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Abstract

Additive Manufacturing (AM), and its subcategory, Laser Powder Bed Fusion (L-PBF), en-
ables the production of highly complex and lightweight components, but often requires time-
consuming and fragmented design workflows involving multiple software tools. This project
proposes a structured Design for Additive Manufacturing (DfAM) methodology, combined
with partial automation, to reduce manual effort and improve process efficiency, streamlining
the DfAM process.

The project is based on a systematic literature study, a comparative manual evaluation of
selected CAD, simulation, and optimization software, and the definition of a representative
test component. Based on these activities, a design methodology and a conceptual Python-
based automation framework are proposed, aiming to connect and streamline key stages of

the DfAM workflow such as design, simulation, and evaluation.

The result highlights significant differences in software capabilities, usability, and automation
potential, with certain tools being more suitable for integration into automated workflows
than others. While complete automation was not achieved within the scope of this project,
the findings demonstrate clear opportunities for streamlining iterative DFAM processes and
provide a foundation for future development of integrated and scalable automation frame-

works.
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1 Introduction

1.1 Background

AM, or Additive Manufacturing, is the process of manufacturing components through material
being added layer by layer. Additive manufacturing with metal materials is most often done
using a powder bed and a high-energy beam, fusing metal particles together, like in an L-PBF.
AM is a manufacturing process that makes flexibility, customization, and personalization more
available compared to other manufacturing methods, but comes with its own set of challenges.
For instance, the process of making an additively manufactured part is often long and involves
several different software programs, such as CAD, optimization, 3D print preparation, and veri-
fication software. The process of Designing for Additive Manufacturing (DfAM), which involves
optimizing manufacturing, testing, assembly, service, repair, and cost without compromising
safety, time to market, functionality, or styling includes numerous time-consuming steps. This
project therefore aims to reduce the time needed and streamline the process of DfFAM by propos-

ing an optimized design methodology and automating parts of the process.

1.2 Project goals

The goal of this project is to reduce the time and steps required for and to streamline the process
of DfAM. This will be accomplished by:

o Enhancing and developing the existing design methodology by evaluating existing methods

and software commonly used.

e Creating an automation Python framework that connects different design, optimization,

and simulation software.

o Testing and evaluating the proposed design methodology by using it to design a component.

1.3 Limitations

This project focuses specifically on Additive Manufacturing, with an emphasis on Laser Pow-
der Bed Fusion (L-PBF), a process in which thermal energy selectively fuses material within a
powder bed [1]. Other manufacturing methods are excluded from the scope. Furthermore, the
project and the results solely focus on the software available on Linkoéping University’s comput-

ers, thus excluding some software that might be available elsewhere.

The project budget is also a limiting factor, allowing only certain licenses within the cost cap

and restricting the extent of test printing components.



1.4 Challenges

As mentioned in the limitations chapter, this project will be heavily dependent on the software
that is available through Link6ping University computers. Therefore, no third-party applications

can freely be downloaded for use, and some python libraries are restricted.

Additional challenges lie in technical feasibility and programming skills. At the start of the
project, a major uncertainty is the extent to which AM-related software can be integrated
through Python scripts and the degree to which these processes can be automated. Furthermore,
the complexity of the designed product will influence the scope of the software: a more complex

component with additional parameters directly results in a more challenging script to develop.

1.5 Role of Artificial Intelligence in the Project

The artificial intelligence services ChatGPT and Google Gemini were used solely to provide
linguistic suggestions, generate illustrative visuals for inspiration and presentations, and assist
with LaTeX formatting. All written content in this report is authored by humans, and Al

systems were not used as sources of factual information.



2 Organization & Budget

2.1 Project team members & roles

The project group consists of six members, each with a background in mechanical engineering
at the master’s level. Prior to the start of the project, none of the members had specialized in

DfAM. Below is a list of each member and their respective role in the project.

Kaiz Alhasan — Artificial Intelligence Specialist

e Akshay Awardi — Automation Specialist

e Linus Frostell - Finance Officer & L-PBF Specialist

o Erik Gottfridsson - Project Manager

e Sushil Krishna Vadakkekara Puthan Veedu — Simulation Specialist

o Erik Lindkvist — Document Responsible & Design/Modeling Specialist

2.2 Stakeholders

The project stakeholders include the six-member project team, project supervisor Anton Wiberg,
a steering group and potential external partners with an interest in the project. Wiberg, from
the Department of Management and Engineering at Linkoping University, supports the overall
direction of the project, with weekly meetings held to guide and review progress. The steering

group is involved less regularly. Their role is to review the project’s progress.

Potential external stakeholders could include companies interested in the software and existing

AM companies or similar organizations.

2.3 Budget

The project has allocated 3,000 SEK for expenses related to research activities, including car
rentals for site visits, software licenses, workshop materials, and similar items related to the

project.



3 Expected Results and Learning Objectives

3.1 Expected Results and Deliverables
The project can be divided into three distinct focus areas:

o Literature study, software evaluation and development of optimized design methodology.
o Application of design methodology and design of component.

o Automation through Python scripting or third party software.

These three areas all have several deliverables each that are required to be met for a successful

project, and are presented below:

o Literature Study, software evaluation, and development of optimized design methodology:
— A summary of the problem domain containing: current methods, common software,
the current workflow and it’s faults.

— Documented conclusions around suitable software for ease of use, quality and poten-

tial automation of the design process, and a compiled list of these software.

— Proposal of a DFAM methodology optimized for ease of use, quality and automation
potential comprised of a clear step-by-step method.

o Application of design methodology and design of component:

— Definition of requirements for a component consisting of dimensions and loads in
order to properly assess DfAM software.

— Conclusions around the proposed design methodology tested, including reflections
and possible improvement areas.

o Automation through Python scripting or third party software:

— List of software that (feasibly) can be completely or partially automated.
— Python script or similar that bridges the gap between two or more software.

— Investigation of third party software and how they can be used to automate the DfAM

process.

3.2 Learning objectives

Based on the project description and expected outcomes, four main learning objectives have
been identified.

1. The development of skills to use simulation tools (Inspire, nTop etc.) to analyze and

optimize the additive manufacturing processes.



2. The improvement of skills in CAD modelling, AM software, automation and simulation to

obtain efficient results and research-based solutions.

3. The development of skills in Python for identifying, designing and executing automation

tasks in the DfAM process.

4. The improvement of skills in project planning and management by creating and using work

breakdown structures, Gantt charts, and preliminary project plans.
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4 Theoretical Background

4.1 Design for Additive Manufacturing (DfAM)

Design for Additive Manufacturing (DfAM) is about using additive manufacturing to its full
extent. Unlike traditional manufacturing, where the designed components have to fit the limits
of traditional machines and tools, DIAM opens up different possibilities. With the process of
DfAM, one can make the most of AM’s unique strengths. However, one must still respect its

limitations.[2]

4.1.1 Key Concepts and Freedoms

DfAM is often divided into opportunistic and restrictive categories.

o Opportunistic DFAM (Design Freedoms) [3] focuses on taking advantage of the capabilities
of additive manufacturing which are often difficult or impossible for traditional manufac-

turing methods:
— Part Consolidation: Merging multiple components into a single complex part to make
assembly easier and possibly reduce costs and weight of the system.[3]

— Geometric Complexity: Building intricate, or free-form shapes, such as complex in-

ternal channel for Fluid Dynamics or Heat Exchange management. [4]

— Lightweighting/Structural Optimization: Using techniques like topology optimization
and lattice structures to place material only where it is absolutely necessary for

functionality, and hence reducing mass significantly. [3, 4]

o Restrictive DFAM (Manufacturing Constraints) [3] instead cocuses on the technical limi-

tations of the AM process:

— Minimum Feature Size: Verifying small features (e.g., walls, holes,struts) will satisfy

the resolution limit of the selected AM machine and material. [3]

— Build Size and Cost: The size of the component, as well as the cost itself can be

limiting factors, in particular for high volume work. [2]

— Anisotropic Properties: The fact that material properties often vary depending on

the print direction (anisotropy). [4]

4.1.2 Common DfAM Workflow

The general DFAM workflow is presented below, step by step:

o System Design/Product Planning: Defining the scope, identifying suitable components for

AM, defining requirements and understanding interfaces and material selection. [2, 4]
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e Component Design: The core of the creative process and optimization work consisting of
initial concept creation either often via topology optimization and then modification to

ensure functionality. [2, 4]

e Process Design: The creation of a component ready to build including vital steps such as

orienting the part, generating support structures, and simulating the process.|[2, 4]

4.2 Laser Powder Bed Fusion (L-PBF)

Laser Powder Bed Fusion (L-PBF), also known as Selective Laser Melting (SLM), is one of
the most-widely known metal material Additive Manufacturing processes. The process builds
components layer by layer using thermal energy to selectively melt local areas of a powder bed

of metal particles. [2] The general L-PBF process is presented below:

4.2.1 The L-PBF Process

o Powder Spreading: The process starts with a thin layer of fine metal powder (typically
20—60 pm thick for L-PBF) being spread over a heated build platform through blade, wiper
or roller. The quality of this layer, known as powder bed density and surface condition is

critical to final part quality. [4]

o Laser Scanning/Fusion: The powder particles are selectively melted together by a high
energy laser beam, based on the geometry of the current layer as determined from the
digital model. This rapid melting and solidification process results into extremely high

metallurgical bonds. [4]

e Layer-by-Layer Build: The build platform is lowered by one layer thickness, fresh powder
is spread and the process is repeated to create a completed object. The unfused powder is

left in the build chamber and acts as a self-supporting material for remaining features. [4]

4.2.2 Critical Manufacturing Aspects

e Thermal Gradients and Residual Stress: The extremely fast heating and cooling cycles
in L-PBF processes lead to significant thermal gradient effects. Due to these gradients,
different expansion and contraction occurs in the component which builds up large residual
stresses. If these stresses are greater than the yield stress of the material, then warping,

distortion or cracking can occur. [2, 5]

o Support Structures: For the Laser Powder Bed Fusion (L-PBF), it is indispensable to use
additional supports for quality parts and successful builds, serving mainly two functions;
mechanical anchorage and thermal management. The support structures act as strong
anchors, holding parts in place on the build platform or within underlying levels to prevent
overall movement or separation due to high internal residual stresses. At the same time,

these features act as a large heat sink to carry thermal energy away from the newly melted
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powder and thereby preventing it from being subjected to excessive thermal stresses, which

is an important factor in preventing overhang distortion. [4, 5]

e Build Orientation: To achieve manufacturing efficiency and obtain high quality compo-
nents, the build direction of the parts themselves on the build platform is one of the
most important factors. The orientation solely affects the amount of support structures
necessary. Therefore, material costs and post-processing times are directly influenced by
the position and size of the components. Furthermore, build orientation dictates total
height of the component and thus the number of layers and overall build time. In addi-
tion to logistics, the selection of build orientation also influences physical characteristics
of the part, such as internal residual stress distribution, mechanical properties and surface

quality, especially on curved or sloped surfaces. [6]

4.3 Challenges in the current workflow

There are several technical and process barriers between the digital design of a component and

a well working functional physical component when working with an L-PBF workflow.

o Iterative Design Loops: Traditional DfAM workflows are linear in that the original digital
design has to be manually modified and re-analyzed every time a downstream check such
as structural analysis or process simulation flags a failure. This trial-and-error process is
inefficient because the designer has to repetitively perform setup operations in different

software environments even in the case of slight geometry modifications. [2, 4]

e Organizational and Workflow Challenges: Because the design process is non-linear, com-
ponent design and manufacturing setup often occur in parallel. This style of workflow can
lead to inefficiencies when design iterations are not systematically communicated between

the teams, resulting in misaligned manufacturing configurations.

e Support structures: While support structures are vital for stability and thermal energy

transfer, they have several downsides:

— Waste: Support structures lead to material and energy waste that can sometime

exceed the volume of the component itself. [5, 6]

— Post-Processing: Removing support structures once a component is printed is an
intensive process that raises the production costs and damages the surface finish and

perhaps the geometry of the component. [5, 6]

e Design file interpretation issues: A significant technical challenge is the absence of conti-

nuity of data and file formats from software to software:

— File Errors: The current process involves transferring data between multiple nonin-
tegrated software (e.g., from CAD tool to another simulation tool, then to a slicer).
When moving files between software, the files often run into geometry errors, lose

data and lose design intent. [2, 4]
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— Remodeling: The rough results produced by topology optimization must be manu-
ally remodeled into clean, smooth CAD geometry prior to physical printing. This

remodeling step is usually the most time-consuming part during the whole process.

4.4 Process integration and automation

In order to address the aforementioned challenges of complex and multi-stage design processes,
Process Integration and Design Optimization (PIDO) philosophy is an emerging concept aimed
at bringing together different software in an automated environment and supporting iterative

and optimization workflows. [7]

4.4.1 Commercial PIDO Platforms

Tools such as modeFRONTIER and HEEDS are software platforms whose primary aim is to
handle complex, Multi-Disciplinary Optimization (MDO) loops. They offer a graphical interface
for the integration of different CAD and simulation software. They also serve to define opti-
mization workflows, where parameters are automatically varied and multiple objectives can be
addressed at the same time (e.g. minimizing mass, maximizing stiffness, or minimizing support
material). [4, 7]

4.4.2 Python-Based Automation Framework

Python serves as the main scripting language to integrate various software tools. This is done
by controlling their internal Application Programming Interfaces (APIs), Component Object
Model (COM) interfaces, or by executing Command Line Interface (CLI) functions. [8]

Python manages the flow of information by writing to and reading from intermediate files (e.g.
STEP, STL or simple TXT/Excel configuration files). [8]

In comparison to commercial Process Integration and Design Optimization (PIDO) platforms, a
Python framework is a cost-effective way to provide a high level of functionality without costly
licensing for features that may not be necessary for many projects. Although commercial solu-
tions offer out of the box connectivity for common software, a Python driven approach allows
full and custom control of specific process steps through custom scripting of tool interactions.
After all, the two approaches want to achieve the same result to minimize manual work and
speed up design iterations via strong multidisciplinary optimization (MDO) processes that fully
realize the true potential of DfAM. [4, 8]
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5 Method

5.1 Overall project approach

The overall method in this project can be divided into four distinct phases. Phase 1 is the
exploration phase where more knowledge regarding the power bed fusion manufacturing process,
its problems, and the DFAM method was gathered through a literature study. The second phase
of the project is the analytical phase where the manual software study was performed and all
the software were evaluated using the evaluation matrix. In the third phase, called the method
development phase, the insights and information gathered from the literature review and the
software study was used to produce a DfAM methodology that minimizes materials usage and
build-time. The last phase, called the implementation and validation phase, is used to test the

proposed DfAM methodology to design a component.

* Literature Review Synthesis of Literature + Software Insights
* Problem Mapping + P d et
+ Understanding DfAM & L-PBF

workflow

» Manual Software Study
= Evaluation Framework Synthesis of Literature + Software Insights

= Comparison Matrix s Pr | et

) Jdh

Explorative Phase Analytical Phase Method Development Implementation &
Phase Validation Phase

Figure 1: A visualization of the described overall method for the project

5.2 Literature study method

For a literature study to be successful it is imperative that it is performed in a structured and
well-defined way, to avoid biases and missing information. The method used for this literature
study is one initially developed for software engineering by Kitchenham and Charters [9]. The
process of using this method can be summarized as described below. The full scope, keyword

list, databases and inclusion criteria can be found in the literature study report [8].

1. Define scope and research questions.
2. Create a review protocol with keywords, databases and inclusion criteria.

3. Systematically search several databases if available, and divide the research questions

among group members.
4. Screen the results.

5. Report findings and relate to research questions.
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5.3 Component Selection and Standardization

The chosen component to make the evaluation of the software and methodology upon was the
so called GE jet engine bracket. This component selection is based on a challenge presented by
General Electric in 2013, where contestants could download the bracket to try to optimize its
topology as much as possible. The bracket’s load case is laid out in the challenge, and includes

five loads, a temperature constraint, and a minimum wall thickness. These are:

Supports in all four of the bracket’s bolt holes.
e A force of 8000 lbs vertically.

A force of 8500 Ibs horizontally.

A force of 9500 Ibs 42 degrees from vertical.

A static torsional load of 5000 lbs-in.

A service temperature of 24 degrees Celsius.

e A minimum wall thickness of 0.05 in.

16



l 2ac @‘ I '
T oosin

Figure 2: Load cases of the jet engine bracket

17



5.4 Manual software exploration

In order to be able to evaluate each software sufficiently, each software chosen was evaluated by
one or two members of the group. Each software was chosen based on availability on Linkoping
University’s computers and the main functionality or usage of each software. The goal of the
evaluation of each software was to understand the basic workflow of each software, how easy

they are to use, and the possibility of automation for each tool.

Software  Main Usage Responsible Author

SolidWorks CAD modeling, Analysis, Automation of Process Akshay
Fusion 360 CAD modeling, Analysis & Topology Optimization Linus

nTop Simulation, Analysis & Topology Optimization Erik L, Kais
Inspire Simulation, Analysis & Topology Optimization Erik G, Sushil

Table 1: Main Usage and Division of Responsibility for each Manual Software Testing.

5.5 Software Evaluation

To evaluate and compare the different software in an academic way a comparison matrix with
7 categories was used. The method detailing how each category of evaluation will be presented

in this chapter.

5.5.1 Entry-Level Difficulty Evaluation

The Entry-level Difficulty of the different software is inherently a subjective opinion based on
the experience of the user. Having used similar software before will, of course, make the learn-
ing curve easier. However, regardless of the level of the user, comparing different software is
inherently valuable nonetheless, providing insight into which software might be easiest to learn.
From the perspective and knowledge base of a 5th year mechanical engineering student, each
project member graded the difficulty of software they themselves worked with from 1-5, with 1

being very difficult and 5 being very easy and intuitive.

5.5.2 Accessibility of Documentation Evaluation

The accessibility of documentation category was graded on a scale from 1 to 5. The evaluation
of how easy it was to find relevant documentation and tutorials for each software was done
subjectively based on each group member’s experience when attempting to learn how to use the
software. Relevant documentation was defined as any form of document, guide or tutorial that

could assist with something in the software in some way.
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5.5.3 Simulation Quality Evaluation

The focus of this project does not lie within the evaluation of FEM simulations — however, some
FEM simulations were completed during topology optimizations. Therefore, the evaluation of
simulation quality was not thoroughly evaluated but rather just subjectively estimated from

experience and reliability, on a scale from 1 to 5.

5.5.4 Topology Optimization Quality Evaluation

The topology optimization category was graded on a scale from 1 to 5. To evaluate the topology
optimization quality first of all the quality of the result was analyzed in regards to mass reduction
and structural integrity, or in other words, if the component actually could support the load
without plastic deformation. Another consideration was what functionalities and constraints
exist, for example if there are passive/preserved region constraints or overhang limitation con-
straints present in the software. To aid in this a method called TOPSIS[10] (Technique for Order
of Preference by Similarity to Ideal Solution), which in summary entails creating an "ideal" so-
lution and grading how close a solution is to this ideal, was used. The ideal solution for this
case is defined as a software that is capable of significant mass reduction without compromising
the structural integrity of the component. In addition, it should also have the majority of the

following restraint functions:

o Maximum stress constraint.

e Maximum overhang constraint.

 Passive/preserved region(s) constraint.

o Maximizing natural frequencies constraint/objective.
e Symmetry constraints.

e Displacement constraints.

5.5.5 Lattice Structure Generation Evaluation

This section was graded on a scale between 1-5 as most of the other categories. Most important
for this grading is defining if it is possible to generate lattice structures in the software or not. If
the software has the possibility the function itself is evaluated, for example is it possible to vary
the thickness of the lattice? How many different lattice structure cells are there available? Due
to stakeholders declaring high interest in this function with regards to lightweight structures,

the possibility of lattice generation is deemed highly important.
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5.5.6 Manufacturing Simulation Evaluation

The evaluation of manufacturing simulations was also done in a comparative manor, comparing
how each software simulates manufacturing. In this case, the software having a slicer tool,
build-direction optimization and/or support minimizing functions are all considered great. The

manufacturing simulation evaluation category was graded on a scale from 1 to 5.

5.5.7 Slicer Tool Evaluation

The slicer tool category was not graded from 1-5 but rather as a "Yes" or "No". Since slicer tools
are abundant and relatively easy to access and export files to, this function was deemed as not

essential but a bonus, therefore adding a score of 2 to the total evaluation score.

5.5.8 Automation Feasibility Evaluation

Automation feasibility analysis of each software was done specifically to determine how well each
software would integrate into a partly or fully automated DfAM system. This was done at a
conceptual level, meaning that fully functional automation systems for each software could have
been developed had this been a full-scale project. In addition, some of the software have their
own automation tools, such as nTop and nTop Automate, which was also taken into account in
the final score, 1-5.

The automation tests worked to assess the level of access offered by official APIs, scripting
interfaces, macro facilities, and command-line execution as well as the level at which tasks could
be parameterized and performed without user interaction. The other aspect worth considering
was the level to which parameters, simulations, and results of designs could be obtained or al-

tered via external scripts written in Python.

Instead of automation performance, what was measured was the relative implementation ease

of automation, from an engineering standpoint, which acts as a motivation for the scoring.

5.6 Design Methodology & Component Design

One key deliverable of the project is to define a DfAM methodology based on the software
evaluation and literature study, and then using this to design a component. After an overall
general design process was defined based on the literature study, the software evaluation guided
what software should be used for what step, as well as which functions from said software should
be used. Once this methodology had been created it was used to optimize the design of the GE

jet engine bracket mentioned in section 5.3.
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5.7 Concept for Python automation framework

To address the fragmentation and manual iteration present in current DfAM workflows, a con-
ceptual Python-based automation framework is proposed. The framework follows a modular
process chain consisting of CAD modeling, optional AM preparation, simulation, and evalua-

tion or optimization.

Python acts as a connector between the different stages of the workflow by interfacing with
software tools through available mechanisms such as APIs, COM interfaces, command-line ex-
ecution, and file-based data exchange. CAD parameters can be modified programmatically,
followed by automated export of geometry files to downstream tools. Simulation software can
then be run either through direct scripting interfaces or external process calls, with key results

extracted and evaluated.

The evaluation stage enables automated comparison of design alternatives based on predefined
performance metrics, such as mass, stress levels, or manufacturability indicators. These results
can subsequently be used to update design parameters, enabling iterative loops for design space

exploration or optimization.

By structuring the workflow in this manner, the framework aims to reduce manual intervention,
improve traceability between design decisions and results, and support scalable and reproducible

DfAM processes without being tied to a single software ecosystem.
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6 Results

6.1 Summary of literature findings

The literature study method is presented earlier in this report resulted in expansive answers to
all 10 proposed research questions. The proposed research questions are presented below and
the results of these can be found in the literature study report, while the most relevant are

presented briefly. [8].

1. How does the powder bed fusion manufacturing process work?

2. What are support structures and what effect does printing orientation have on product

characteristics?
3. What are the main problems in the powder bed fusion manufacturing process currently?
4. What does the design process look like from initial idea to final product?

5. Which software are used within the problem domain and which of them are Python com-
patible?

6. How can Python be used to solve some of the problems of the current process?

7. How does integrating python script with current tools used for DfAM /L-PBF work?
8. What design methods exist currently and how do they work?

9. What type of components are generally manufactured with L-PBF?

10. What does a typical testing standardized component look like in AM?

Research question (4.) is especially interesting in this project from a programming and automa-
tion perspective. The summarized answer from the literature report read: "The process can be
divided into three quite distinct phases, these being: (i) Initial design definitions where interfaces
and loads are defined, (ii) simulation and optimization where the load case is used to generate
an "optimal” geometry for the problem. Last is (iii), the process simulation and manufacturing
phase, where slicing tools are used to convert the model into appropriate layers, as well as to
simulate the required support structures before final printing. A simplified flowchart can be

observed in the figure below. [§]

6.2 Manual Process Documentation & Results

The four examined programs (Fusion 360, Inspire, Ntop, and Solidworks) are explored, reviewed,
and assigned scores based on the factors presented in Section 5.4; these results are presented in
sections 6.2 through 6.8. The resulting scores are presented in 6.8 and serve as a reference to
determine each program’s relevance in forming a proposed design methodology for designing a

component produced using an L-PBF machine.
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(i) Initial design (ii) Simulation & optimization (iii) Manufacturing simulation

Figure 3: Visualisation of simplified design process from initial design to ready for print.

6.3 Fusion 360
6.3.1 Introduction

Autodesk Fusion 360 is a program aimed at 3D modeling for CAD, CAM, data management,
and more, primarily intended for product design and manufacturing entities [11]. The program
includes eight key categories: design, generative design, rendering, animation, simulation, man-
ufacturing, drawing, and electronics. This exploration and evaluation focuses specifically on the

simulation and manufacturing features within the program.

6.3.2 Entry-Level Difficulty

The user interface of Fusion 360 is generally considered user-friendly. Tasks are often presented
to the user in sequential order, with errors and their causes clearly explained, which helps the
user to resolve them. The frequent use of descriptive text and icons helps provide a healthy
entry-level experience. For example, the user can hover over features to get explanations of
their exact function. While initial navigation within the program can be confusing, it becomes

more natural over time.

The downsides of the program’s user friendliness lie in details such as surface selection when us-
ing certain features. For example, when pardoning faces when generating lattice structure, there
is no option to select multiple faces at once. This proves to be time-consuming and frustrat-
ing when generating lattice structures for more complex parts. Furthermore, some navigating
controls differs from other CAD and CAM software, making it a bit confusing navigating the

program at first. When reviewing the program, it is given a score of 4 for entry-level difficulty.

6.3.3 Accessibility of Documentation

Information and discussions about Fusion 360 are widely available on various websites and fo-
rums. A benefit is Autodesk’s own website, where thorough tutorials and guides exist. YouTube
is also a key resource, hosting many tutorials on how to create different solutions within Fusion
360. During the exploration of the simulation and manufacturing extensions, every problem

encountered was fixed by troubleshooting online. Because of the ease of troubleshooting and
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finding content on how to use Fusion, it is given a score of 5.

6.3.4 Topology Optimization Quality & Simulation Quality

In Fusion 360, the Simulation tool includes the Shape Optimization function. This function

allows the user to optimize a selected shape based on targeted mass reduction while simulta-

neously displaying the resulting changes to the safety factor. This optimization can be applied

generally or for a specific temperature and load case. The process generally consists of 11 steps:

10.

11.

. Import part file and align to liking

. Enter simulation mode, select Thermal Stress

Under material, change to desired material. In our this Ti-6AI-4v (titanium).

. Set constraints to features of the bracket that are assumed rigid

. Define the structural and thermal loads according to the desired load condition

Simulate by clicking solve, if constraints or other parameters are overdefined or incorrect,

Fusion360 will notify the user about this

The simulation is done in a cloud service and takes a few minutes depending on its com-

plexity.

Suggestions of an altered mesh is now presented and adjustable depending on desired safety

factor. Higher safety factor, the less material removed.
The altered mesh is promoted to a separate file.
Convert mesh to rigid body.

Reiterate stress and thermal test to analyze new shape.

Step 1-6 Step 7-8 Step 9 Step 10-11

Figure 4: Visualisation of a topology optimization test process in Fusion 360

Fusion 360’s topology optimization is useful, primarily due to the simplicity of its execution and

the diverse ways it presents results from thermal and stress tests. It is capable of displaying

detailed data, including displacement, reaction forces, strain, contact force, temperature, heat

flux, and thermal gradients. Furthermore, its ability to simulate predicted deformations caused
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by applied forces is a powerful tool to help the designer understand the consequence of the
stress applied to the product. However, the shape optimization tool itself lacks customization
of selectable areas that preferably are reduced most, only allowing the user to pick areas that
are to stay the same. The stress test is not possible to accurately perform on a body with
lattice structure, which is a big downside for additive manufacturing purposes. Additionally,
it defaults to generating undetailed meshes with insufficient subsurface detail which needs to
be adjusted before performing the stress test. With the process and results in mind, Fusion’s

topology optimization quality receives the grade 3 and its simulation quality the grade 3.

6.3.5 Lattice Structure Generation

Fusion 360 has a function named Volumetric Lattice Generation which can be applied to any
body within the program. The function allows the user to adjust the lattice shape, size, direction,
solidity and shell thickness.

—_

. Import CAD geometry into Fusion.
2. Select volumetric lattice under modify.
3. Customize the shape, proportions, size and scale of the volumetric lattice to liking.

4. Determine solidity, i.e. how hollow the model should be. Numbers near 1 means a solid

model, numbers nearing 0 translates to a hollow model.

5. Define offset, creates an outer shell of the lattice structure.

Figure 5: Visualisation of gyroid volumetric lattice generation in Fusion 360. The result images
illustrates cross sections of the model.

The lattice volume generation feature in Fusion 360 offers high visual quality and relative cus-
tomization. However, its utility for structurally sound product development is significantly

limited by its inability to combine lattice structure generation with shape optimization and its
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inaccurate stress analysis capabilities for these geometries. Consequently, the feature is unsuit-
able for designing structurally critical components, such as the jet bracket examined in this

study, and therefore receives a grade of 2.

Figure 6: Render of generated lattice structure cross section in ABS plastic.

6.3.6 Manufacturing Simulation Possibilities

In Fusion 360, the manufacturing extension hosts simulation possibilities for plenty of different
machines and materials for different manufacturing techniques, among these additive produc-
tion. Relevant for our project, it is possible to select MPBF (metal powder bed fusion) along
with seven other additive methods, e.g. SLS and eBeam. When selecting MPBF, there are
approximately 40 machines available to base the manufacturing simulation on. When having

picked machine, the following features are possible to control and simulate.

Layer height

e Sorting type: priority, volume and manual.

e Overhand and support structure, editable manually or automatically

e Bar support

o Additive toolpath simulation

e Pre-checks to find errors with the model

e Studies of the model to identify risk zones and minimum clearances.

o Analyze of temperature, displacerement, structure type etc during manufacturing.

e Creation of machine build file
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Figure 7: Slicing results rendered in Fusion 360’s manufacturing extension

The pre-checks feature allows for optimization of the printed part’s build direction which is
positive. While Fusion 360’s manufacturing simulation includes most necessary features, it lacks
the depth required for the highest score. Specifically, advanced capabilities like in-depth process
analysis, granular information reporting, and comprehensive collision avoidance are insufficient.

Therefore, Fusion 360 receives a grade of 4 in this category.

6.3.7 Automation feasibility

Fusion 360 has a moderate level of automation because there is a built-in scripting environment
that enables Python and JavaScript. On its own, one will be able to automate less-repetitive
tasks with scripts or add-ins: modifying geometries, updating parameters, file export, basic

setup of some simulations.

Advanced workflows, however-especially those involving topology optimization, lattice genera-
tion, and manufacturing simulation-rely heavily on cloud-based services and user interaction,
limiting the possibility of fully automated headless execution. Access to simulation results and

optimization parameters by scripting is also limited, restricting closed-loop automation.

This therefore renders Fusion 360 to be partially suitable for automation, with most of the tasks
being suited for both preprocessing and postprocessing. It receives a rating of 4 for moderate

automation feasibility.
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6.4 Inspire
6.4.1 Introduction

Inspire is primarily a topology optimization software, designed for additive manufacturing and
its preparation. It is not a CAD tool, so it mostly relies on importing already existing CAD

geometry and optimizing it for additive manufacturing.

In testing Inspire, the goal was to test its ability to optimize topology and generate a lattice
structure. Another general goal was to test the software to see how user-friendly it is. Inspire’s
optimization workflow from importing the step file, to partitioning the model, to structural
analysis and optimization was analyzed and compared to the other software that was tested. In
total, four different workflows were tested in Inspire; Topology optimization, structural analysis,

lattice structure generation and preparation for printing.

6.4.2 Entry-Level Difficulty

The layout of Inspire reminds one of CAD software like Fusion 360. Functions of the software
are laid out in ribbon menus at the top of the screen, like in other similar software. Though
CAD features like sketching and extrusion are available in Inspire, we found that these are not
as well made or easily understood as in dedicated CAD tools like Fusion 360 or Creo. The tools
one needs for topology optimization, like Partitioning and Loads are available in the Structure
and Geometry ribbons, which are easy to find and easily understood. Because of these factors,

Inspire has been given a score of 5 in the entry-level difficulty category.

6.4.3 Accessibility of Documentation

For Inspire, the available documentation online is plentiful. There exists many tutorials online
on how Inspire works from independent creators. However, tutorials from Altair, the company

that makes Inspire, are lacking. Therefore, Inspire has been given a score of 4 in this category.

6.4.4 Topology Optimization Quality & Simulation Quality

The topology optimization workflow in Inspire can be described as follows:

1. Import CAD geometry into Inspire.

2. Partition the model with the Partition tool, separating the elements that need to be

preserved in the topologically optimized model.
3. Select the material of each body.

4. Input the load case onto the geometry, including supports, external forces and temperature

requirements.
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5. Define the non-partitioned geometry as a design space.

6. Optimize the model with the Optimization tool. Input the objectives of the optimization
before running, for instance mass minimization or stiffness maximization. Also, one must
input the safety factor, a measure of how much stress the geometry must be able to handle
compared to the input load case. A safety factor of two means the component must be

able to handle at least two times the load case.
7. Smoothen the resulting geometry with the PolyNURB tool.
8. Export geometry as a STEP file.
With all the loads applied, one can analyze the structural integrity of the optimized or pre-
optimized part. The structural analysis workflow, which in itself is a necessary part of the

optimization workflow (since one can not make sure the optimized topology is good enough

without it), can in Inspire be described as follows:

1. The loads have to be split up into different load cases (one for each force applied on the
same face). In the case of the GE bracket, we need four separate load cases, one for each

force applied to the load interface.
2. Run the structural analysis.
3. The results can now be displayed for each separate load case, or as a combination of all.

4. The displacement visualization can reveal areas that need work. The results can also be

viewed as the Factor of Safety type, revealing the safety factor in each part of the geometry.
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Figure 8: A visualization of each step of the topology optimization and structure analysis process

in Inspire.

With the topology optimization and the structural analysis done, it was revealed that the quality
of topology optimization in Inspire was very good. Therefore, it was given a score of 5. The

simulation quality was given a score of 4.

6.4.5 Lattice Structure Generation

Thirdly, the lattice generation workflow, which can be seen as an extension of the optimization
workflow, reducing weight further, can in Inspire be described as follows (a lattice structure can

be created both before and after a topology optimization has been made):

1. Go to the implicit modeling tab in the ribbon menu.

2. Clicking on the surface button, a lattice can be created based on unit cell type, whether
its supposed to be single or double stranded, coordinate system and density and size of

cells.
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3. After the lattice is generated, the outer body or surface can be made solid again, preserving

the aestetics of the part.

4. One should after the lattice structure has been generated make sure that the part can still

hold up to loads with a structural analysis.

The lattice generation capability in Inspire leaves a lot to be desired. Though lattices can be
created, these can not be created with a goal or a constraint in mind. That is, lattices that are
created in components must always be analyzed afterwards, to see if the resulting geometry can
still adequately carry the applied loads. Therefore, the lattice generation in Inspire has been

given a score of 3.

6.4.6 Manufacturing Simulation Possibilities

Lastly, the preparation for printing process can in Inspire be described as follows:

1. Import geometry into Inspire.
2. Choose one or several parts that one wants to print.
3. Choose the type and size of the printer.

4. Choose the orientation of parts to print. Orientation can be optimized based on time
needed, supports needed, or the minimization of deformation, based on a heatmap. One

can also orient the part to minimize two or all three categories.

5. Generate support structures for the part. Support structures can be chosen to minimize

material intensity or to maximize ease of removal.

6. Export the part for printing.
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Figure 9: A visualization of each step of the topology optimization and structure analysis process

in Inspire.

Inspire’s manufacturing simulation works really well. Its build orientation tool is user friendly
and intuitive, and its support structure generation is good for minimizing material, time or

costs. Therefore, Inspire has been given a score of 4 in this category.

6.4.7 Automation Feasibility

The documentation on automating Altair Inspire with Python is highly lacking. In contrast to
Ntop, Inspire is not a list- and block-based program, and more work is done in the viewport.
This complicates the automation process in that information can not be taken straight from an
excel sheet as it could to a larger extant in Ntop. What could feasibly be done, similarily as
in Solidworks, is define simple components with simple dimensions, and load, save and convert

files. With this fact in mind, Inspire has been given a score of 2 in this category.

32



6.5 Ntop
6.5.1 Introduction

Ntop is (mainly) a topology optimization software that also includes functions such as quite
advanced lattice generation. It is used by the like of Aerojet Rocketdyne in light weighting
endeavors [12] to produce a component for NASA. The goal of testing nTop is to understand
how it handles simulations and topology optimization tasks, and how user-friendly its block-
based interface is for beginners. The software’s lattice generation functions were also tested.
The software’s workflow, from model import to optimization setup, was analyzed and compared
with others in terms of process clarity and automation potential. A special focus was placed on

whether nTop allows scripting for integration in a larger automated pipeline.

6.5.2 Entry-level Difficulty

The entry-level difficulty of Ntop was deemed to be quite high due to it feeling very foreign when
compared to many (if not all) other software that an engineer is used to. The learning curve
is quite steep when trying to adapt to the software’s "block" based interface, but after working
with it for a good few hours and going through the basic training created by Ntop it started to
feel a bit more intuitive. It is worth noting that the error messages and hints in Ntop are quite
detailed and very helpful for beginners. Overall the software is quite harsh on beginners and
was therefore given a score of 2 in the entry-level difficulty category. Below is a figure depicting

the user interface with some explanations.

Topology Opt. Test

- N
. P

I

Figure 10: A screenshot from the Ntop software with some notations describing a few functions

and windows
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6.5.3 Accessibility of Documentation

It would appear that the creators of Ntop are well aware of the steep learning curve of their
software, which has led them to creating quite a large amount of tutorials. There exists a tutorial
on Ntop’s support page for almost every use case imaginable as well as a great "on-ramp" for
beginners. With all these tutorials available in the same place, not even considering all the

Youtube tutorials, Ntop was given a score of 5 in the accessibility of documentation category.

6.5.4 Simulation Quality

The FE simulation tool in Ntop is quite advanced and detailed, allowing for much control over
the mesh size and type. The options and result quality are quite good, but not at the same level
as a dedicated simulation software like ANSYS. With this in consideration the simulation tool
is more than adequate to support it’s use in topology optimization and lattice generation. Ntop

was given a score of 4 in the simulation quality category.

6.5.5 Topology Optimization Quality

In the case of Ntop, the topology optimization tool had a plethora of different objectives and
constraint functions to utilize. It had no problem reducing the mass by 50% while not altering
the (static) interface surface, not exceeding the yield strength of the material and not violating
the overhang limitations unless impossible to avoid. All of these functions combined into Ntop
receiving a score of 5 in the category topology optimization quality. The workflow used to

perform a topology optimization in Ntop can be described as follows:

1. Import CAD geometry and create named variables for load bearing faces
2. Create a finite element volume mesh and face boundaries
3. Input the load case and material parameters into FE simulation model

4. Input simulation model into topology optimization block and define objectives, then run
it

5. Smoothen the resulting geometry

6. Create a mesh then use the "quadrangulate" block on said mesh and convert it into a STEP
file/CAD geometry
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Step 4 (with overhang limit) Step 5 (with overhang limit) Step 6 (with overhang limit)

Figure 11: A visualization of each step of the topology optimization process up until the finished
part is obtained. Two different constraint cases are shown, the first disregarding overhang and
the second having a overhang constraint of 40 degrees. Both runs have a goal of 40 % mass

reduction and passive regions at the hole interfaces.

6.5.6 Lattice Structure Generation

The generation of lattice structures is one of the core functionalities of Ntop, allowing for many
different patterns, Gyroid and diamond for example, and even lattices with changing "density"
based on stress or deformation from a FE analysis. With this said Ntop receives a resounding
"Yes" in the lattice structure generation category. The second type of light weighting/mass
reduction function that can be utilized is a stress dependent lattice structure. This workflow

can be described as follows:

1. Import CAD geometry and create named variables for load bearing faces
2. Create an implicit body

3. Create a finite element volume mesh and face boundaries

4. Input the load case and material parameters into FE simulation model

5. Export the von misses stress (or dislocation) field and use the “range” block to normalize
it

6. Create a periodic TPMS cell and input the cells size as approximately double the smallest

thickness intended to be used
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7. Input the normalized stress field as thickness for the cell

8. Use a Boolean intersect block on the shell and the periodic cell to make the cell map the

shape of the desired geometry

9. Use a Boolean union block on the shell and the intersect result to create the final geometry

of shell with stress-dependent lattice

Step 1 Step 2 Step 3

Step 4

Figure 12: A visualization of each step of the lattice process up until the finished part is obtained.

6.5.7 Combining Topology Optimization & Lattice Structures

The to last type of light weighting/mass reduction function that can be used is a combination
of the two methods that are detailed earlier and combines the strength of each method. It can

be described as follows:

1. Import CAD geometry and create named variables for load bearing faces

2. Create a finite element volume mesh and face boundaries

3. Input the load case and material parameters into FE simulation model

4. Input simulation model into topology optimization block and define objectives
5. Smoothen the resulting geometry and create a mesh

6. Quadrangulate the mesh and convert it into a STEP file
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7. Create a finite element volume mesh and face boundaries
8. Input the load case and material parameters into FE simulation model

9. Export the von misses stress (or dislocation) field and use the “range” block to normalize
it
10. Create a periodic TPMS cell and input the cells size as approximately double the smallest

thickness intended to be used
11. Input the normalized stress field as thickness for the cell

12. Use a Boolean intersect block on the shell and the periodic cell to make the cell map the

shape of the desired geometry

13. Use a Boolean union block on the shell and the intersect result to create the final geometry

of shell with stress-dependent lattice

Step 1 Step 2

Step 5 (without overhang limit) Step 6 (without overhang limit)

Step 7 Step8&9 Step 10 & 11

Figure 13: A visualization of each step of the "combination" process up until the finished part
is obtained, This run has a goal of 40 % mass reduction, passive regions at the hole interfaces

and no overhang limitation.
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6.5.8 Manufacturing Simulation Possibilities

In regards to additive manufacturing simulation tools Ntop has a function that outputs the
optimal build direction with objective of minimizing the required support structure for a given
part. Within this process a support structure simulation tool also exist as well as a slicer tool
that can export directly to the CDF file format. There is also a "minimize height" function
that could be useful in some printing cases. Finally the overhang constraint for the topology
optimization can also be used to reduce the amount of support structure required to print the
part. With all of this in mind Ntop received a score of 5 in the category manufacturing simulation
possibilities. A powerful tool is the build-direction optimization for minimizing support volume,
this workflow is used at the end of any of the preceding workflows and can be described as

follows:

1. Define a plane that will be treated as the build plate

2. Create a "Minimum Support Orientations" block, input the build plane and the smoothened
body from the topology optimization (or implicit body created from the lattice and shell).
In this step max overhang angle before support is needed and how many candidates to

look at can also be defined.

3. Input the transformation list from the step in to a "Manufacturing Support Volume" to
obtain a voxel grid describing the support structure volume for each candidate build di-

rection.

4. Use a "Sort" block on the "Transform Object" list output from the step 2 and define the

proxy as "Voxel Gridg > active voxel count" from step 3

5. Export the implicit body from the list with the [0] at the end of it’s name to obtain the

optimal orientation

6. Optional: Add a new "Manufacturing Support Volume" block and input the build plane

and the obtained optimal build direction.
7. Convert the implicit body into a mesh and quadrangulate said mesh

8. Input this mesh into a "Slice Mesh" and export this to CLF with the "Export Slices to
CLF" block
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Step 1

Step 4 Step 5 Step 6

Step 8

Figure 14: A visualization of each step of the build direction optimization process up until the
finished part is obtained, This run was done on the result of a topology optimization with a
goal of 40 % mass reduction, passive regions at the hole interfaces and 40 degrees overhang

limitation.

6.5.9 Automation Feasibility

It is evident that nTop possesses inherently high feasibility of automation given its fundamentally
parameter-driven and block-based architecture. The major steps of geometry import, simulation
setup, topology optimization, lattice generation, and manufacturing preparation are explicitly
defined through inputs and dependencies. This naturally makes them reproducible and hence

well-suited for automation.

Although nTop does not provide a traditional external API for full headless execution, its internal
logic allows design parameters, constraints, and objectives to be modified programmatically via
structured inputs. This enables batch execution, design space exploration, and integration with

external optimization frameworks.

nTop has good alignment from an automation point of view with the goals of reducing manual
iteration and enabling DfAM workflows that are scalable. It is thus rated as very suitable for

automation within the scope of this project.
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6.6 Solidworks
6.6.1 Introduction

SolidWorks is among the leading CAD engineering tools within the industry, popular for its
user-friendly interface, advanced modeling functions, and comprehensive integration throughout
product development workflows. Dassault System’s version of SolidWorks provides parametric
and feature-based modeling to help engineers and designers quickly build, modify, and optimize

intricate 3D parts, assemblies, and detailed technical drawings.

Over the years, SolidWorks has grown beyond simple CAD modeling into a more advanced set
of modules that includes Simulation for structural, thermal, and motion analysis; SolidWorks
CAM for manufacturing and toolpath generation; and 3SDEXPERIENCE cloud connectivity
for collaborative engineering. This solidifies SolidWorks’ place in an extremely wide range of
industries, from automotive and aerospace to industrial machinery, product design, medical

devices, and consumer electronics.

With its extensive documentation, large user community, and strong support for automation
through APIs and macros, SolidWorks remains a tool of choice among both students and profes-
sional users. Its balance between ease of use and engineering depth makes it an excellent choice
for entry-level users while still providing advanced capabilities for high-level engineering appli-
cations such as topology optimization, additive manufacturing workflows, and simulation-driven

design.

6.6.2 Entry-Level Difficulty

SolidWorks has a rather straightforward learning curve when it comes to part modeling and
assembl, and beginners can easily understand how to get started with all the online tutorials
available on platforms like YouTube. The difficulties of SolidWorks lie in in other functions
such as advanced modeling, CAM, manufacturing, electrical and surface modeling and topology
studies. The user interface of SolidWorks is similar to and reminds one of classic CAD-software,
with a clean and structured UI with both classic and ribbon menus. Compared to other tools,
SolidWorks has more beginner-friendly 3D-modeling and assembly tools which makes Solid Works

easier to learn, and comes with the added benefit of it in a lot of cases being industry standard.

In the context of additive manufacturing, SolidWorks supports topology study, simulation, and
manufacturing workflows, making it practical for beginners exploring AM-related topics. There-

fore, SolidWorks has been given a score of 4 in this category.

6.6.3 Accessibility of Documentation

Tutorials and help on how to work with SolidWorks are available on YouTube, through com-
munity resources like forums and through free and paid learning platforms and courses. The

SolidWorks website also has information about the software and its capabilities. Resources are
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Figure 15: Annotated Overview of the SolidWorks User Interface

available for for both beginner and advanced users. Therefore, this category has been given a
score of 5 for SolidWorks.

6.6.4 Topology Optimization Quality & Simulation Quality

When it comes to Topology Studies in SolidWorks, the options one can choose are self explana-
tory and easily understood. Topology Optimization can be found under Design Insight in the
Simulation ribbon. In order to topologically optimize a component, one first has to select the
material, load conditions and boundary conditions, similarly to the other software. The results
give a component which is somewhat topologically optimized, as seen in the figure below, but
can not be said to have the same quality as either Inspire or Ntop, which is why SolidWorks has
been given a lower score in this category. One could discuss whether the results could be im-
proved upon by a more powerful computer, but better results can still be obtained with the same
computational power in other available software, as discussed before. Topology optimization and

simulation have both been given a score of 3.

The following steps mentioned can be followed to conduct a Topology Study in Solid works:

1. Go to the Simulation ribbon in Solid Works.

2. Click on the New study tab and Select Topology Study from Design Insight to initiate the
Topology study

3. Right click on the model and set the desired material as from the Material Library.

4. Hold Control and Select all the faces which are not to be changed in the topology opti-

mization process.

5. Similarly, hold control and select the faces on which to apply specific loads.
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Figure 16: SolidWorks Topology Study Setup

6. The goals and constraints of the process can be set as desired, for example minimizing the
mass or displacement level.
7. Manufacturing controls can be set, and faces can be preserved along with Thickness control.

8. Finally, mesh size and type of mesh can be defined and generated.

9. Click on "Run this Study" and wait for the results. The run time depends on the complexity

of loads and goals set for the study.

Mesh Quality Optimized mod 1/ Smoothened model

Figure 17: SolidWorks Topology Study and Quality
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6.6.5 Lattice Structure Generation

SolidWorks does not come with lattice structure generation. It can however be manually gener-
ated by using patters and sketches using traditional CAD tools, but this is a tedious and time

consuming process. This results in a score of 0.

6.6.6 Manufacturing Simulation Possibilities

SolidWorks can simulate the Additive Manufacturing process with the help of paid third party
extensions, but does not have Additive Manufacturing simulation capabilities built in. It has

been given a score of 3.

6.6.7 Automation Feasibility

SolidWorks comes with CAD Modeling Automation, Assembly Automation, Drawing Automa-
tion, Simulation Automation and Workflow Automation capabilities, and has been given a score
of 5. However, in this study the focus lies on Simulation Automation, i.e, the Automation of
Topology Optimization. Tools utilized in the Automation study were SolidWorks API, VBA
Macros, Python Scripts, and Excel and txt files. The SolidWorks Automation pipeline can be
designed as per the user’s interests, but this study’s topology optimization pipeline execution

works in the following steps:

2
DS SOLIDWORKS

P :

Iy

— E{ SWP
E EXECUTION
Input P‘étllon Key value Modified Run
conditions a a' Pairs Input Macros Macros
processing

Figure 18: SolidWorks Automated Design Pipeline

1. The user is provided with an input excel sheet to fill in the details of the topology op-
timization, i.e the name, material, load conditions, goals and constraints, manufacturing

controls and mesh configurations.
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2. Python scripts process the data in the input excel sheet to provide it to the text file which

contains key value pairs as input for modified macros.

3. Key value pairs are overwritten every time the script is run and new values are extracted

from the input excel file.

4. The automation process is completed when the macros are executed in SolidWorks, and
the given input boundary conditions are applied in the initiated topology study on the

component.

6.7 Slicer tool

When presenting the slicer tools (or lack there of) there is not much comment to be made,
therefore this section will be presented in a table below with a simple "Yes" or "No" indicating

if the software has a slicer tool.

Fusion 360 | Inspire | Ntop | Solidworks
Yes* Yes Yes No

Table 2: Slicer Tool Table (*Depends on the extension packages installed)

6.8 Summary of Scoring

In Figure 10 the scores of the 4 software in each category is presented, along with the total scores
and responsible group members. This was used to guide decisions regarding the new proposed

design methodology.

Entry-level
= Difficulty (1-5, Accesibility of Simulation Quality| Topology Opt. Lattice Structure | Manufacturing |  Slicer Automation
high = easy) Docur n (1-5) (1-5) Quality (1-5) | G (Yes/No) Sim. (1-5) (Yes/No) |Feasibility (1-5)| Total Score
Solidworks 4 5 3 3 0 3 No 5 23
4 5 3 3 2 4 Yes 4 30
Fusion
1 5 4 5 5 4 Yes 4 33
Ntop
4 4 4 3 3 4 Yes 2 3
Inspire

Figure 19: describing figure of all evaluation scores for each software as well as the total of each software

6.9 Proposed Design Methodology

The proposed design method is compiled of an enumerated list that describes each step of the
process of going from base-line CAD model to the printing of a topology optimized shape with
stress-dependent lattice structure. This will be presented in two different ways, one in-depth
list were software recommendations are included and one "simplified" list that is applicable with

any suitable software.
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First up is the simplified/general method:

1. Create a CAD model and simplify in any suitable CAD software.
2. Simplify the geometry if complex in any suitable CAD software.
3. Import in to any topology optimization-capable software.

4. Run a topology optimization with passive/constant regions at load faces, fixed faces and

bottom as well as a overhang constraint of around 50 degrees.
5. Convert into STL/STEP to be able to run a FE simulation in a suitable FE software

6. Generate the lattice structure based on the FE simulation in a suitable software (most

likely the same one used for the Top.Op.).

7. Create a mesh of the component and export it as a "3MF" file if another software is

intended to be used (if not, just create a mesh).

8. Use a suitable software to run a build-direction optimization to minimize support structure

volume and time while maximizing structural integrity.

9. Export to slicer (or slice in the last used software if possible) and print the part

Geometry
Simplification

Topology Lattice Generation
Optimization

CAD-Modeling

Preperation

Figure 20: Visualization of the result of each major step in the simplified/general design method

And for the more in-depth method using the software explored during the project:

1. Create a CAD model in Fusion360 or SolidWorks.
2. If needed, simplify its geometry in Inspire.
3. Import the STL (or similar) file into Ntop.

4. Define surfaces for the load case and for passive regions (regions not to be altered by the

optimization), as well as a FE volume mesh from CAD body.
5. Run an FE model using the defined surfaces and the desired material properties.

6. Input the FE model results into the topology optimization block and define all desired

variables (volume fraction, maximum stress/overhang).

7. Run the topology optimization and smoothen/simplify the result.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Create a mesh from the resulting implicit body, then quadrangulate the mesh and convert
it into a CAD body.

Define faces for the load case for this new CAD body.

Run a new FE simulation and export the resulting stress or deformation field, then use

the "range" block to normalize it’s values.

Create a periodic TPMS cell and input the cells size as approximately double the smallest

thickness intended to be used.
Input the normalized stress field as thickness for the cell.

Create a shell of the part then use a Boolean intersect block on the shell and the periodic

cell to make the cell map the shape of the desired geometry.

Use a Boolean union block on the shell and the intersect result to create the final geometry

of shell with stress-dependent lattice.

Create a mesh from the implicit body result (Remember: Set min feature size to smaller

than the lowest lattice thickness).

Export the mesh as a 3MF for use in Inspire.
Import the 3MF file into the software Inspire.
Define the part to print in Inspire.

Define the size and type of printer.

Choose the optimal print orientation based on time minimization, deformation minimiza-

tion or support structure minimization, or a combination of two or three.
Generate support structures for the component.

Print!

6.10 Component Designed with Proposed Methodology

The component that is achieved as the result of following the proposed design methodology with

software recommendations detailed above is a new jet engine bracket. This new bracket has a

new, topology optimized, shape and a hollowed out inside filled with a lattice structure that has

varying thickness. This change resulted in a 64% reduction in volume, which roughly equals 2.3

kg in the simulated material. The shape is also optimized to minimize the amount of overhang

angles present in the part to ease production. This fact in conjunction with the build-direction

optimization makes for a very efficient printing process.
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Figure 21: Visualization of the result of each major step in the detailed design method

6.11 Process automation suggestions

In addition to direct automation of individual software tools, the project also explored the use
of third-party process integration and design optimization platforms. These tools aim to orches-
trate multidisciplinary workflows by connecting CAD, simulation, and optimization software in

a unified environment.

As part of this exploration, discussions were held with industry experts and software providers to
understand the practical capabilities and limitations of such platforms. One example is pSeven,
a commercial process integration and design optimization (PIDO) platform designed to manage

automated, data-driven engineering workflows.

While third-party platforms offer powerful optimization and workflow management capabilities,
their adoption must be weighed against factors such as licensing cost, setup complexity, and the

level of control required over individual process steps.

7 Discussion

7.1 Method discussion

This section will provide discussions regarding the different methods that have been used dur-

ing this project. The positives and negatives of these methods will be discussed along with
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Figure 22: The component cross-section achieved when the proposed method is applied on the GE jet engine
bracket.

suggestions as to what could be done differently with the benefit of hindsight.

7.1.1 Literature Study Method

The literature study performed during this project was extensive but mostly focusing on laser
powder-bed fusion printing as a process. This study could have been expanded in several different
directions to inflate the pool of knowledge that concerns this project. To support the software
study more software information could be added to the scope of the literature study. This could
lead to new potential software being uncovered as well as possibly finding a second opinion on

the already covered software list.

It could also have benefited the project to include other automation possibilities than ones that
were Python based, for example p7 and MODEfrontier. This could have put these software on

the radar of the project much earlier, which could’ve led to there being time to test them.

7.1.2 Software Study Method

The software study was done by dividing the group among the four software and evaluating
them across 8 categories as described in section 5.5 and 5.6. Another way of doing it could’ve
been to work in two groups of three people exploring two software per group, but this was not
done due to the limited amount of value a third person exploring a software was deemed to have.
There was also a risk that the depth of understanding for each software would be negatively

impacted if every team member was required to explore and learn two different software rather
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than one.

The evaluations themselves could have been done quite differently as well since the way (most
of) the categories were evaluated were mostly based on a subjective evaluation and a compar-
ative discussion. This means that each software group evaluated their own software and then
the entire project group discussed the functionalities and perceived quality of said functional-
ities and adjusted the grading score accordingly. Some categories like "Entry-level Difficulty"
and "Accessibility of Documentation" are quite hard to quantify in any other way than at least
semi-subjectively, while other categories such as "Simulation Quality" as well as "Topology Opti-
mization Quality" could have been evaluated more objectively. This was not done due the focus
of the project being more towards just providing a general workflow/method and the main use
of this grading was to help guide us in which tools to use (and not use) for each step in our
proposed design method. The actual choice of software done by potential users of the method
will most likely not be based on our grading or recommendation, but rather accessibility and
pricing of licenses. Had there been more time available it could have been interesting to dig a bit
deeper in to the simulation-, topology- and lattice generation quality, alas this was not possible

within our time frame.

7.2 Result Discussion

In this section the results of this project will be discussed and evaluated. Some choices made

that led to these results will be discussed and motivated as well.

7.2.1 Manual Design Method

The expanded design method that was presented in section 6.9 takes advantage of 3-4 different
software to extract the best functionalities and capabilities from each one of the software that
were explored in the software study. The design methodology that this paper presents will most
likely not be feasible or practical for a "real" use situation like a professional setting, since a
company is unlikely to want to get all 4 licenses, which is why the "simplified" methodology
that can be used with any software a company or other user may wish to use is also presented.
However, in a university setting, the full design methodology that this paper proposes can be

used to streamline the topology optimization and lattice generation process.

There could also be alternative versions of the method where only lattice generation or only
topology optimization is utilized. There are undoubtedly cases were it would be beneficial
to only use one of these light weighting tools but to voice any kind of recommendation more
information must be gathered. Due to limited time, this was deemed to be outside the scope of

this project.
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7.2.2 Automation Framework

Based on the software evaluation and the identified process challenges, a conceptual automation
framework is proposed to support partially automated DfAM workflows, as presented in 6.6.8
and 6.11. The framework is intended to connect CAD, simulation, and evaluation tools in a
structured and repeatable manner, while allowing flexibility in software selection depending on
availability and project requirements. The automation methodology proposed uses excel and
text files with python scripts in order to modify input conditions like constraints and loads.
Therefore, the automation solution that this paper proposes can theoretically be used not only

in topology optimization automation, but in any kind of input-output software relationship.

During the project, the automation capabilities of specialized tools were also explored. nTop
Automate was identified as a particularly promising solution due to its native support for para-
metric, block-based workflows and its suitability for batch execution and design space explo-
ration. However, practical evaluation of nTop Automate was not possible within the scope of

this project due to licensing limitations.

In addition, third-party process integration and design optimization platforms such as pSeven
were investigated through discussions with industry experts. pSeven provides functionality for
orchestrating multidisciplinary workflows and optimization studies across multiple tools, and
may therefore be of interest for future work involving large-scale or industrial automation of
DfAM processes.

While these third-party solutions were not implemented directly, the insights gained reinforce
the relevance of automation and workflow integration as key enablers for more efficient additive

manufacturing processes.

8 Conclusions & Possible Future Work

8.1 Conclusions

Before presenting any of the conclusions drawn from this project, the goals presented in the

introduction will be presented:

1. Developing a design method based on the evaluation of existing methods and software,

like lattice designs and generative design methods

2. Creating a Python framework that connects different design, optimization, and simulation

tools

3. Testing and evaluating the created method by using it to design a component

The results of this project, with regard to goal 1, point towards the conclusion that using
one singular software for the entire "design-chain" is technically possible (With Fusion360 and
SolidWorks) although not advisable. This is due to the CAD-centered tools not performing
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anywhere near as well as the topology-centered software in the topology optimization and lattice
generation. Due to different software having different tools (and quality of tools) it can therefore
be concluded that the best design result is achieved using several software. Based on the results of
the software study the recommendation of using one CAD-centered software and one Topology-

centered software can be done.

Regarding the second goal and based on the proof-of-concept of software automation presented
in the project another conclusion could be made. This conclusion being that automation of
certain parts of the DIAM design chain, such as simulation setup and topology study execution,
can be automated to save time and manual effort. It is however still unclear which particular
parts/processes are suitable for this type of automation, since this could not be explored within

the time constraints of this project.

In regards to goal 3 it can be concluded from the testing results of the proposed design method-
ology that the proposed design flow works and does indeed provide a lighter product. The test
of the process performed on the jet engine bracket resulted in a 64% reduction in volume (2.3
kg in weight). It is however unknown if this is precisely the optimal process for making this
particular product lighter, since many different variables can be changed to slightly alter the

result.

8.2 Future work

There are several different directions that further work in this project could go; There could
be a greater evaluation work that more thoroughly and methodological evaluates the software.
This would be an interesting result due to it being a great guide for which software to get, if

resources in a company or project can only cover one or two software.

Another area of research that should be evaluated is how the methodology that this paper pro-
poses would fit into a larger process flow; If the proposed methodology could actually streamline

the process in a real-world situation, and let experts work on other, more important tasks.

Another direction future work could take is to continue to work on the automation framework by
expand it to include other processes such as lattice generation or build-direction optimization.
If the automation framework is expanded the project team would recommend to start with the
process of build-direction optimization since this is quite a repetitive process with very little
variation, perfect for automation. The automation could also be expanded on in other ways
such as exploring the automation tools P7, nTop Automate, and modeFRONTIER rather than

creating a new framework.

There could also be further exploration done in the strengths and weaknesses of lattice generation
contra topology optimization, since this is not touched upon to any greater extent in this project.
This could be used to produce several different, use-case specific, workflows that are more finely

tuned to work in a specific set of circumstances.
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