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PREFACE 

Manufacturing industries are constantly trying to cut down their cost by designing 

cost-effective items and structure, while at the same time maintaining the 

functionality. Topology optimization is the branch of structural optimization that 

optimizes the layout of a specified amount of material in a selected design domain, 

for a given set of loads and boundary conditions, this is a proven guideline for 

designers to achieve their goals. The field of topology optimization is an emerging 

field in the design community and only recently is being incorporated in design 

software.  

The initial developments of Topology Optimization were considered based 

on conventional manufacturing methods which had a major constraint over 

producing intricate shapes. However, the emergence of additive manufacturing 

(AM) technology has enabled the use of topology optimization to a greater extent 

today due to the feasibility of producing parts without geometric limitations.  AM 

has been an International phenomenon for designers and manufacturing for the past 

few years and is actively making a positive difference in the way prototyping and 

sampling are made. Its easiness for making any complex shapes, lower 

manufacturing cost, fewer wastes are some of the few features that helped it gain 

its popularity in the present world. It is due to this reason; topology optimized 

product manufacturing has never been easier. Realization of topology optimization 

through AM provides full design freedom for the design engineers.  

In this thesis, the focus is provided for modifying the design of an existing 

industrial product via topology optimization. The new product design is subjected 

to some simulations to estimate the product’s strength and safety before being 

manufactured using additive manufacturing technology. In addition, cost analysis 

is presented as a way to quantify the benefits from the optimized design. 
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ABSTRACT 

 

Additive manufacturing (AM) is acquiring a lot of importance in the manufacturing 

field. It makes the whole manufacturing process easier and effectively brings down 

the manufacturing cost compared to the traditional methods. It also provides the 

manufacturer with the freedom of customization according to each customer. In 

addition, the implementation of Topology Design Optimization helps in further 

reduction of costs by reducing the material consumption and energy needed to 

manufacture the product. 

In this thesis, products of TylöHelo AB, a leading manufacturer of sauna 

and steam are studied and optimized. TylöHelo products are manufactured using 

injection molding methods, in this process, molds are prepared initially, and later 

molten plastics are shaped using these molds. Molds are expensive and hard to 

manufacture too. In these types of techniques, the rate of manufacturing is high, but 

customization is very hard for each new type of design. A new mold has to be 

printed for each new design. Due to the high cost of mold designing and 

manufacturing, customization is very rarely seen. 

In this thesis, a certain product of TylöHelo sauna assembly is selected and 

redesigned using Topology Optimization to achieve both reduced manufacturing 

cost and good mechanical properties without compromising on the functional 

behavior. Solid mechanics simulation is performed to assess the mechanical 

properties of the part optimized and is compared to the original part. Furthermore, 

Fused Deposition Modeling (FDM), an extrusion-based AM, is used for fabricating 

the part and then implemented in the assembly of the sauna room. Finally, a detailed 

cost analysis is presented to provide an estimation of savings incurred for the 

company.  

This thesis identified two new topology optimized design based on manual 

methods and using the software. The results show that the new designs had nearly 

58 to 67% cost reduction compared to the original 3D printed design and 64-69% 

reduction in mass of the product. This also means that the 3D printed topology 

optimized part can match the prices set by the injection molding. However, the 3D 

printed part quality and high-volume production can still be a challenge. This thesis 

also provides a guideline for the redesign manufactures, trying to incorporate 

Additive manufacturing in their production line. 
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1 INTRODUCTION                                                         

In this section, a brief introduction of this thesis is presented by presenting the 

project background, aim, addressing the existing problems and limitations of 

current research. This is a design research project focused mainly on redesigning 

the existing component of TylöHelo1 company with a focus on reducing the product 

cost and providing an opportunity for in-house manufacturing.  

 

1.1 Background 

This thesis is a part of DiSAM - Digitalization of Supply Chain in Swedish Additive 

Manufacturing where the focus is on implementation of Additive Manufacturing 

(AM) technology into the supply chain of the industry. This on-going project is in 

collaboration with Halmstad University and TylöHelo. The first phase of the project 

involves in studying the current design of the products for the stresses and load that 

are acted upon it to establish the boundary conditions for Topology Optimization. 

The second phase involves in Additive manufacturing the topology optimized 

product with the focus of reducing the material usage, reduction of cost and printing 

time. Both theoretical and experimental validation is conducted to ensure the 

optimized product is safe to use. Later the project focuses on implementation in the 

industry for the production and contributes towards providing the guidelines to the 

manufacturers. 

TylöHelo, a Nordic sauna company, specializing in creating traditional 

sauna, Infrared and wellness experiences for a modern lifestyle. TylöHelo is the 

world’s leading sauna and steam manufacturer. The heaters, saunas, steam 

generators and steam baths are some of the end-products manufactured at the 

company [1]. The reason for the company to initiate this project is to provide 

customized sauna room designs for its customers. The company’s primary focus 

was to utilize the AM technology to produce sauna products as per the customer 

requirement.   

AM can produce parts without any geometrical limitations, hence, it is 

important to utilize this advantage to make design changes to get lighter and durable 

components. For this purpose, Topology optimization is employed, which is a 

mathematical method that optimizes material layout within a given design space, 

for a given set of loads, boundary conditions and constraints with the goal of 

maximizing the performance of the system. Often topology optimized product has 

complex geometries which can be difficult to produce using conventional 

manufacturing methods. With the emergence of AM the difficulty in manufacturing 

complex shapes has drastically reduced. However, one of the most challenges with 

AM is its consistency, repeatability and producing products with high geometrical 

tolerances and precision [2]. It is often required to use a subsequent step to finish 

the product for industrial use [3]. With recent advancements in AM technology, 

these problems have been reduced and can be used directly as end-product. Among 

the several AM techniques, the most commonly used extrusion-based method is 

Fused Deposition Modelling (FDM). This polymer technique is utilized in this 

 
1 TylöHelo AB: www.tylohelo.com  
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research to produce the products for the company. Several materials with different 

grades and quality and plenty of FDM printers with wide price range are available 

in the market. In this project, a simple FDM printer namely Dreamer by Flashforge2 

and Zortrax3 are utilized for fabrication and material used acrylonitrile-butadiene-

styrene (ABS). All the experiments are carried out at Halmstad University, 

FABLAB4 provides a wonderful platform for the students to work with this AM 

technology. Design optimizations are conducted using Altair’s Inspire5 software 

present in the computer lab facility at the University. It must be noted that this 

project does not concentrate on the product quality but solely focuses on 

redesigning the existing product to achieve the goal of maintaining the product 

functionality with a reduction in manufacturing costs.  

 

1.2 Aim of the study 

The current focus of this thesis is on topology design optimization for achieving 

both good mechanical properties without compromise on the functional behavior 

and reduced costs of the parts (due to reduction in the material usage) produced.  

Tasks involved in this project: 

• To perform topology optimization of a TylöHelo product using Altair’s 

Inspire software.  

• To develop two test designs, one design using topology optimization in 

software and one by manual methods (alternative method).  

• Perform simulations on topology optimized design (stress/failure analysis 

in Inspire) and compare it to the original design.   

• Finally, perform cost analysis using a simple model and estimate the cost 

reduction compared to the original 3D printed product.  
 

1.2.1 Problem definition 

TylöHelo produces certain mating components using Aluminum material and other 

small brackets using injection molding for the sauna room. The former product 

involves high machining costs as milling operation is used to finish the aluminum 

product. The latter, the injection molding process can be inexpensive if there is a 

standard product in use which requires a one-time investment on the molds and can 

be used repeatedly for mass production. However, for every new product design, 

there are significantly high investments on the molds which can be a huge burden 

for the company. Moreover, the company outsources all the small sauna assembly 

products which can be very expensive. It is due to this reason; this project was 

initiated with the focus on using AM for fabricating customized products. AM 

compliments the conventional manufacturing as it can be used for mass 

customization and injection molding can be utilized for mass production. The costs 

 
2 Flashforge: www.flashforge.com  
3 Zortrax: www.zortrax.com  
4 FABLAB: www.hh.se/english/collaboration/collaboration-arenas/fab-lab.html 
5 Altair: www.altair.com/topology-optimization/ 
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involved in AM can be further be reduced by implementing the topology optimized 

designs by reducing the material utilization, manufacturing time, material wastages 

and energy consumption. Importantly, this provides the company to have an in-

house additive manufacturing facility to produce desired products, thus, reducing 

the burden of outsourcing the products. 

 

1.3 Limitations 

The research presented in this paper is mainly based on the selected material, 

process and the utilized FDM printer. The strength of the part is determined by the 

use of material, and it varies widely. For instance, the material acrylonitrile-

butadiene-styrene (ABS) is used and it varies largely in mechanical properties with 

respect to other materials such as PLA, Nylon, Carbon fibre etc [4, 5]. Also, the 

FDM printers can vary largely with quality of the product obtained, a wide range 

of FDM printers are available from the very sophisticated to a simple desktop 

printer. Flashforge finder and Zortrax printers were used for printing ABS material 

due to the availability of these printers in FABLAB Halmstad University. 

Nonetheless, the simulation results could still provide results close to the real 

scenario. Hence in this thesis, solid mechanics simulation is performed on topology 

optimized product and it is compared to the original part.  

 

1.4 Study Environment 

This thesis was performed within the walls of Halmstad University. The Topology 

optimization and simulation was carried out in the computer labs and the 

manufacturing took place in Halmstad University FABLAB. University library 

provided a plethora of research articles, books and other literature required for this 

project.  

 

2 MATERIALS AND METHODS 

In this section, the research methodology is presented to explain the workflow 

inculcated in this research study. Different types of methods used to achieve the 

goal of this thesis are documented. In addition, the materials and equipment used, 

and the technical specifications are briefed in this section.  

 

2.1 Material and manufacturing equipment description 

TylöHelo produces a variety of sauna rooms ranging from the very simplest to 

sophisticated designs as per the customer requirements [1]. Among the several 

variants, the ready-made sauna rooms are the quickest and the easiest to assemble 

and this is considered as a case study in this research. Figure 1a displays one type 

of ready-made sauna room and figure 1b is the selected corner knot considered for 

this study. Detailed CAD model and injection molded part is presented in figure 2, 

this product is made from Nylon or Polyamide (PA-11) material and produced from 

the injection molding manufacturing process. The corner knot is used to join the 

aluminum frames to build the chassis of the sauna room as shown in figure 1b. The 

injection molding settings were kept confidential by the company.  
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 The original corner knot design and also the topology optimized design are 

3D printed using Acrylonitrile butadiene styrene (ABS) material. Flashforge 

Dreamer and Zortrax printers were used for this purpose (see figure 3). The 

selection of material and printers were mainly due to its availability in FABLAB, 

Halmstad.  

   

 
Figure 1. (a) Ready-made sauna room (b) Selected TylöHelo corner knot in the sauna assembly 

   

 
Figure 2. TylöHelo corner knot (a) CAD model (b) Injection-molded part. 

 
Figure 3. FDM printers used to print Corner knot using ABS material (a) Flashforge Dreamer and 

(b) Zortrax. 

Figure 4 displays the 3D printed corner knot using Flashforge Dreamer using the 

following print settings. The layer thickness was maintained at 0.1mm, Nozzle 
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temperature at 235°C, Bed Temperature was kept at 100°C. Infill settings consisted 

of 30% interior material density and hexagonal pattern of infill layer deposition. 

Top and bottom surfaces consisted of 4 solid material layers.  

Zortrax printer can also be used to print the part which had a similar 

temperature and layer thickness as Dreamer. However, it consisted of some settings 

that did not have a numerical value, for instance, infill settings were termed as low, 

medium and high and print quality as normal and high. 

 

 
Figure 4. TylöHelo’s corner knot 3D printed in ABS using Dreamer. 

 

2.2 Alternate Design Method 

In this thesis, importance is given to the reduction in the material of the component 

to cut down manufacturing and material costs. Topology optimization method 

enables this process; however, it is not the only way to re-design the product. In this 

section, manual re-design is selected as an alternative design method to alter the 

existing design of the corner knot to meet the goal. Design-based research is utilized 

for this purpose.  

Design-based research (DBR) is a research methodology which is used by 

many researchers to generate potential solutions to the problems and then these 

solutions are tested for their workability. A number of iterations can be generated 

which can then be adapted and re-tested to find the best possible solution. Often the 

results are obtained by performing iterative comparisons [6]. DBR consists of 4 

main steps as shown in figure 5.  

 
Figure 5. Design-based Research Methodology. 

 

This is done by carefully examining the product’s application and 

determining the possible loads and stresses acting on the chosen part. In addition, 

 
 

Refinement 
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discussion with the design experts both in the TylöHelo and Halmstad University 

is conducted to brainstorm the possible designs. Trial and error methods are 

employed to test the best possible outcome and the selected design is subjected to 

failure analysis in the software and compared to the original design. The results of 

manual designing are explained in detail in the results section.  

 

2.3 Chosen methodology for the thesis   

Figure 6 represents the workflow followed in this thesis for Topology optimization 

using the software. For this study, a quantitative methodology has been chosen and 

conclusions are based on the relation between the mechanical features and test 

conducted on the inspire software. The step by step roadmap of this project is 

explained in the following stages. 

 
Figure 6. Chosen methodology 

 

Step 1: Initial step involves in identifying the boundary conditions of the corner 

knot by analysis the parts that the product is in contact with during the assembly 

and assessing the potential loads and supports for this product. Once the boundary 

conditions are established, then the CAD model of the corner knot is imported into 

the Inspire software and the boundary conditions are applied to the product. Before 

executing the topology optimization, the original model is analyzed for the 

established boundary conditions to benchmark the mechanical properties of the 
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part. These properties act as a reference to which the topology optimized design 

must comply.  

Step 2: The next step involves in topology optimization. In this step, the original 

part is subjected to simulation to minimize the mass of the product. A detailed step 

by step procedure of topology optimization in Inspire is explained in section 2.4. 

Step 3: Topology optimized design is subjected to solid mechanics simulation to 

understand the mechanical properties of this new design. If the newly designed part 

is on par with the benchmarked properties, then the topology optimized design is 

considered appropriate. If it fails then, the design is re-optimized to arrive at the 

best design.  

Step 4: This step involves fabricating the topology optimized corner knot using 

FDM technique. A detailed cost analysis is provided to indicate the benefits of 

topology design optimization.  

2.4 Topology Optimization in Inspire  

This section describes the steps involved in topology design optimization to achieve 

the desired design in Altair’s Inspire software.  

 

i. Importing existing design 

Inspire software can be used for both design and analysis, however, in this project, 

the company provided the designed CAD models to work with. The corner knot 

CAD model was designed by the company in CATIA design software and was 

saved with an extension of CATpart. This part file was then imported to the Inspire 

software. This file format works especially for carrying out the topology 

optimization and other solid mechanics simulation. Figure 7 shows the corner knot 

model in .CATpart format imported into the Inspire software platform. 

 
Figure 7. Inspire software using the original model. 

 

ii. Material selection and partitioning  

Once the model is imported, the next step is to define the material. The software 

consists of several materials in its database. Figure 8 shows the list of materials that 

are present in the software which can be chosen for the imported CAD model. In 
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this thesis due to the availability in FABLAB, the material ABS was chosen. Thus, 

by doing so, the selected material properties will be applied to the model.  

 

 
Figure 8. Assigning material for the imported CAD model. 

 

The next step involves partitioning the model into design space and non-design 

space. Figure 9 displays the partitioned corner knot with the colored region being 

the design space and grey region is the non-design space. In topology optimization, 

the design space refers to the part where the material will be removed to optimize 

the model as per the given boundary conditions. The loads and supports are always 

added to the non-design space.  
 

 
Figure 9. Partitioned model for topology optimization. 

 

Partitioning is necessary to define the parts of the model that must be retained 

without any modifications.  
 

iii. Applying boundary conditions 

The application of the corner knot is scrutinized and it was understood that this 

product acts just as a connecting device to lock the aluminium frames in place (see 
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figure 1) with negligible forces acting on sides of the walls during assembly. 

Despite this scenario, the product was still applied with 10 kgs of force to be sure 

that it does not break during assembly. Figure 10 represents the application of loads 

and supports for this product. It can be noticed that all the boundary conditions are 

applied to the non-design space.  

 

 
Figure 10. Boundary conditions applied to the non-design space of the corner knot model. 

 

iv. Defining the manufacturing process 

For topology optimization to take place efficiently it is important to define the 

manufacturing process so that it takes into account the factors that affect product 

during its manufacturing. For instance, in AM, overhang constraint is a type of 

shape control used to define the manufacturing process. This overhang feature 

while optimizing the design takes into account to eliminate overhang features and 

create a more self-supporting structure. Figure 10 displays the overhang features 

applied to the model and the build orientation is defined as shown by the blue plane.  

 

v. Topology optimization 

Once all the boundary conditions and shape controls are established the next step is 

to perform the topology optimization. In this project, the importance is given to 

minimise the mass, and force due to gravity is neglected. Figure 11 shows the 

optimization window, where the required minimum constraint thickness and factor 

of safety can be defined. Figure 12a represents the optimized design. The obtained 

design is further refined by applying the PolyNURB function. This function allows 
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to draw a free-form solid geometry that is smooth and continuous. Figure 12b shows 

how the final optimized design looks.  

 

 
Figure 11. Topology optimization in Inspire 

 

 
Figure 12. Topology optimized design (a) before and (b) after applying PolyNURBS. 

 

2.5 Measurement Methods 

Both the topology optimized design and the original model are tested for 

mechanical strength using the inspire software. Figure 13 shows the analysis to 

understand the behavior of the component under the influence of loads. It is 

necessary to benchmark these properties so that the new optimized design qualifies 

the limit set by the original model. Figure 13 also shows the color scale with blue 

corresponding to a high factor of safety and red to a very low safety. It can be 

understood that the current design can be considered reliable as the load of 100N 

can be withstood by the part due to a high factor of safety. Similar to the factor of 

safety there are several other mechanical properties that can be used for analysis 

(see appendix). For simplicity, the factor of safety is used to understand the 

behavior of the object under load. 
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Figure 13. Solid mechanics simulation of corner knot analyzing the factor of safety in Inspire. 

 

Mechanical Displacement: The parts are tested for the amount of displacement the 

body undergoes in a particular direction. For the test point, masses are used at the 

load applying on that body. 

Percent of yield: It is the ratio between the actual yield to the theoretical yield. 

Factor of safety: The ratio of the ultimate strength of a member or piece of material 

to the actual working stress or the maximum permissible stress when in use 

Major Principal stress: The maximum value of normal stress is known as major 

principal stress and the minimum value of normal stress is known as minor principal 

stress. 

Tension / compression: It is a destructive test that provides information about the 

tensile strength yield strength and ductility of the product, and the amount of load 

that can be applied to the product without fail. 

Maximum shear stress: Gives the maximum concentrated sheer force in a small 

area. 

Von Mises stresses: Gives the values that determine if the given material will yield 

or fracture. 

Minor principal stress: The minimum value of normal stress acting on the body is 

known as minor principal stress. 

 

3 THEORY 

In this section, a detailed literature review is presented on the manufacturing 

systems, materials, topology optimization and cost analysis. 

  

3.1 State-of-the-art in manufacturing 

3.1.1 Injection Moulding 

The current technology used by the vendor’s company is Injection molding. It is 

one of the most commonly used manufacturing techniques for the fabrication of 

plastic parts. This type of process requires injection molding machine, raw plastic 

material, and mold. The plastic is melted and injected into the mold, where it is 
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cooled and solidifies to form the final part. The process is very short, typically 

between 2 seconds and 2 minutes, and consists of the following four stages. 

Clamping: The molds are prepared and clamped together and securely closed by 

the clamping unit. The time required to close, and clamp depends on the size of the 

machine. 

Injection: The raw plastic in the form of the pellets are fed to the molding machines, 

during this process the material is melted under high pressure and temperature. This 

molted material is injected into molds followed by applying high pressure.   

Cooling: The hot molten material is allowed to cool inside the molds and the 

material slowly settles on the surface of the molds. During this process, the material 

solidifies and slowly take up the shape of the mold. 

Ejection: Once the molds have cooled, inside the molds the shaped materials are 

ready to be ejected from the molds. Sufficient pressure and force have to be applied 

to extract material from their molds. Normally the mold release agents are used to 

ease the job. 

Materials in the channels of the molds will solidify and gets attached to the 

part, after ejection, these materials must be removed. This process usually involved 

an additional step to remove the extra materials adhered to the main part during the 

process and it is removed with the help of cutters. In the case of thermoplastics, the 

waste materials can be reused and thereby reduce the wastage. However, the 

material loses its physical properties and due to this reason, the thermoplastics have 

to be processed before using it again. [7] 

 
Figure 14. Injection molding process 

 

3.1.2 Additive Manufacturing 

Additive manufacturing is a method of manufacturing complex structures by 

forming layer by layer deposits of additive materials and finally forming a 3D object 

[2]. The number of materials is used to manufacture products such as polylactic 

acid (PLA), Acrylonitrile butadiene styrene (ABS), etc. It is capable of printing 

complex designs and shapes that were earlier hard to achieve. This technology was 

created for the engineer to prototype their ideas, but right now this is new 

technology is so popular that it is even utilized for mass production. Cost and time 

reduction for prototyping are some of the most attractive characteristics of additive 

manufacturing. Experts from all the sectors are benefiting from this technology, 
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medical field, manufacturing field, engineering field everywhere AM have acquired 

its place. At present, it is not only prototyping but even finished products can be 

manufactured using prototyping. Additive manufacturing does not require any kind 

of special tooling or equipment, instead, it is directly formed from 3D models 

created through CATIA Software. CATIA 3D models are converted into layers and 

manufacturing equipment uses the geometric data to build each layer sequentially 

until the part is complete. Additive manufacturing offers several advantages such 

as: 

Speed: additive manufacturing is processed is performed much faster compared to 

the conventional manufacturing process. The fabrication of a single part may take 

only a few hours or days compared to conventional techniques. 

Part complexity: complex surfaces and internal features can be created directly 

when building the part. Also, the complexity of the parts does not affect the 

manufacturing time of the product. Compared to the previous methods, a major 

portion of the time has to be spent on designing and making the molds in case of 

the conventional methods of injection molding. 

Material type: a wide variety of materials can be used, for this kind of 

manufacturing such as plastic, metals, ceramics, and composites. Furthermore, it is 

even possible to manufacture products with multiple materials. 

Low volume production: compared to other types of production, where profitability 

can be achieved in large production, whereas in the case of additive manufacturing 

process it allows us to keep up with low volume manufacturing.[8] 

Additive manufacturing is classified by the type of materials used. 

1. Liquid-based process: In these types of additive manufacturing 

photocurable polymer resins are used from different sections to form each 

layer the most commonly used process is Stereolithography (SLA). The 

stereolithographic method is the most widely used in the case of liquid-

based processing. In this type of process, good accuracy and good surface 

finish compared to molded parts. However, they may suffer in the region of 

mechanical properties. They tend to produce parts with less mechanical 

strength and tend to weaken in the future. Other types of liquid-based 

processes are also available such as jetted photopolymer and inkjet printing, 

which uses single or multi-jet printers. 

2. Powder-based processes - in this type of process, a selected region of the 

powder is material is melted or sintered from each part of the layer. The 

most commonly used type of powder-based process is Selective laser 

printing (SLS). Other types of powder-based processes are Direct Metal 

Laser Sintering (DMLS) and Three Dimensional Printing (3DP). 

3. Solid-based processes - different types of materials can be used to 

manufacture materials in solid-based processes.in this type of process 

according to the material they process to build different layers of the parts 

that are different. Most commonly used process is sheet-staking methods.in 

this type of process, a very thin sheet of material is laid on top of one another 



14 
 

and is later separated. Laminated Object Manufacturing (LOM) are some of 

the other types of methods used, in this type of process, a very thin sheet of 

paper designed and fabricated one over the other are used to manufacture 

each part. 

 
Figure 15. Classification of Additive Manufacturing process [9]. 

The most commonly used types of solid-based processes are Fused 

Deposition Modeling. This is the most commonly used by manufacturers 

and engineers, owing to its user-friendly working principles that provide 

functional prototypes in various thermoplastics [9].  

Fused Deposition Modelling  

In this thesis, Fused Deposition molding will be more concentrated, and this method 

is utilized for the fabrication of the products for the company.  

Fused deposition molds are a method of forming layer by layer deposits of 

additive materials and finally forming a 3D object. In these methods, the commonly 

used build materials are polylactic acid (PLA), acrylonitrile butadiene styrene 

(ABS) and nylon 6. These build materials are chosen based on the requirements. 

The material flow rates are controlled using drive wheels as shown in fig 

16. These wheels maintain the rate at which the materials flow through the extrusion 

nozzle. After being pushed by the roller the material is passed to the liquefier, where 

the material is molted under high pressure and temperature, the pressure of the 

liquefier is controlled by the drive wheels. Once the material is in a molten state, 

the build material is pushed through the nozzle carefully to form a thin layer of 

material. This process is continued until the whole 3D object is created. [8] 
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Figure 16. Fused Deposition Modelling process. 

 

The specification of the printer used for this thesis are specified below in table 1. 
 

Table 1. Specification of 3D printers. 

Name of Printer Dreamer Zortrax M200 

Material Type: ABS, PLA, HIPS, 

PVA, etc 

z-Filament Series (z-ABS , Z- 

ULTRAT , Z-HIPS , Z-GLASS) 

Build Volume: Length x 

Width x Height 

230 x 150 x 140 mm 200 x 200 x 180 mm 

Layer Resolution: 100~500 μm Standard: 90 - 390 μm 

Positioning Precision: X&Y 11 μm 1.5 micrometer 

Positioning precision: Z 2.5 μm Z-axis single step: 1.25 

micrometer 

Filament Diameter 1.75 mm 1.75 mm 

Nozzle Diameter 0.4 mm 0.4 mm 

Extruder Quantity two one 

Extruder max(temp/range) 250° C 290° C 

Heated platform Yes Yes 

Platform max temp 105° C (Max.) 105° C 

File type .STL, .OBJ .STL, .OBJ, .DXF, .3MF 
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3.2 Topology Optimization 

Topology optimization is a mathematical approach that optimizes a material 

structure to satisfy a given set of design requirements [10]. These methods help in 

reducing the amount of material used in final products and according to the stress 

and loads acting on any particular part and remove the unwanted material. This 

method also helps us in making lighter and stronger parts compared to the earlier 

conventional designing techniques.   

Numerous iterations are performed with the help of computer-aided 

drawings and CATIA to achieve the most optimized part design. This method is 

also referred to as layout-optimization or generalized optimization .generally these 

are classified into two, one is the “continuum”, it refers to the single parts or 

components and two “discrete”, refers to the large structures and such as trusses 

and bridges[10]. 

Topology optimization is an emerging tool right now, even though it is 

gaining so much popularity, there are few drawbacks for these kinds of analyses 

such as checkerboard pattern. These are regions of alternating solids and void 

elements ordered in a checkerboard fashion. These checkerboards are undesirable 

in a topology solution since they have high stiffness, and such materials are difficult 

to manufacture [11]. 

 

3.2.1 A topology optimization example 

An example of topology optimization is shown below and objected is subjected to 

a load as shown in the figure below (top left), further, after optimization the amount 

of material utilized is reduced as shown in the top right. The bottom figures show 

the iteration processes by the software [11]. 

 

 
Figure 17. An example of topology optimization. 
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3.3 Cost analysis 

From the cost perspective, Additive manufacturing is comparatively cheaper than 

traditional methods. Broadly speaking, the cost of the manufacturing methods is 

depended on 4 main factors, they are machine purchase cost, machine operation, 

material cost, and labor cost. The sum of all these factors is represented by the price 

of the final product [2].  

 

Cost = machine purchase + machine operation + material cost + labor cost 

 

Or it can be represented as eq 1 

 

Cost = P + O + M + L                     (1) 

 

Where P is the machine purchase cost, O is the machine operation cost, M is the 

material cost and L is the labor cost. The upper-case letters are used to represent the 

cost of the entire manufacturing cost. 

 

On a per-product basis, it can be represented as shown in eq 2 

 

Cost = p +o + m + l =1/N *(P + O + M + L)                               (2) 

 

Where N is the number of parts, in the above equation lower case is used to 

represent the cost of each part. 

 

For the ease of calculation, an important assumption is made i.e. All parts in one 

build are the same kind of parts with roughly the same shape and sizes, which helps 

in allocation of time and cost to parts in the build.  

 

The next major step is to calculate the machine purchase cost. To calculate that, we 

assume the useful time of the machines to be “Y” years and the purchase price is 

equal for all years. Also, for this thesis, we will be considering, 95% of the time the 

machine was working during the year or in other words, the uptime will be 95%. 

Assuming the above factors, the purchase time for one built can be calculated as 

follows in eq 3. 

 

P = (purchase price * Tb) / (0.95 * 24 * 365 * Y)                         (3) 

 

Where Tb is the time to build the model, 24*365 represents the number of hours in 

a year. 

 

The product of purchase time and the built time gives the operation cost “O” of the 

machines, this value coupled with the machine maintenance, utility service cost, 

cost of factory floor space, and company overhead, along with the operation cost 

rate is denoted as “Co” this relation is represented below in eq 4.  

 

O = Tb * Co                                                        (4) 
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Material cost is the product of the volume of material used “v” and the cost of the 

material per unit mass “Cm”, along with mass density “ρ”. As shown below in eq 

5. The volume of material used for support material has to be taken into 

consideration and is represented as “ks” and its value ranges from 1.1 to 1.5, to 

include the extra material volume needed for the support material. 

 

M = N * v * Cm * ρ * ks                                          (5)  

 

Labor cost represented as” L” is the labor rate “C1”, the price given per unit time. 

This includes the time taken for workers to set up the built, removing the final 

models and preparing for the machines for the next build as shown in the eq 6. 

 

L = T1 * C1                                                       (6) 

 

4 Results and Discussion 

The experimental investigation on the best designs to achieve the optimal structural 

strength and mechanical properties using FDM is performed. The results from the 

mechanical test are summarized and discussed in this section.  

 

4.1 Topology optimization using manual methods 

The manual design methods here refers to the re-designing of the TylöHelo product 

by using the knowledge of design experts and practitioners. Sometimes topology 

optimization using the software cannot always be the right solution and hence an 

alternative design method is presented towards minimizing the mass of the product 

by human intervention. Design-based research approach [6] (see figure 5) is 

utilized for modifying the existing component without altering the functionality of 

the part.  
  

Problem identification: involves analyzing the practical problem by researchers and 

practitioners in collaboration. Here, the application of the corner knot is analyzed 

carefully by studying its mating components, forces acting on it and support 

structures. As discussed earlier, this component is used as a connecting device to 

hold the aluminum frames in place (see figure 18) and the legs of the corner knot 

are inserted inside the aluminum frames and due to this reason, there is a very low 

load acting on it. This was discussed with the company’s expert designers and 

researchers at the university. It was important to retain the large faces of the corner 

knot without any design modifications as it was visible outside as shown in figure 

18.  
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Figure 18. TylöHelo corner knot positioning in sauna assembly. 
 

Solutions development: A trial and error method was utilized to develop the new 

design and to identify the most suitable re-design of the product. All the designs 

were developed using CATIA software. Figure 19 displays the iterative re-

designing of the corner knot. The goal was to minimize the mass of the component 

by selectively removing the material from the part and also to minimize the use of 

support structures and printing time. The final design developed not only fulfilled 

the aforementioned factors but also eliminated other problems of fitting and 

material fragility arose from the previous designs.  

 

Testing: Each of the developed design was tested first for its mechanical strength 

and safety and secondly, ease of assembly. It was then compared to the original 

model. Figure 20 shows the simulation performed on the final developed designed 

part and compared to the original component. It is clear from figure 20 that the 

newly developed design qualifies to withstand 100N of the load acting on it just 

like the original part.  
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Figure 19. Design optimization via manual intervention. 

 

 
Figure 20. Simulation to test the factor of safety of (a) original model and (b) new design. 
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Implementation: Once the design has been finalized, the product is 3D printed using 

FDM printer and it is provided to the company to test the component in real sauna 

assembly. Due to the limited time duration in this project, the implementation phase 

has yet to be carried out.  

Additional topology optimized designs by manual methods can be seen in 

the appendix. 

 

4.2 Topology optimized design from Inspire 

The results from the topology optimization to Inspire software is presented in this 

section. Section 2.4 clearly explains the step by step procedure in performing the 

topology design optimization simulation in Altair’s Inspire software. The design 

outcome differs based on the application of boundary conditions and manufacturing 

constraints. The most relevant design is presented in this section. Figure 21 shows 

the boundary conditions and manufacturing constraints applied to the corner knot. 

The boundary conditions applied closely represents the real conditions. Figure 22 

represents the topology optimized design as per the boundary conditions applied. 

Once the design is established it is necessary to simulate it in the software to 

understand its mechanical behavior. Figure 23 displays the factor of safety of the 

newly developed optimized design. It can be seen that some of the designed parts 

have a very low factor of safety implying the weakest spots of the part. It is 

necessary to strengthen these areas so that the part does not fail during assembly.  

 
Figure 21. Boundary conditions applied to the cornerknot 

 

 
Figure 22. Topology optimized design using INSPIRE. 
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Figure 23. The factor of safety mapped on the optimized design of corner knot. 

 

Hence this model was re-designed in CATIA to strengthen the beams used and to 

have a uniform and smooth structure. Figure 24 shows the improved design and 

improved factor of safety and it qualifies the benchmarked properties set by the 

original part.  

 

 
Figure 24. The factor of safety of the improved design. 

 

4.3 Cost estimation  

In this section, a simple cost model is presented to estimate the price of the 3D 

printed corner knot before and after topology optimization. A comparative study is 

provided to show the benefits of employing topology optimization. Firstly, an 

example on how to calculate the price of a product printed using FDM is presented 

using a simple cost model and second, how the price varies with respect to the layer 

thickness and number of parts in a build is inspected. It is important to make a note 

that some of the factors are not considered for evaluation of the cost model in this 

thesis such as recyclability, machine maintenance and cost of factory floor space.  

As mentioned earlier in section 3.3, the cost of a part is mainly the sum of 

the purchase cost (P), Operating cost (O), Material cost (M) and Labour cost (L). 

According to Ian Gibson et al. [2], the material cost would be the most dominant 

factor influencing the total product cost (see figure 25). In the following sections, 

an example of original corner knot is taken into consideration for calculating the 

costs.  
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Figure 25. General cost influencing factors on a 3D printed product. 

 

Purchase cost (P) 

The purchase cost is given by equation 3 in section 3.3, where the Purchase price is 

the price of the machine, Tb is the build time in hours and Y is the year.  The 

Flashforge Dreamer was used for printing the products in this thesis. The cost of 

the machine is approximately 7000 km and the time to build the original product is 

6 hrs 46 mins as shown in figure 26. The build time and weight of the product for 

different print settings and several parts in the build are shown in the appendix. The 

purchase price is calculated as  

 

P = (purchase price * Tb) / (0.95 * 24 * 365 * Y) 

P = (7000 * (6 + 46/60) / (0.95 * 24 * 365 * 1) 

P = 5.69Kr/part  

 

 
Figure 26. Build setup of the original corner knot design in Dreamer FDM printer 

 

Operating cost (O) 

Operating cost is simply considered as the cost of electricity consumption. Cost of 

Electricity consumption is calculated by identifying the power consumption by the 

Dreamer printer, usage of the printer in hours and energy price. The cost of 

Cost

Labour

Material

Purchase

Operation
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electricity (CE) in Sweden is 1.4Kr/Kwh; Power consumption (PC) of Dreamer 

printer is 320W and time usage is the time of build (Tb).  

O = Tb * PC * CE 

O = 6.76 * 320/1000 * 1.4 

O = 3.03Kr/part  

 

Material cost (M) 

The material used in this project is ABS and the material price ranges from 150 to 

600Kr. The ABS material used costs (Cm) 260kr per kg spool and the number of 

parts printed per build is N=1 and weight (w) of the printed original corner knot 

part with support structures is 67.16g as shown in figure 26. The weight is the 

product of the volume of the part and the density of the material used. Hence, the 

equation  

 

M = N * v * ρ * Cm   - can be written as  

M = N * w * Cm 

M = 1 * (67.16/1000) * 260 

M = 17.46Kr/part 

 

Labour cost (L) 

The labour cost is simply the labour cost per hour multiplied with the time required 

for the workers to set up the build, remove fabricated parts, clean the parts, clean 

the machine, and get the machine ready for the next build. The labour cost (L1) in 

Sweden is considered as 100 Kr/hr. The time required (T1) for the worker to prepare, 

remove and clean the product used in this project is considered as just 10 minutes.  

 

L = C1 * T1 

L = 100 * (10/60) 

L = 16.67kr 

 

It must be noted that the time (C1) can vary depending on the number of parts 

printed. Also, depends on the presence of support structures that is if the support 

structures are absent then the time required for cleaning the parts is reduced 

drastically. Hence, for the topology optimized designs, the labour time is considered 

as 5 minutes and this time can remain the same for up to 5 parts due to the absence 

of support structures. On the contrary, for the original model, the labour time can 

increase with the increase in the number of parts due to the presence of support 

structures. 

Total cost for the original corner knot produced using FDM technique is 

approximately 42.85 Kr. This cost is very high compared to the parts produced 

using injection molding. In order to compete with the injection molding it is 

necessary to reduce the cost and this is done by topology optimization. A similar 

procedure is followed for the topology optimized design and print settings are 

varied to get a lower print time to save the cost. The following table show how the 

costs have significantly reduced for topology optimized parts.  
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Table 2 and figure 27 represents the price of the corner knot of original 

model and topology optimized model as per the change in layer thickness and 

number parts in a build. Some conclusions can be inferred from the figure. Firstly, 

it can be seen that the cost of the original part is reduced drastically by employing 

topology optimized design. Secondly, the price difference between the topology 

optimized designs by manual and software methods are very less, indicating both 

the methods work effectively in reducing the price of the product. Also, the effect 

of layer thickness on price is less. Although the printing time reduces significantly 

with the increase in layer thickness, the material consumption increases which 

neutralizes the effect of layer thickness on price. However, this effect of layer 

thickness on price can be dominant if the number of parts produced is increased.  

Finally, it can be witnessed that an increase in the number of parts increases 

the cost significantly this is due to the longer printing times and more consumption 

of materials. However, the rate of increase in price for the original model is higher 

than the topology optimized parts.  
 

Table 2. Cost analysis table for different layer thickness settings and the number of parts. 

Layer 

thickness 

(Lt) 

Number of 

Parts (N) 

Cornerknot Model % mass 

reduction 

% price 

reduction 3D printed 

Original Model 

TO - 

Manual 

TO - 

software 

0.2 1 42.84 18.15 17.47 64 - 67% 58 – 59 % 

0.2 2 77.35 28.00 26.72 64 - 67% 64 – 65 % 

0.3 1 41.49 17.04 16.37* 66 - 69% 58 – 61% 

0.3 2 74.58 25.39 24.28+ 66 - 69% 66 – 67 % 

* Lowest price obtained for 1 part 

+ Least price per part when two parts are produced is 24.28/2 = 12.14 Kr. 

 

 
Figure 27. Cost of the build as per the number of parts in the build and layer thickness. 

 

5 Conclusion and future work 

This thesis focuses on minimizing the mass of a given product from TylöHelo sauna 

company by employing topology optimization methods. A comparative study is 
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presented between the original and optimized designs to show the effectiveness of 

optimized designs in terms of cost analysis. The results mainly yielded two new 

designs using manual methods and Altair’s Inspire software. The newly developed 

design was verified for strength and safety with respect to the original design. A 

simple cost analysis was presented. The results showed that the newly developed 

designs had nearly reduced 58 to 67% in the price of the 3D printed original design. 

However, considering all the assumption and parameters used in this thesis the best 

possible price per product of TylöHelo corner knot product was approximately 16 

Kr if only one part is printed at a time and 24 Kr for two parts printed at a time, 

which gives 12kr per part. This price can be further reduced by considering two or 

more printers or fabricating more than two parts in a big printer. It is definitely 

possible to match or even reduce the price set by the injection molding by carefully 

adjusting various printing settings and the number of parts produced. However, 

obtaining high-quality parts as per injection molding and reaching high volume 

productions can still be a challenge with AM.  

The future work involves in producing a detailed cost model by including 

all the missed-out variables in this thesis. In addition, the influence of many printers 

producing several products with different material must be studied to understand 

the variation in price to propose the best settings for the company to save money. 

Also, topology optimization must be carried out for other TylöHelo parts in a sauna 

assembly.   

 

6 Critical review 

Additive manufacturing (AM) is considered sustainable because of its high 

potential to create geometrically complex parts that require a high degree of 

customization, using less material and producing less waste. Most of the studies 

have shown that AM can be an economically viable option for use by the industry, 

yet there are some inherent challenges associated with AM for wider acceptance. 

The lack of standards in AM impedes its use for parts production since industries 

primarily depend on established standards in processes and material selection to 

ensure consistency and quality. Inability to compare AM performance against 

traditional manufacturing methods can be a barrier for implementing AM processes. 

AM process sustainability has become a driver due to growing environmental 

concerns for manufacturing. This has reinforced the importance to understand and 

characterize AM processes for sustainability. Process characterization for 

sustainability will help close the gaps for comparing AM performance to traditional 

manufacturing methods. [12] 

Topology optimization is a mathematical, gradient-based design procedure 

that can be used to determine the distribution of required material within a design 

domain based upon defined loads and boundary conditions while meeting a 

prescribed target objective, such as minimizing deflection. The concept of topology 

optimization has been utilized by the automotive and aerospace industry for almost 

thirty years now, since its early development, where problems associated with 

solutions meant to satisfy maximum stiffness with minimum weight are of the 

utmost importance. It is because of this capability the topology optimization can be 
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considered as a sustainable design for reducing material and saving manufacturing 

wastages and energies. [13] 
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1 Appendix 

1.1 Additional topology optimized designs by manual methods 

 

 

 
Figure A. Additional topology optimized designs by manual methods 
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1.2 Solid mechanics simulation in Altair’s Inspire software 

 
Figure B. Tension/Compression simulation mapped on TylöHelo cornerknot (a) 

Original model (b) Topology optimized by manual method (c) Topology optimized 

by using software. 

 

 
Figure C. Tension/Compression simulation mapped on TylöHelo cornerknot (a) 

Original model (b) Topology optimized by manual method (c) Topology optimized 

by using software. 
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1.3 Estimated print time and weight of the parts for different 
settings 

 

  
Figure D. Build time and weight of the original cornerknot model (a) N=1; 

Lt=0.2mm (b) N=2; Lt=0.2mm (c) N=1; Lt=0.3mm and (d) N=2; Lt=0.3mm. 

 

 
Figure E. Build time and weight of the cornerknot model- topology optimized by 

manual method (a) N=1; Lt=0.2mm (b) N=2; Lt=0.2mm (c) N=1; Lt=0.3mm and 

(d) N=2; Lt=0.3mm. 
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Figure F. Build time and weight of the cornerknot model- topology optimized by 

software (a) N=1; Lt=0.2mm (b) N=2; Lt=0.2mm (c) N=1; Lt=0.3mm and (d) 

N=2; Lt=0.3mm. 
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