printed Circuit Board production, Additive manufacturing 

technologies and integration of AM technologies that allows for building circuits.  State 

of the art Electronic Design Automation (EDA) tools which play a very important role 

in producing electronics are also discussed in this chapter. Reviewing these different 

topics is helpful because it capitalizes the importance of automating 3D circuit design 

and how these ideas can be brought together to create a design framework capable of 

building functional 3D electronics. 

2.1. Electronics Manufacturing 

Electronic circuits typically consist of four main elements. 

• Printed Circuit Boards contain the routing and connection sites to allow 

various electronic components to communicate between one another. 

• Integrated circuits (ICs) are semiconducting devices containing a high 

density of transistors. ICs usually conduct some form of processing such as 

amplification, memory or signal processing. 

• Discrete components are an electronic device with just one circuit element, 

such as a resistor, capacitor, transistor, etc. 

• Microelectromechanical Systems (MEMS) conduct some form of sensing or 

actuation. Examples include CCD camera chips, accelerometers, etc.[4]. 

All the electrical components are positioned and mounted on the PCB via 

mechanical and electrical connections using a method called Surface Mount Assembly. 

Moore’s law is a fundamental principle that drives the current modern computing and 

the semiconductor industry. The law predicts that the number of transistors placed on 

a single square inch of an integrated circuit chip would double every day resulting in 

size reduction and design complexity increase [5]. 
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2.1.1. PCB Manufacturing 

The printed circuit board is the platform upon which microelectronic components such 

as semiconductor chips and capacitors are mounted. It provides the electrical 

interconnections between components and is found in virtually all electronics products 

[6]. 

In the first stage of PCB manufacturing the copper on the bare printed circuit boards 

is covered with a thin layer of photoresist. There are two types of photoresist, positive 

and negative [7]. The photoresist is then exposed to the ultraviolet, it can behave in one 

of two ways: if positive, the areas exposed to the light become soluble during the 

development procedure and can typically produce minimum feature sizes of 0.5µm [8]; 

if negative, the exposed area becomes insoluble to the developer and 2µm features are 

achievable [9][4]. 

The next step is called photolithography, a process in which a photomask is used to 

pattern the photoresist. It involves generating a physical mask used in conjunction with 

an ultraviolet light source. The mask in placed over the photoresist before it is exposed 

to the UV light. 

Developing refers to the process by which the soluble photoresist is removed. This 

exposes the copper that will be etched away during the next stage of manufacture and 

protects the track geometry from the etchant [8].  

The next step is to place the printed circuit boards into the ferric chloride to etch 

the areas where no copper track is required. Based on the concentration of the ferric 

chloride and the thickness of the copper on the board, the board is placed into the etch 

for the required amount of time [10]. Some PCB manufacturers quote resolution 

capabilities of 35 µm track width at 40 µm spacing [11][4].  

With the complexity of electronic circuits increasing, it is not always possible to 

provide all the connectivity that is required using just the two sides of the PCB. This 

requires the manufacturers to build multi-layer boards. Manufacturing multi-layer 
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boards although it uses the same process as for single layer boards, requires much more 

accuracy and process control [10].  

Some of the components required for defining a PCB are mentioned below. 

• Traces: pieces of wire that make electrical connection between two or more 

points on a PCB. 

• Vias: physical pieces of metal that make electrical connection between PCB 

layers. 

• Pads: small areas of copper in specific shapes used to make connections to 

component pins [12]. 

2.1.2. Surface Mount Assembly 

Surface-mount assembly (SMA) is a method in which the components are mounted 

directly onto the surface of PCBs. Presently SMA is the most common packaging 

method for producing complex electronic circuits due to its low cost, high throughput 

and high density capability with current pick and place systems capable of mounting 

1000’s of devices per hour [4]. SMA provides many advantages for manufacturing: 

• Reduced cost:  mounting components on the surface of PCBs eliminates the 

need for hole drilling. Holes are only needed for through-hole components.   

• Weight/Size: lighter boards are produced through the attributes of smaller 

devices. Capability of installing SMT components on both sides of the board 

results in fewer or smaller boards to take less space in the end product. 

• Automated fabrication processes: Manufacturers can use efficient 

fabrication equipment to provide high-quality PCBs in an automated process. 

2.1.3. Summary of Electronics Manufacturing 

Although current electronic manufacturing techniques are capable of producing 

complex and intricate circuitry in an automated process, these processes have many 

limitations including the limited geometry freedom and production of hazardous 

chemicals. Additive manufacturing offers solutions to many of these disadvantages by 
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providing an alternative to conventional electronics manufacturing methods. With 

further improvements in manufacturing techniques and material selection, AM and 3D 

printing could demonstrate great benefits when compared to the alternative traditional 

methods. 

2.2. Additive Manufacturing 

Additive Manufacturing is defined as the process of joining materials to make objects 

from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

technologies [13]. “3D Printing” is another term commonly used to refer to Additive 

Manufacturing, however, this expression from a technical point of view only refers to 

those processes where thin layers of material are layered or deposited via a nozzle or 

orifice, and does not include those processes that have a material bed or vat that is 

selectively sintered, melted or cured [14]. To the general public the term ‘3D printing’ 

has however become synonymous with Additive Manufacturing and therefore the 

terms are commonly viewed as interchangeable. All additive manufacturing processes 

follow the same basic steps to produce the final model [4]. 

 

The American Society for Testing and Materials (ASTM) F42 standard categorizes 

the various AM processes into seven key process families [13]. These seven categories 

each have their own advantages and disadvantages making them suitable for different 

applications as defined in Table 1. 

 

Table 1- Description of seven ASTM standards [4] [15][13][2][16][17][18][19] 

ASTM Standard Description Materials 

Material Extrusion Material is extruded through a nozzle or 

orifice in tracks or beads, which are then 

combined into multi-layer models. 

Common varieties include heated 

thermoplastic extrusion (similar to a hot 

glue gun) and syringe dispensing.  

Strengths: 

• Inexpensive and economical 

• Allows for multiple colors 

Thermoplastic 

polymers, 

pastes, waxes, 

chocolate 
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• Can be used in an office environment  

• Parts have good structural properties 

Vat 

Photopolymerization 

A vat of liquid photopolymer resin is 

cured through selective exposure to light 

(via a laser or projector) which then 

initiates polymerization and converts the 

exposed areas to a solid part. 

Strengths:  

• High level of accuracy and 

complexity  

• Smooth surface finish  

• Accommodates large build areas 

Acrylate, 

epoxy, vinyl 

ether based 

photosensitive 

resins 

Powder Bed Fusion Powdered materials is selectively 

consolidated by melting it together using 

a heat source such as a laser or electron 

beam. The powder surrounding the 

consolidated part acts as support material 

for overhanging features. 

Strengths:  

• High level of complexity  

• Powder acts as support material  

• Wide range of materials 

Thermoplastic 

polymers, 

metals, 

ceramics, 

composites 

 

 

 

Material Jetting Droplets of material are deposited layer 

by layer to make parts. Common varieties 

include jetting a photocurable resin and 

curing it with UV light, as well as jetting 

thermally molten materials that then 

solidify in ambient temperatures. 

Strengths:  

• High level of accuracy  

• Allows for full color parts  

• Enables multiple materials in a single 

part 

Polymers, 

wax, 

conductors 

 

 

 

Binder Jetting Liquid bonding agents are selectively 

applied onto thin layers of powdered 

material to build up parts layer by layer. 

The binders include organic and inorganic 

materials. Metal or ceramic powdered 

parts are typically fired in a furnace after 

they are printed. 

Strengths:  

• Allows for full color printing  

Polymers, 

metals, 

ceramics 
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• High productivity  

• Uses a wide range of materials 

Sheet Lamination Sheets of material are stacked and 

laminated together to form an object. The 

lamination method can be adhesives or 

chemical (paper/ plastics), ultrasonic 

welding, or brazing (metals). Unneeded 

regions are cut out layer by layer and 

removed after the object is built. 

Strengths:  

• High volumetric build rates  

• Relatively low cost (non-metals)  

• Allows for combinations of metal 

foils, including embedding 

components. 

Sheets of 

paper, 

polymer, 

metal and 

‘green state’ 

ceramic 

Direct Energy 

Deposition 

Powder or wire is fed into a melt pool 

which has been generated on the surface 

of the part where it adheres to the 

underlying part or layers by using an 

energy source such as a laser or electron 

beam. This is essentially a form of 

automated build-up welding. 

Strengths:  

• Not limited by direction or axis  

• Effective for repairs and adding 

features 

• Multiple materials in a single part  

• Highest single-point deposition rates 

Metals 

(titanium 

alloys, 

aluminum 

alloys and 

copper alloys) 

 

 

 

 

 

2.3. Electronic Design Automation (EDA) 

Given an electronic system modeled at the electronic system level (ESL), EDA 

automates the design and processes of testing the correctness of the ESL design against 

the specifications of the electronic system, taking the ESL design through various 

synthesis and verification steps, and finally testing the manufactured electronic system 

to ensure that it meets the specifications and quality requirements of the electronic 

system. The electronic system can also be a printed circuit board (PCB) or simply an 

integrated circuit (IC) [20]. 
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Physical design is one of the processes in a typical EDA flow which refers to all 

synthesis steps that convert a circuit representation (in terms of gates and transistors) 

into a geometric representation (in terms of polygons and their shapes) [20]. The 

geometric representation is also called layout. Modern physical design is typically 

divided into three major steps:  

• Floor planning which is a necessary step for a hierarchical design method. It 

assembles circuit blocks into a rectangle (chip) to optimize a predefined cost 

metric such as area and wire length. 

• Placement is the process of assigning the circuit components into a chip region.  

• Routing is a process that defines the precise paths for conductors that carry 

electrical signals to interconnect all pins that are electrically equivalent [20]. 

The complexity of current electronic systems, including printed circuit boards 

(PCBs), are a direct result of electronic design automation (EDA). It goes without 

saying that EDA is essential for designing and manufacturing electronics and without 

it, building complex electronics is impossible. 

2.4. Additive Manufacturing Process Integration 

Despite the potential restrictions in additive manufacturing, researchers have widely 

explored using AM technologies for building functional products [2]. In order to 

produce complex, multi-material three-dimensional (3D) structures with embedded 

electronics, a hybrid AM technology of coupling different digitally driven processes is 

therefore necessary. This would thereby allow the creation of novel, high-value, and 

end-use products with intricate features where the complexity of the geometry or the 

integration of embedded electronics does not necessarily affect the part’s ability to be 

manufactured cost-effectively [1]. Since there are metal (conductor) and non-metal 

(substrate) parts involved inbuilding 3D electronics, AM technologies that are capable 

of  fabricating these parts must be used together.  

In previously conducted research, there are three processes that have been 

considered for creation of electronic substrates, Selective Laser Sintering (SLS), 
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Stereolithography (SLA) and Ultrasonic Consolidation (UC). These processes when 

integrated with a Direct Write technology, can be used to print passive or active 

components [4]. 

Robinson et al. [21] explained the use of Ultrasonic Consolidation and Direct Write 

technologies to create compact, complex, multifunctional structures for small satellites. 

Periard et al. [22] who created simple timer and flashlight circuits on a table top 

Fab@Home machine by embedding conductive ink and components into a 2-part 

epoxy material. 

PolyJetTM is an integrated printing process that was designed to overcome some 

difficulties in AM process integration including the inability to treat the surface 

between processes resulting in low surface quality, degradation of the polymer matrix 

caused by the conducive ink sintering process and, structural weaknesses caused by 

prolonged pauses in the printing process. PolyJet™ printing has been utilized for the 

production of an encapsulation matrix for printed sensors created by aerosol jetting 

[23]. 

The most commonly hybridized additive manufacturing process with direct write 

technology is laser-based, top-down stereolithography. Process and scheduling 

planning has been carried out in previous work to develop a multi-material 

stereolithography system [24].  

The use of stereolithography in the creation of an electronic substrate for 

embedding functional components and circuitry was proposed by Kataria and Rosen 

[25] in 2001. This method would eliminate secondary assembly steps saving time and 

reducing cost of production. The additive technology also provides a much higher 

geometric freedom than conventional methods. These ideals were further developed by 

Palmer et al. who proposed that stereolithography and direct write additive 

manufacturing technologies could be integrated to create both the substrate and 

conductive tracks required for the circuit to function. A junction box was created by 

direct writing conductive material into fabricated channels to replace the manual wiring 

process. This wiring was then encapsulated by a single layer of resin [26]. 
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Using stereolithography has incredible advantages such as different material 

options, dimensional accuracy and the ability to implant foreign materials however it 

would not be considered ideal for integration with another process because it is prone 

to contamination between processes. Lopes et al. [2] combined Stereolithography and 

direct print (DP) technologies to fabricate three-dimensional (3D) structures with 

embedded electronic circuits. Using this process, the hybrid SL/DP technology was 

capable of successfully fabricating, without removal from the machine during 

fabrication, functional 2D and 3D “555 timer” circuits packaged within SL substrates. 

Figure 1 shows two and three-dimensional models of a simple 555-based timer circuit 

created to test the functionality of the integrated processes, both of which performed as 

expected, with frequency of the embedded LED blinking changing with temperature as 

intended. 

 

Figure 1- 3D 555 timer circuit (left), vertical interconnects (middle) and working3D circuit (right) 

 

Medina et al. [27] also developed a hybrid machine that offered enormous potential 

to create hybrid manufactured electromechanical devices. They modified a commercial 

stereolithography (SL) machine to integrate fluid dispensing or direct-write (DW) 

technology with SL in an integrated manufacturing environment for automated and 

efficient hybrid manufacturing of complex electrical devices, combining three-

dimensional (3D) electrical circuitry with SL-manufactured parts. The aim was to use 

additive processes that produce more compact and reliable solutions, as opposed to 

subtractive processes and conventional methods that can take longer, be more wasteful 
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and significantly more expensive. Work was also on going to fully automate the 

process. 

Palmer et al. [28] conducted research based on encapsulating dimensional 

interconnects in the form of large trapezoid wedges 12.7 mm x 2.03 mm x 1.52 mm in 

dimension. An approach for the manufacturing of multi-functional, low cost modules 

is presented through the integration of stereolithography and direct write technologies. 

This involved interrupting the build sequence to insert components and dispense 

conductive ink traces to create an electrical distribution network. Registration fixtures 

were also used to align the part when moved between processes to allow components 

to be manually inserted between process cycles. 

An embedding stereolithography (eSLA) concept was introduced by Niese et al. 

[29] which combines additive and electrical manufacturing methods to produce 

functional circuitry. The stereolithography process itself is proposed as an 

encapsulation method for lead frame assemblies and printed circuit board assemblies. 

Cavities are created in which components can be positioned upside down before a 

conductive adhesive can be dispensed in two and a half dimensions from a 200 µm 

nozzle and sintered. Smaller nozzles also lead to agglomeration of the material within 

the nozzle itself. The recoating mechanism presents one of two limitations in this 

process as components cannot protrude from the cavity without interfering with the 

sweeper system. The second disadvantage is the filling of fabricated cavities with liquid 

photopolymer resulting in the necessary addition of a vacuum pumping process to 

remove the resin before components are positioned. 

At the University of Texas in El Paso, Wicker and MacDonald [30] have developed 

a multi-material Stereolithography machine which has been integrated with material 

dispensing. Using rotating material vats to include different resins based on poly 

ethylene glycol based hydrogen scaffolds and an nScrypt Micro Dispensing System 

attached to a three axis movement mechanism to lay down conductive tracks as thin as 

25 microns on the dielectric substrate. Using CAD software, models of the build 

process can be developed with the geometry of the tracks included and demonstrated 
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by creating channels where the material will be dispensed in the direct writing process. 

The software also provides much more design freedom as conductive traces can be 

built in any orientation. This process also includes embedded components and as such, 

demonstrated the ability to pause the SL process mid-build, automatically clean and 

cure the partially built substrate. During this particular study, the machines were not 

directly integrated; the part was instead moved manually from the multi-material 

Stereolithography system to a system previously developed by Lopes et al. [2] to 

complete the direct writing of the conductive tracks. 

2.5. Design Framework For 3D Circuits 

Current PCB manufacturing processes have inherent waste of materials and are not 

environmentally friendly due to the required chemical processes. Furthermore, the 

electronic components on a PCB need to be placed in a planar array on the board 

leading to reduced placement freedom and increased space requirements.  

It is obvious that the sophistication and complexity of current electronic systems, 

including printed circuit boards (PCBs), are a direct result of electronic design 

automation (EDA). It goes without saying that EDA is an essential part of designing 

and manufacturing electronics and without it producing electronics is impossible. 

Designing 3D circuits just like regular electronics and PCBs requires an automation 

tool. A tool that can optimize the circuit design process by placing the electrical 

components in the most optimum places in order to achieve electronic circuits with less 

resistance by reducing the use of conductors. Doing so can also lead to more compact 

devices. As electronic devices get more compact, heat transfer and thermal issues arise 

because of the smaller overall size. To resolve this issue the optimization tool must be 

capable of handling thermal constraints. 

Thermal constraints are not the only challenges that have to be overcome in order 

to design 3D circuits. As mentioned earlier in this chapter, manufacturing issues, 

material selection for the conductive parts and substrates are also among the challenges. 

electrical integrity is also another concern when dealing with circuits. Although today’s 
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commercial EDA tools are advanced enough to handle these issues in the circuit design 

process, these tools are developed for regular (2 dimensional) circuits/PCBs. This 

indicates that there is obviously a need for a similar design tools for 3D circuits. 

In this master’s thesis, the focus is to establish a groundwork for 3D circuit design 

by developing an automation tool that can perform a component placement 

optimization process considering thermal constraints to decrease circuit resistance as 

much as possible. Decreasing resistance results in better electrical conductivity and 

compactness. 

It is believed that the developed automation tool can be a start to the new era of 

design automation for 3D circuits. The challenges of designing and manufacturing 3D 

circuits are discussed in detail in chapter 3. 
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3. DESIGN AND MANUFACTURING CHALLENGES OF 3D 

CIRCUITS  

As mentioned earlier, there are advantages and disadvantages in creating 3D circuits. 

Creating more compact circuits with less electrical resistance and the same time having 

more freedom for component placement and routing are only some of the advantages. 

As for the disadvantages there are some challenges in the design and manufacturing 

processes, these challenges are discussed in this chapter. 

3.1. Tools 

Perhaps the most challenging part of making 3D circuits are the design tools. With all 

the commercial EDA tools in hand these days, designing and manufacturing regular 

PCBs are relatively easy. EDA tools provide many  useful functionalities such as 

component placement, routing, stress analysis and etc.  

Designing 3D circuits on the other hand has not been automated so far. In a 3D 

environment, components have more freedom so the component placement process 

changes. Routing is also different since more complicated algorithms have to be used 

to connect the components to each other using interconnects while avoiding issues like 

wire congestion, wire-wire overlap and wire-component overlap.  

3.2. Manufacturing 

With the current technology in additive manufacturing and 3D printing, it is a very 

difficult task to build 3D circuits. The multi-material nature of 3D circuits and the fact 

that conductors which are made out of metal are present in 3D circuits, make the 

manufacturing process complicated. One of the obstacles in manufacturing multi-

material parts is the different in melting point of metal and non-metal parts. Printing 

metals on top of plastic substrates will cause the metallic parts to sink into the substrate 

and cause tolerance issues. 
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Another issue with printing electronics is the component embedding procedure. 

Embedding components requires multiple pauses in the middle of the printing process 

which again can cause tolerance issues. When the printing process stops, the printed 

layers make mechanical bonds with each other and solidify. This can lead to 

discontinuity between the layers that are already printed and the layers that are going 

to be printed after component embedding. 

Other issues can arise during the embedding procedure. Securing electrical 

components in their place is one of the issues. Several different approaches to 

component insertion have been used and the challenges were assessed. Fixing the 

components by creating cavities in the substrate in one of the approaches. This task can 

be easily performed for components with simple shapes such as cylinders and 

rectangles, but it becomes challenging when using abnormal inserts. It gets more 

difficult if the components are placed in arbitrary orientations.  

Due to the layer-based nature of 3D printing, achieving good electrical resistance 

is another issue in creating 3D circuits. This is more significant in printing vertical 

interconnects or vias since vias require more layers to be printed. The discontinuity 

between the layers creates more electrical resistance which is not desired. That being 

said, all the printed conductors require curing/sintering in order to obtain desirable 

conductivity. Material selection is also a challenge in building 3D circuits using 3D 

printing. Not all materials can be used by printers because of the manufacturing 

limitations.  
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4. DESIGN AUTOMATION TOOL FOR 3D CIRCUITS 

This chapter focuses on the developed automation tool by first formulating the problem, 

then explaining how the required information was obtained and finally by elaborating 

on the optimization process itself. The developed design automation tool uses a 

stochastic optimization method called Genetic Algorithm (GA) to search for the 

optimum solution in the design space. The Tessellation and Voxelization Geometry 

Library (TVGL) [31] and Object-Oriented Optimization Toolbox (OOOT) [32] were 

used to implement the GA and the optimization process. 

4.1. Problem Formulation 

The goal of the optimization process is to minimize the total length of interconnects by 

altering the position and orientation of electrical components within a container. Each 

component is represented by 6 design variables, three of them for identifying position 

and the rest for component orientation in space. The optimization tool takes into 

account the thermal constraints in order to prevent the components from overheating. 

The problem formulation including the design space, objective function, constraint and 

the design variable are discussed in detail in the following sections. 

4.1.1. Design Space 

The automation tool is designed to place the components inside a pre-defined container 

in the most optimum way to achieve minimum wire length resulting in minimum 

electrical resistance, while considering heat transfer and component to component 

overleap. The optimization algorithm uses the container bounding box as the design 

space. The bounding box volume is discretized to define the design space for the 

optimization algorithm. To explain more, the first three design variables are used to 

indicate position and are bounded to a minimum value of zero and a maximum value 

equal to the corresponding dimension of container’s bounding box. For example the 

design variable z is can have a value between 0 and the z dimension of the container 

bounding box. The step size for the discretized values representing component 
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positions, is set to 0.1. The rest of the design variables describe component orientations 

inside the container. The lower and upper bound for these variables are respectively set 

to 0 and 2π. The step size is considered to be 100.  

4.1.2. Objective Function and Constraints 

As mentioned earlier, the goal of the optimization process is to achieve the minimum 

wire length resulting in minimum electrical resistance. The process considers the 

presence of heat transfer conditions while trying to avoid any overlap between 

electrical components. 

The main objective function calculates the total wire length in the 3D circuit by 

summing the length of smaller interconnects (nets) that connect the component pins to 

each other. A net is the description of the connectivity of two or more interconnected 

components. All the nets combined together are called a netlist. 

In the optimization process, the interconnects are assumed to be straight lines when 

connecting the pins together, that means the wire lengths are obtained by simply 

calculating the direct line distances between pins. The position of the pins are extracted 

from the component footprints. These small wirelengths will be summed together and 

stored as net lengths, the total wire length is obtained by adding up the net length values 

as shown below. 

Equation 1 

    

The most important constraint considered in the component placement optimization 

algorithm is the heat transfer constraint. Electrical components inside a 3D circuit 

consume power and generate heat so placing them close to each other cause them to 

overheat. To sole this issue the optimization algorithm creates a balance between 

compact component arrangement and heat transfer. Every electrical component is 

assigned a critical temperature so if the current temperature surpasses that specific 

𝑓 = ∑𝑛𝑒𝑡𝑖         𝑛 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑡𝑠

𝑛

𝑖=1
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value in the optimization process, the constraint will be violated resulting in a not 

desirable solution. The equation below defines the heat transfer constraint.  

Equation 2 

  

As shown in the equation, temperatures higher that the critical temperature, violate 

the constraint. 

The next constraint is called the “component to container overlap” constraint. As 

stated earlier, the goal of the optimization algorithm is to find the minimum wire length 

while arranging all the components inside a predefined container. Components that are 

entirely or partially placed outside of the container in the optimization process violate 

the constraint. The equation used for this constraint, calculates the percentage of 

component volume located outside of the container as shown below. 

Equation 3 

𝑝overlap−container: 𝑔2 − 
∑ 𝑣𝑖

𝑛
𝑖

𝑉𝑐
= 0          

𝑣𝑖 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖 𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 

𝑉𝑐 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 

The “component to component overlap” is the final constraint in which the 

overlapping volume of the colliding components is calculated. This allows the 

optimization algorithm to place the components as close as possible while avoiding any 

collision between them. The constraint is shown in the following equation.  

Equation 4 

𝑝overlap−component: 𝑔3 − 
∑ 𝑣𝑖

𝑛
𝑖

∑ 𝑉𝑖
𝑛
𝑖

= 0            

𝑣𝑖 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑜𝑡ℎ𝑒𝑟 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 

𝑉𝑖 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖 

𝑝ℎ𝑜𝑡:  𝑔1 −  ∑(𝑇𝑖, 𝑚𝑎𝑥 − 𝑇𝑖, 𝑐𝑟𝑖𝑡)
2

𝑛

𝑖=1

= 0            𝑛 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠   
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Finally, the cost function including the main objective and the constraints is shown 

in negative null form as below. There are four components in the objective function 

and each one is multiplied by a coefficient to help balance the value orders and to 

evaluate design candidates more accurately. 

Equation 5 

 

4.1.3. Design Variables 

There are 6 different design variables for each component in the optimization 

algorithm. The first three variables are 𝑥, 𝑦, and 𝑧, representing component locations 

in a Cartesian coordinate system. The other three variables describe the component 

orientation in space. The variables are shown by 𝜃𝑥, 𝜃𝑦, and 𝜃𝑧 which represent rotation 

about the 𝑥, 𝑦, and 𝑧 axes respectively. Figure 2 shows an electrical component 

described by six design variables.  

 

Figure 2 - Design variables required to represent component location and orientation in space 

4.2. Information Retrieval 

To perform the optimization process, three pieces of information are required: Thermal 

Features, Electrical Footprints and 3D CAD models. In this section the process of 

extracting these pieces of information is explained. 

𝐹 − 𝑊1𝑓𝑟𝑜𝑢𝑡𝑒𝑠 − 𝑊2𝑝ℎ𝑜𝑡 − 𝑊3𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝−𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 − 𝑊4𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = 0  

𝑊4𝑝ℎ𝑜𝑡 = 0             
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4.2.1. Thermal Features 

The optimization process takes into account the heat transfer and thermal constraints. 

To do that, it is required to gather information about the amount of heat generated by 

each individual component and thermal conductivity of components and the container. 

The amount of heat generated by the components can be calculated using the their 

energy consumption which can be found in catalogs, conduction and convection 

coefficients can also be researched to find an appropriate value but since the focus of 

the optimization problem is to show the possibility of designing an optimum 3D 

structured with embedded electronics without component overheating, the thermal 

values are approximated and stored in a simple text file which can be imported into the 

automation tool in order to be used in the optimization process. Details about the 

selected thermal and their values are provided in Section 5 alongside the results. 

4.2.2. Electrical Component Footprints 

A footprint or land pattern is the arrangement of pads (for surface-mount components) 

or through-holes (for through-hole components) used to physically attach and 

electrically connect a component to a printed circuit board. In order to explain how 

footprints are used in this optimization process, some basic concepts and terminologies 

have to be explained first. The concepts will be explained in Autodesk EAGLE’s 

language since it was the main EDA tool used in this thesis project. 

As explained earlier, in the first stages of designing circuits, EDA tools (EAGLE 

in this case) are used. EDA tools represent electrical circuits with schematic diagrams 

where components and interconnects are defined using standardized symbolic 

representations. EAGLE stores the schematics as “sch” files. The sch file is XML based 

and contains information about component footprints. 

An electrical component can be described using a footprint and a schematic symbol. 

All the required information for the optimization process can be obtained from the 
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footprints. In the developed tool, component footprint and pin locations are extracted 

from the sch file. 

4.2.3. 3D CAD Models 

All the electrical components and the container are represented by 3D CAD models in 

the optimization tool. The models are saved in STL format, which is a “Standard 

Tessellation Language” supported by many software packages used to describe the 

models as triangulated surfaces. Each triangle has three vertices and all the vertices are 

connected to each other by edges.  

STL is only one of the formats used to represent tessellated 3D CAD models. These 

formats are widely used in the area of rapid prototyping and 3D printing. Three 

Dimensional Manufacturing Format (3MF) and Additive Manufacturing Format 

(AMF) are two other standards which include features like color, material and texture.  

In this optimization process, all the electrical components are assumed to be surface-

mount components. The choice of only choosing surface-mount components can be 

justified by couple of reasons. First, the optimization process requires information 

about component pin locations which can be obtained more easily from surface-mount 

component CAD models since in these components pins are located at the bottom and 

will be mounted on the PCB and soldered as opposed to through-hole components 

where the pins are placed into drilled holes on the PCB and soldered on the other side 

of the board. This means that extracting information about pin locations from surface-

mount components are easier and more beneficial. 

Secondly, one of the goals of this optimization process is to generate and design 

more compact electrical devices. Surface-mount components are smaller in size 

compared to through hole components. This allows for designing devices with higher 

component density. SMT also provides simpler and faster component placement and 

automated assembly. 

Finally the process of component placement in fabricating 3D circuits is easier 

when using surface-mount components. In the 3D printing process, electrical 
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components are placed on a substrate, since the conductive parts that connect the 

component pins to each other are also added by the printers, it is easier to have the pins 

on the substrate and not inside it (through hole technology). 

To obtain the component CAD models for a circuit, the circuit is designed in 

EAGLE, then it is transferred to an online tool developed by Autodesk named 

ECAD.IO. This online tool accepts files such sch and brd (ECAD file for representing 

the circuit board) as inputs and creates the corresponding PCB 3D model. 

The PCB model is exported and downloaded as a STL assembly file in the next 

step. The STL file contains all the electrical component 3D models. Next these models 

are extracted from the STL file and stored as separate STL files. Now that each 

component has its own 3D model, it can be used in the optimization process. 

4.3. Optimization Process 

4.3.1. Optimization Method 

Genetic Algorithm was selected as the optimization method for the component 

placement problem. Genetic algorithms represent one branch of a field of study called 

evolutionary computation [33], in that they imitate the biological processes of 

reproduction and natural selection to solve for the ‘fittest’ solutions [34]. Like in 

evolution, many of a genetic algorithm’s processes are random, however this 

optimization technique allows one to set the level of randomization and the level of 

control [34]. These algorithms are far more powerful and efficient than random search 

and exhaustive search algorithms [33], yet require no extra information about the given 

problem. This feature allows them to find solutions to problems that other optimization 

methods cannot handle due to a lack of continuity, derivatives, linearity, or other 

features. 

Since genetic algorithms are designed to simulate a biological process, much of the 

relevant terminology is borrowed from biology. The basic components common to 

almost all genetic algorithms are: 
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• a fitness function for optimization  

• a population of chromosomes  

• selection of which chromosomes will reproduce  

• crossover to produce next generation of chromosomes  

• random mutation of chromosomes in new generation 

The fitness function is the function that the algorithm is trying to optimize.  The 

fitness function for the component placement problem was shown in Equation 5. The 

fitness function tests and quantifies how ‘fit’ each potential solution is. The term 

chromosome refers to a numerical value or values that represent a candidate solution 

to the problem that the genetic algorithm is trying to solve. A chromosome in the 

component placement optimization is an array of all the design variables for the 

electrical components. It is up to the creator of the genetic algorithm to devise how to 

translate the sample space of candidate solutions into chromosomes. One approach is 

to convert each parameter value into a bit string (sequence of 1’s and 0’s), then 

concatenate the parameters end-to-end like genes in a DNA strand to create the 

chromosomes. 

The selection operator chooses some of the chromosomes for reproduction based 

on a probability distribution defined by the user. The fitter a chromosome is, the more 

likely it is to be selected. The crossover operator resembles the biological crossing over 

and recombination of chromosomes in cell meiosis. This operator swaps a subsequence 

of two of the chosen chromosomes to create two offspring. The mutation operator 

randomly flips individual bits in the new chromosomes (turning a 0 into a 1 and vice 

versa). 

Selection and crossover maintain the genetic information of fitter chromosomes, 

but these chromosomes are only fitter relative to the current generation. This can cause 

the algorithm to converge too quickly and lose “potentially useful genetic material (1’s 

or 0’s at particular locations)” [34]. In other words, the algorithm can get stuck at a 

local optimum before finding the global optimum [35]. The mutation operator helps 
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protect against this problem by maintaining diversity in the population, but it can also 

make the algorithm converge more slowly. 

4.3.2. Component Placement Procedure 

A genetic algorithm begins with a randomly chosen assortment of chromosomes, which 

serves as the first generation (initial population). Then each chromosome in the 

population is evaluated by the fitness function to test how well it solves the problem at 

hand. As mentioned earlier, the design space is discretized to produce a finite set of 

design candidates. Using the predefined design space, the algorithm starts by placing 

the components in random positions and orientations by setting the design variables to 

random values. The algorithm then proceeds by altering the design variables and testing 

them using the fitness function. Designs resulting in better fitness values (smaller 

values since this is a minimization problem) will be considered desirable and will be 

selected for the next generation. 

The fitness function is comprised of four components. The first component 

calculates the total wire length. The total wire length is the sum of multiple smaller 

wire sections each corresponding to a net. As stated earlier, the netlist is extracted from 

the schematic file. Each net includes the information about the pins that are connected 

to each other by a single interconnect. This information includes data for locations of 

the pins and their corresponding components. Total wirelength is calculated in the 

routing process which is explained in section 4.3.4. 

In the optimization process the algorithm places the components in different 

positions by altering the entire design variable set, the wire length for each net is 

calculated and summed up with other net length values resulting in a total netlist wire 

length. To move the components around in a 3D environment, a  homogeneous 

transformation matrix, T, is used.  

Equation 6 
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𝑇 = 

[
 
 
 
cos 𝜃𝑥 cos 𝜃𝑦

sin 𝜃𝑥 cos 𝜃𝑦

cos 𝜃𝑥 sin 𝜃𝑦 sin 𝜃𝑧 − sin 𝜃𝑥 cos 𝜃𝑧

sin 𝜃𝑥 sin 𝜃𝑦 sin 𝜃𝑧 + cos 𝜃𝑥 cos 𝜃𝑧

cos 𝜃𝑥 sin 𝜃𝑦 cos 𝜃𝑧 + sin 𝜃𝑥 sin 𝜃𝑧

sin 𝜃𝑥 sin 𝜃𝑦 cos 𝜃𝑧 − cos 𝜃𝑥 sin 𝜃𝑧

𝑥𝑡
𝑦𝑡

− sin 𝜃𝑦

0
                       

cos 𝜃𝑦 sin 𝜃𝑧

0
                                  

      cos 𝜃𝑦 cos 𝜃𝑧

0
  
                𝑧𝑡
                1 ]

 
 
 
 

T is a 4 by 4 matrix that performs the rotation given by 𝑅(𝜃𝑥 𝜃𝑦 𝜃𝑧), followed by a 

translation given by 𝑥𝑡 , 𝑦𝑡, 𝑧𝑡. The transformation process is performed in three steps. 

These steps are necessary since T rotates the 3D objects with respect to the origin but 

in the component placement optimizations, perturbations are made relative to 

components’ current position and orientation. The first step is translating the 

components to the origin, then in the second step, rotation is performed and finally in 

the third step, components are translated to their new locations. These three steps are 

shown below in a single equation. 

Equation 7 

[𝑇𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒_𝑛𝑒𝑤] [𝑇𝑟𝑜𝑡𝑎𝑡𝑒] [𝑇𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒_𝑜𝑟𝑖𝑔𝑖𝑛] {𝐷𝑜𝑙𝑑} =  {𝐷𝑛𝑒𝑤} 

𝐷𝑜𝑙𝑑 = {

𝑋𝑜𝑙𝑑

𝑌𝑜𝑙𝑑

𝑍𝑜𝑙𝑑

1

} 

𝐷𝑛𝑒𝑤 = {

𝑋𝑛𝑒𝑤

𝑌𝑛𝑒𝑤

𝑍𝑛𝑒𝑤

1

} 

𝐷𝑜𝑙𝑑 and 𝐷𝑛𝑒𝑤 include coordinates of vertices of the components. Transforming a 

component means that all the vertices that represent the CAD model of the component 

get transformed to a new location using translation and rotation as included in the 

equation above. 

As mentioned earlier, six different variables are used to describe components’ 

locations and orientations in the 3D container. The component placement process can 

be simplified further by assuming that components can only be placed horizontally. 

This assumption can be justified by the fact that in most of electronic devices, 
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components are mounted on a flat surface but at different heights. Considering the 

current manufacturing technologies for printing electronics and their limitations the 

most ideal way of placing electrical components and embedding them inside structures 

is by mounting them horizontally. The transformation matrix can be easily adjusted for 

this new placement process. Since there will not be any rotation about the x and y axes, 

these values can be set to constant value of zero. 

The second component in the fitness function is the “component to component” 

overlap constraint. The value for this constraint as explained before is calculated by 

Equation 4. The component overlap is recalculated every time components move in the 

optimization process to make sure they are not colliding. 

The component to container overlap is calculated in the third component of the 

fitness function. While moving the components around in various stages of the 

optimization process, if electrical components end up outside of the container, the 

fitness value will be penalized forcing the algorithm to choose better designs in which 

components are located within the container. 

The forth and the final component handles the thermal violations. The optimization 

algorithm tends to place the components close to each other in order to generate 

optimum solutions with minimum wire length. Although placing the components close 

to each other decreases the total wire length, it overheats the entire device. In each step 

in the optimization process, the components current temperatures are compared to their 

critical temperatures in order to identify overheating. Design candidates containing 

overheated components are considered undesirable forcing the algorithm to spread out 

the components. The procedure in which the component temperatures are calculated is 

explained in section 4.3.3. 

4.3.3. Thermal Analysis 

This section focuses on the most important constraint in the optimization process, heat 

transfer, which accounts for violations of critical temperatures and is included only 

when a component exceeds its critical temperature and adds a penalty term which is 
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equal to the sum of the squares of the maximum and critical temperatures differences 

as shown in Equation 1. The thermal analysis used for this thesis project is a simplified 

version of the developed model used in optimum 3-D placement of heat generating 

electronic components [3]. The thermal analysis is explained in this section but for 

more information, the reader is referred to Campbell et al. [3]. 

Several approximations have been made to create a workable thermal analysis for 

the component placement optimization algorithm. The heat transfer conditions are 

considered to be steady-state to eliminate costly calculations. Convection is not 

considered in the analysis except as a boundary condition. Within the system, only 

conduction is used as a means of transferring heat. 

The thermal analysis compares the components’ current temperature with their 

nominal critical temperatures. In order to calculate current temperatures of the 

components, the Resistance Network Method [3] is used to create a temperature field 

for the entire system. Temperatures at key points are determined by discretizing the 

design space into a series of rectangular elements. 

Several steps are involved in performing the thermal analysis using this technique. 

First, a grid of nodes is established. Initially the nodes are placed at the centers of 

components where the most heat production occurs and where the maximum 

temperatures are located. The nodes represent temperatures. After placing the initial 

nodes, additional nodes are introduced to the temperature field by constructing a Hanan 

grid. Hanan grid is constructed by introducing horizontal and vertical lines that pass 

through the initial nodes as shown below. 
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Figure 3 - Using resistance network method to calculate temperatures 

In the next step, the resistance between all adjacent nodes are calculated which are 

functions of the conductivities of components and of the container, as well as the 

distance between nodes. The resistances are then stored in a matrix, R, which is used 

to solve for the temperature of each node using the following equation. 

 

Equation 8 

[𝑅] {𝑇} =  {𝑄}  

Q contains the heat sources and the boundary conditions and T contains the 

temperature of all nodes. In the thermal analysis, the algorithm solves the matrix 

equation iteratively using the LU-Decomposition method [36]. 

4.3.4. Routing  

As mentioned earlier in section 2.3, the routing process determines the precise paths 

for nets to interconnect the pins on the electrical components. The most important 

objective of routing is to complete all the required connections; otherwise, the circuit 

would not function well and may even fail [20]. The other objective in the component 
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placement optimization process reducing the routing wirelength to reduce electrical 

resistance. 

The routing process in this thesis project in implemented within the component 

placement procedure, meaning that after rearranging the components in each step of 

the optimization process, routing is performed and the total wirelength is recalculated 

using the first component of the fitness function. In the routing process, the algorithm 

loops through all the nets one by one, extract information about the connecting pins 

and their corresponding components. 

Each net is comprised of smaller parts called net segments. Each net segment 

connects two pins together. The pins that are connected via a single net are also called 

terminals. The routing algorithm finds the shortest length for each net by calculating 

the wire lengths for different combinations of net segments. To simplify the routing 

problem and to reduce the computation time of the overall optimization process, the 

routes are considered to be direct lines, meaning the net segments connect the terminal 

to each other using only straight wires. By doing this, the wirelengths are easily 

determined by calculating the direct-line distance between connecting pins. Other 

assumptions for the routing process are that wires can overlap with each other and with 

the components. The process of calculating the wirelength of a single net is shown 

below. 
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Figure 4 - process of calculating the wirelength for a three-terminal net 

 

As shown above, the algorithm generates the net segment combinations required to 

connect all the components in a net and calculates their wire length. Then it uses the 

wire length values to sort the net segments in a descending order. Figure 4 demonstrates 

the process of calculating the net length for a net which has three terminals. In the 

process, initially three net segments are created and sorted by the algorithm. But to 

Comp1 

Comp2 

Comp3 
1 

2 

3 

Net segment 1 : (Comp1 – PIN2, Comp2 – PIN8) -> 100 

Net segment 2 : (Comp1 – PIN2, Comp3 – PIN5) -> 500 

Net segment 3 : (Comp2 – PIN8, Comp3 – PIN5) -> 300 

SORT 

Net segment 1 : (Comp1 – PIN2, Comp2 – PIN8) -> 100 

Net segment 3 : (Comp2 – PIN8, Comp3 – PIN5) -> 300 

Net segment 2 : (Comp1 – PIN2, Comp3 – PIN5) -> 500 

TRIM 

Net segment 1 : (Comp1 – PIN2, Comp2 – PIN8) -> 100 

Net segment 3 : (Comp2 – PIN8, Comp3 – PIN5) -> 300 
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connect three terminal using straight wires, only two net segments are required. The 

unnecessary wires are eliminated by the algorithm in a trimming procedure. The 

number of required net segments is determined by the algorithm as it constantly checks 

the components to determine if all are connected, that is when the routing process is 

terminated for the current net. 
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5. RESULTS 

In this chapter two sample 3D circuits which are generated by the automation tool are 

demonstrated. The optimization process is performed two times, once considering heat 

transfer conditions and the second time without considering heat transfer. This way the 

importance of thermal issues can be explained by showing the changes in component 

arrangement and component temperatures when heat transfer is present. 

The 3D circuits presented in this chapter are not actual replica of fully functional 

PCBs and are merely designed to showcase the feasibility of the design automation 

tool. Electrical components used in 3D circuits include two different models: a 555 

chip and a surface-mount LED. The netlists are generated manually and incorporated 

in the circuit schematic file meaning that the generated wire routing does not represent 

a real network of interconnects. 

The ambient temperature is set to 25 degrees of Celsius, container’s conductivity is 

0.002 W/m K and the convective heat transfer coefficient at boundaries is equal to 

0.005 W/m2 K in all three directions. Heat generation rates for the 555 chip and the 

LED are 0.54 and 0.15 W. Critical temperature and conductivity coefficient for the 555 

chip are set to 70.0 degrees of Celsius and 0.06407 W/m K. The corresponding values 

for the LED are 45.0 degrees of Celsius and 0.25 W/m K. 

Population size for the genetic algorithm is set to total number of design variables 

multiplied by 10. Maximum number of iterations is assigned to 15, although having 

only 15 generations may not result in the most optimum solution, it helps reduce the 

computation time, this value can be easily increased in enough time and computation 

power is available. The optimization process will stop when either of these two 

converging criteria happens:  

• No better candidate in found in 5 iterations (fitness value improvement less 

than 0.01) 

• Maximum number of iterations reaches 15. 
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5.1. First 3D Circuit  

The first sample is a circuit containing 5 electrical components including two 555 chips 

and 3 LEDs. The container is a 15*15*15 cube and the population size for the genetic 

algorithm is set to 300. The optimization starts by placing all the components at the 

origin on top of each other to initialize the process as shown below. 

 

Figure 5 – 3D circuit 1 - Component placement initialization 

In the first run of the optimization process, heat transfer conditions are not 

considered and the algorithm only minimizes the wire length while keeping all the 

components inside the container. The final layout design generated by the automation 

tool is demonstrated below. 
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Figure 6 - 3D circuit 1 - Optimum component layout 

To approximate the space that the components are allocating, an imaginary 

bounding box was created and its dimensions were calculated as shown in Table 2. This 

information will be used to compare the component layout when heat transfer is present 

to component placement when heat transfer is not present. 

Table 2 - 3D circuit 1 - Component locations and bounding box 

 Component location (mm) 

Components x y z 

1 -0.2    -3.6    -1.5    

2 -1.6    3 0.1     

3 0.1     3.2 2.5 

4 -1.8    5.1     -3.1    

5 -1     1.2     -2.2 

Components Bounding Box X = 1.9 Y = 8.7 Z = 6.9 

Bounding Box Volume (mm3) 92.568 

As shown in Figure 6, there is a small amount of overlap between one of the LEDs 

and the 555 chip. Discussion about this issue is provided at the end of this chapter. Wire 

routing generated by the automation tool is shown in Figure 7.   
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Figure 7 - 3D circuit 1 - wire routing 

Progress of wire length optimization is shown in Figure 8, the chart depicts a 

gradual decrease in the value for total wire length of the circuit.  

 

Figure 8 - 3D circuit 1 - Total wire length value minimization progress 

Figure 9 shows the behavior of the fitness function and how the objective value is 

decreasing as the genetic algorithm continues optimizing the component placement. 
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Figure 9 - 3D circuit 1 - Fitness function behavior 

 

 

 

 

 

 

Fitness function values are included in table Table 3. 

 

Table 3 - 3D circuit 1 - Fitness function values 

Generation Fitness 

1 9.151 

2 8.255 

3 8.255 

4 8.255 

5 6.482 

6 6.482 

7 6.482 

8 5.589 

9 5.589 

10 5.589 

11 5.589 
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12 6.137 

13 6.749 

14 6.361 

15 5.886 

 

The second run of the optimization considers heat transfer, the final component 

placement is shown in Figure 10. Routing is shown in Figure 11.  

 

Figure 10 - 3D circuit 1 - Optimum component placement from two views - heat transfer is present 

 

Figure 11 - Routing - heat transfer is present 

Components location and their bounding box for the optimal solution are shown 

in Table 4. 
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Table 4 - 3D circuit 1 - Component locations and bounding box - heat transfer present 

 Component location (mm)  

Components x y z 

1 -4.5 3.2 -2.5 

2 0.4 -2.3 1.7 

3 1 -6.2 4.4 

4 1.9 -4.1 1.6 

5 0.4 3.6 0 

Components Bounding Box X = 6.4 Y = 9.8 Z = 6.9 

Bounding Box Volume (mm3) 432.768 

Figure 12 and Figure 13 show the wire length and the total fitness values 

respectively. Fitness function values are included in Table 5. 

 

Figure 12 - 3D circuit 1 - Total wire length value minimization progress - heat transfer is present 
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Figure 13 - 3D circuit 1 - Fitness function behavior - heat transfer is present 

Table 5 - 3D circuit 1 - Fitness function values 

Generation Fitness 

1 7.479 

2 7.479 

3 7.479 

4 6.665 

5 4.3 

6 4.3 

7 4.3 

8 4.3 

9 4.116 

10 4.116 

11 4.116 

12 4.116 

13 4.023 

14 3.707 

15 3.477 

 

The effect of heat transfer on the optimum component placement is obvious by 

comparing the component bounding boxes. In the first run of the algorithm, the 

bounding box volume is calculated as 92.568, but in the second run the volume is 

432.768 which means components are placed further from each other when thermal 
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constraints are included to prevent device overheating. Component temperatures and 

their corresponding critical temperatures are shown in Table 6 to prove that the thermal 

constraint was not violated. 

Table 6 - 3D circuit 1 - Component current and critical temperature comparison 

Components Current temperature  Critical temperature 

1 32.111 70 

2 37.172 70 

3 29.051 45 

4 29.143 45 

5 34.574 45 

 

5.2. Second 3D Circuit 

The second sample is a 3D circuit containing 7 LEDs. The container is a sphere with a 

radius of 8. Population size is set to 420. Heat transfer conditions are not included in 

the first run of the optimization process. The generated results for optimum component 

layout and wire routing are presented in Figure 14 and Figure 15 respectively. 

 

Figure 14 - 3D circuit 2 - Optimum component layout 
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Figure 15 - 3D circuit 2 - Wire routing 

Components location and their bounding box for the optimal solution are shown 

in Table 7. 

Table 7 - 3D circuit 2 - Component locations and bounding box 

 Component location (mm)  

Components x y z 

1 -0.289   -3.595   0.224    

2 1.011 -3.195 5.024 

3 -0.689   1.805    4.624    

4 -0.789   -3.395   5.124    

5 0.011    1.005    0.524    

6 2.011    1.705    -0.976   

7 0.411 0.405 2.524 

Components Bounding Box X = 2.8 Y = 5.445 Z = 6.1 

Bounding Box Volume (mm3) 93.0006 

 

Figure 16 shows the total wire length values with respect to total number of function 

evaluations. 
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Figure 16 - 3D circuit 2 - Total wire length value minimization progress 

Figure 17 shows the decreasing behavior of the fitness function, values are included 

in Table 8. 

 

 

Figure 17 - 3D circuit 2 - Fitness function behavior 

 

Table 8 - 3D circuit 2 - Fitness function values 
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1 17.481 
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2 17.481 

3 17.481 

4 13.965 

5 8.667 

6 6.036 

7 6.036 

8 5.311 

9 4.966 

10 4.966 

11 4.186 

12 4.186 

13 4.186 

14 4.186 

15 4.186 

 

Second run of the optimization algorithm considers heat transfer, the generated 

optimum component layout is shown below. Wire routing is demonstrated in Figure 

19. In the generated optimal solution, two components overlap and violate the 

component to component constraint. The temperature for one of the components also 

exceeds its critical value as shown in Table 11. 

 

Figure 18 - 3D circuit 2 - Optimum component placement from two views - heat transfer is present 
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Figure 19 - 3D circuit 2 - Routing - heat transfer is present 

The comparison between bounding boxes of two optimization runs as demonstrated 

in Table 9, shows the effect of heat transfer conditions on component layout. The 

volume for the bounding box when heat transfer is present is 331.2 compared to 

93.0006 for when heat transfer is not present. The difference in these two values proves 

that the algorithm places the components further from each other to prevent 

overheating. 

 

Table 9 - 3D circuit 2 - Component locations and bounding box - heat transfer present 

 Component location (mm)  

Components x y z 

1 -0.589   3.005    -2.676   

2 0.011 4.605 0.124 

3 -4.289   3.905    -0.776   

4 -0.289   -1.695   -1.276   

5 1.511    -2.895   4.024    

6 2.111    2.705    -2.876   

7 0.111    3.805    -1.376   

Components Bounding Box X = 6.4 Y = 7.5 Z = 6.9 

Bounding Box Volume (mm3) 331.2 

 

The decreasing trend of wire length values in the optimization process is depicted 

in Figure 20. Fitness function behavior and values are shown in Error! Reference 

source not found. and Table 10. 
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Figure 20 - 3D circuit 2 - Total wire length value minimization progress - heat transfer is present 

 

 

Figure 21 - 3D circuit 2 - Fitness function behavior - heat transfer is present 

 

Table 10 - 3D circuit 2 - Fitness function values 

Generation Fitness 

1 18.793   

2 18.793   

3 18.793   

4 16.214   
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5 11.905   

6 10.556   

7 8.946    

8 5.369    

9 5.369    

10 5.369    

11 5.072    

12 4.597    

13 4.529    

14 4.427    

15 4.427    

 

 

Table 11 demonstrates that all components but one are within the desirable 

temperature range. 

Table 11 - 3D circuit 2 - Component current and critical temperature comparison 

Components Current temperature  Critical temperature 

1 41.174 45 

2 55.275 45 

3 40.129 45 

4 30.976 45 

5 31.274 45 

6 41.034 45 

7 34.540 45 

 

As shown in both of the generated 3D circuits, the solution provided by the 

optimization algorithm can have constraint violations and that is because of how these 

constraints are handled in GA. The most common method in GA to handle constraints 

is to use penalty functions as it was done in this thesis project. Adding penalty functions 

transforms the constrained problem to an unconstrained one.  

In classic optimization, two types of penalty functions are used: interior and exterior 

penalty functions. In GAs exterior penalty functions are used more than interior penalty 

functions. The main reason of this, there is no need to start with a feasible solution in 

exterior penalty functions. Because finding a feasible solution in many GAs problems 

is a NP- hard itself. The determination of the magnitude of the penalty term is a vital 
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concern. The penalty term cannot be too high or else the algorithm will be locked inside 

the feasible domain and cannot move towards the border with the infeasible area. Too 

low, the term will be irrelevant in regard to the objective function and the search will 

remain in the infeasible region [37]. An incorrect choice of the penalty factor may lead 

to a local feasible solution or an infeasible solution. 
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6. CONCLUSIONS 

In this thesis project possibilities of incorporating design automation in creating 3D 

circuits were explored and as a result a component placement optimization was 

developed which can arrange electrical components inside a pre-defined container 

while considering thermal constraints and component collision. The developed 

automation tool used 3D CAD models of actual electrical components to simulate a 

more accurate optimization process. It is worth mentioning that even in current EDA 

tools, electrical components are represented by simple 2D polygons in the component 

placement and routing optimization and only for the final 3D model of the circuit CAD 

models of components are considered. The component placement procedure includes a 

routing process in which component footprints were used to locate pin locations. These 

footprints were extracted from real schematic files which are supported by commercial 

EDA software such as EAGLE. Circuit netlists were also obtained from schematic files. 

The design space of the component placement problem has so many local minima 

and the design space is bumpy. A stochastic optimization methods (GA) was used to 

address this issue. The optimization process was run multiple times to ensure its 

consistency. The charts and figures mentioned in the result section prove that the 

algorithm in successful in minimizing total wire length while considering multiple 

constraints. These constraints are implemented in a way to penalize the undesirable 

solutions by creating a balance between different components of the main fitness 

function. That means that it is possible that the generated results although being 

optimum solutions, could contain some small constraint violations.  

The developed automation tool used triangulated 3D models of components to 

calculate collisions. In this method, the overlapping volumes are calculated by creating 

the convex hulls of collided regions. This approach approximates the volume and does 

not generate exact values. The incorporated heat transfer analysis uses the container 

bounding box to create the temperature field which could result in approximated values 

for the temperatures. Wire length calculation in the routing process was also 

approximated assuming wire segments are all straight lines. Assuming wires to be 
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straight line can also be justified by the fact that even current EDA tools perform the 

routing optimization process this way. The user can alter the wires manually.    

Various challenges and obstacles exist in designing 3D circuits. From 

manufacturing limitations to lack of software automation tools. As mentioned earlier 

the final goal of design automation for 3D circuits is to create a unified platform in 

which software and hardware operate together to produce fully functional 3D 

electronics. Although this thesis project established a groundwork for automated 3D 

circuit design, it utilized current tools such as CAD modeling and EDA software. The 

input and the required material for the developed tool are easily obtained using these 

commercial CAD and EDA tools. This allows further development to be easily build 

upon the current tool. Possible ideas for future work and areas of improvement are 

discussed in the chapter.  

 

 

 

 

 

 

 

 

 

7. FUTURE WORK 

The routing process incorporated in the developed component placement optimization 

process in this thesis project only considered direct line wires. This assumption was 

made to decrease computation time. Realistic routing problems are far more 

sophisticated and require more complex algorithm since the minimum wire length 

cannot be calculated using straight wires. One of the current methods is using Minimum 

Steiner Trees (MST) by establishing a Hanan grid for the net terminals. This is shown 



53 

 

 

below. The reader id referred to [38] for more information about rectilinear Steiner 

trees. 

 

Figure 22 - Using Hanan grid (left) and Rectilinear Steiner Tree (right) for routing [39] 

 

The thermal analysis used in the developed tool was limited steady-state conditions. 

The temperature filed was bounded to the container bounding box which might not 

accurate for more complex containers. For future work, a more complicated thermal 

analysis algorithm can be developed which is capable of considering transient heat 

transfer conditions. Introducing air channels to the 3D circuit can help with the cooling, 

a more sophisticated thermal analysis algorithm can take into account these new air 

channels and their heat transfer conditions.  

Thermal vias is another good addition to 3D circuits. These vias are already used 

in regular PCBs but in order to incorporate that into design automation for 3D circuits, 

the components placement process should be upgraded to utilize these new components 

and place them inside the circuit 3D structure. The heat transfer algorithm should also 

consider the effect of thermal vias since the main goal of embedding them in 3D circuits 

is to cool down the structure. 
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Figure 23 - Use of thermal vias in a PCB [40] 

Topology optimization which is an optimization technique that iteratively improves 

the material layout within a given design space, for a given set of loads and boundary 

conditions can also be added to the design automation tool. As component placement 

and routing processes continue, various components with different structures and 

materials are added to the 3D circuit. This changes the overall material distribution 

resulting in different structural integrity. In order to design robust and strong structures 

which can function under heavy loads and tough environmental situations, topology 

optimization can be used to redistribute the material layout and create desirable 3D 

structures as shown below. 

 

Figure 24 - Using topology optimization to produce more robust 3D circuit structures [41] 

Signal integrity is one criterion that can be considered in designing 3D circuits. 

Sometimes in circuits, it is required for two signals two arrive at a specific terminal at 
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the same time. This means that the routing process is not only based on electrical 

resistance. Concepts like circuit frequency or signal propagation speed should also be 

included in the design automation tool in future developments.  

Creating a manufacturing file format specifically for structures with embedded 

electronics can also be considered for future work. Current manufacturing formats only 

support passive structures. A format such as 3MF is XML based and extensible so it 

can be easily improved to include embedding electronic devices. The improved file can 

contain information about component footprint, pin locations or even 3D printing 

instructions. Such a format can be the output of an improved design automation tool in 

the future.   
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