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ABSTRACT

Additive manufacturing (AM) processes provide new levels of design freedom during product
development as a result of the layer-by-layer build-up process, so that graded lattice structures, internal
cooling channels, or other geometrically distinctive design features are taken into account at an early
stage of product development. In addition, these complex geometric features can be realized without
significant additional effort during the additive manufacturing process while complying with the
restrictions of AM. The "Design for additive manufacturing” research field is trying to offer methods
and tools to support the product developer in exploiting the AM potentials and to maintain compliance
with the restrictions of the manufacturing process to be able to apply these design freedoms in a targeted
and benefit-oriented manner during product development. However, due to a lack of AM knowledge
and limited software solutions, the application of these methods and tools is not always possible, because
necessary AM knowledge is partial or even completely missing. For this reason, teaching and learning
offers are needed that systematically impart specific AM knowledge so that these barriers in product
development can be overcome. In this paper, the systematic knowledge acquisition for specific AM
knowledge is presented using the example of interactive teaching and learning offers. For this purpose,
the basics of systematic knowledge transfer for AM will be discussed first to show the state of research.
This is followed by the presentation of the interactive learning environment, which makes AM-relevant
topics experienceable utilizing interactive 3D models. Finally, a validation of the presented learning
environment for the transfer of specific AM knowledge is presented.

Keywords: Additive manufacturing, blended learning, design for additive manufacturing, AM-
knowledge, interactive learning environment

1 INTRODUCTION

Additive manufacturing processes provide the users with new levels of design freedom during part
design and product development in general. The reason for this is the layer by layer build principle
which is applied during additive manufacturing and thus provides users with unique design potentials
which, in addition to the realization of undercuts, the manufacturing of distinctive bionic structures, also
enable the manufacturing of lattice structures without significant additional effort during the
manufacturing process. [1-4] In research, some potentials of additive manufacturing processes have
already been identified, so the possibilities of this manufacturing process are also increasingly known
in companies. [1,2] However, the exploitation of the potentials is a major challenge for designers and
product developers, because necessary knowledge is not sufficiently available, or prior knowledge is
required for interpretation. As a result, to exploit and consider AM potentials during part design, users
need basic experience in additive manufacturing processes to apply a variety of available methods and
tools. [5,6]. In addition to the potentials, the restrictions of the process must also be taken into account
for robust and reproducible manufacturing, otherwise, the correct and error-free manufacturing of the
parts cannot be guaranteed. [1,2] Due to this, the research field Design for additive Manufacturing tries
to develop and prepare methods and tools to support product developers to ensure a systematic
knowledge transfer for additive manufacturing [7-14]. Additionally, the methods and tools should also
be used in the context of academic education to impart AM knowledge and competencies to engineering
students during their education.
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This paper presents the knowledge acquisition for specific AM knowledge using the example of
interactive teaching and learning offers for the application of infill structures and the implementation of
different lattice structures. For this purpose, first, the basics of design for additive manufacturing
concerning systematic knowledge transfer are presented, and in the following the acquisition and
preparation of specific AM knowledge is explained. This is followed by the presentation of the
interactive learning environment for blended learning methods, which makes digital content tangible
with the aid of 3D models, and a brief validation of the presented learning environment for the transfer
of specific AM knowledge. Finally, a summary and a conclusion are given.

2 DESIGNS FOR ADDITIVE MANUFACTURING

The Design for Additive Manufacturing research field develops methods and tools that support the
methodical design process on an ongoing and phase-by-phase basis and provides tools for the
identification, application, and implementation of AM potentials while taking process-specific
restrictions into account. [2,4,7]

In the DFAM context, one focus is currently on how AM design potentials and process-specific
restrictions can be taken into account in the idea and conception phase of the general product
development process [2,3]. For this purpose, different solution proposals were developed within the
research field, which supports during product development and consist of design rules, checklists with
indications of AM potentials, AM-specific knowledge bases [8,15,16] or additional tools like the
systematic network of AM design potentials [3] or the matrix of conflicting AM potentials [17] exist. In
addition, the empowerment of users is also increasingly in focus, because the possibilities of additive
manufacturing as well as the benefit-oriented application of the design potentials can only be realized
with the help of benefit- and goal-oriented procedures or instructions. Consequently, the preparation of
specific AM knowledge and the development of training and teaching concepts are the focus of current
research. [4,5]

In summary, it can be stated that in the research field of design for additive manufacturing, various tools
and methods have been developed to support product developers for the benefit-oriented application of
AM potentials, so that assistance is available for users with varying application possibilities. Some of
these tools have even been implemented digitally, such as the interactive Semantic network of AM
design potentials according to Kumke [2], but the majority of the available tools have not been
implemented digitally and are available as principle cards, design rules, and process models in analog
form. For the systematic knowledge transfer of the benefit-oriented application of AM potentials,
significantly more interactive and digital teaching and learning tools should be available, since these,
especially in times of corona pandemic and home office, convey the content in a guided manner and
thus have significantly less potential for the incorrect application.

In the following, the elaborated tools are explained concerning infill structures as well as the
implementation and realization of different lattice structures utilizing additive manufacturing processes.

3 INTERACTIVE TOOLS FOR THE TRANSFER OF AM KNOWLEDGE

Digital and interactive learning tools offer both students and professionals non-linear access to
information and are also accessible regardless of time and location. In addition to flexibility, interactive
learning environments allow users to learn a topic area at their own pace, adapted to their prior
knowledge and subjective level of expertise. Furthermore, alternative learning strategies such as
collaborative learning or blended learning methods can be applied, and areas such as lifelong learning
and further acquisition of learning material are greatly facilitated. Especially in the context of blended
learning, hybrid models are occasionally used in universities, where lectures and interactive tools are
used cooperatively in teaching. In order for the interactive tools to be used in a benefit-oriented and
targeted manner in teaching, certain prerequisites must be met. [2,15,18]

Besides the methodological aspects, which also have to be chosen sensibly in the context of interactive
teaching, there are special requirements for the user interface, the provided preceding and subsequent
knowledge as well as for the implementation possibilities of the tools. The preceding and subsequent
knowledge must be explicitly adapted to the contents of the lecture and must be designed to be
complementary. In this way, animated and interactive 3D models can be visualized and digitally
experienced in the area of design theory. The user interface must be designed to be self-explanatory and
intuitive so that all functionalities are apparent and easy to understand.
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As a result, a homepage was designed within the scope of the studies that provides various interactive
courses and tools as well as specific knowledge by means of a learning management system (LMS). Fig.
1 shows the schematic structure of the knowledge system and visualizes exemplarily the access to the
contents. Accordingly, the knowledge system has a navigation and access bar to access specific topics.
It also identifies the representation area that provides opportunistic and restrictive AM knowledge. In
addition, the knowledge system includes lessons on different additive manufacturing topics to learn
specific topics through self-study. Users are guided by the LMS and use interactive visualization tools
on additive manufacturing processes as well as short videos, texts, or self-tests to consolidate what they
have learned and to receive feedback. The focus of the knowledge preparation was on a comprehensible
communication of the potentials and limitations of additive manufacturing processes, especially for
lattice and infill structures.

(X 1) Interactive Lectures
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Figure 1. Schematic representation of the Interactive Knowledge System for imparting AM
knowledge

The core element of the interactive tools of the knowledge system are varying 3D visualizations of
specific AM potentials. In the context of this work, these are different lattice and infill structures that
function as visual objects and are intended to convey necessary AM knowledge with the help of
additional information. The structure of the interactive digital tools is designed in such a way that, on
the one hand, the 3D geometry can be virtually experienced and examined. On the other hand, helpful
information and further references are made available directly in the digital tool. Specifically, 3D models
are prepared with the help of Web-GL plug-ins and thus made virtually usable. For this reason, the user
interface allows users to rotate and resize the geometry data and to obtain further information using
descriptions, highlights, or selectable buttons. Taking the infill structures as an example, users can
switch between the different infill tiles and thus directly see the geometric shape in terms of form and
infill density. In addition, geometry parameters are available that represent the 3D printed part with the
selected infill type.

Figure 2 shows different infill structures that can be experienced as part of interactive models in the
knowledge system. These infill plates show the name of the infill structure at the top and represent the
geometric shape with varying infill densities in the panels below. It can be seen that increasing the infill
density leads to smaller geometric features of the structures and thus the infill structure as such becomes
more compact.

In the context of the virtual lessons, users have access to various topics which, in addition to basic
knowledge of additive manufacturing processes, also include more specific topics such as the benefit-
oriented application of AM potentials. In this way, for example, the application and implementation of
differently shaped lattice structures can be learned and applied. The structure of the lessons is based on
best practices, starting with a short introduction to the subject area, increasing the specificity of the topic
and making the content more complex. For this purpose, explanatory videos and descriptive texts are
provided to convey the topic as simply and effectively as possible. For better understanding, the topics
are also included in the interactive knowledge elements, so that this knowledge should also be conveyed
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interactively. Self-tests are available to check the level of knowledge or to monitor the success of the
learning objectives, giving users an overview of what they have learned.

By using digital tools, digital data can be prepared interactively and enhanced with the help of additional
information that can be retrieved. This possibility offers great potential for independent continuing
education, as the methods and workshops can be designed with the help of digital tools in such a way
that knowledge carriers do not necessarily have to be present so that the transfer of knowledge can also
be sensibly carried out through self-study. The digital tools support this approach immensely and thus
also help to improve and promote lifelong learning sustainably.

Infill type Infill density

Infill visualization
Infill pattern

Figure 2. Selected infill tiles for visualization of infill structures and infill densities

4 APPLICATION AND VALIDATION OF DIGITAL LEARNING TOOLS
Systematic knowledge transfer for additive manufacturing is currently often realized with the help of
workshops or by providing analog tools and methods. This type of knowledge transfer is possible, but
the unguided provision of the tools and methods does not give product developers any guidance on how
to use the tools during product development, which also prevents corrective measures. As a result,
Digital Tools for Knowledge Transfer offer good opportunities to enable a structured transfer of the
acquired knowledge. Blended learning methods are particularly interesting in this context, i.e.,
approaches to link virtual, digital learning tools with classic learning offerings. In addition, the virtual
learning environments, at least in the example presented here, can also be produced as physical objects,
making hybrid learning possible.

To evaluate the developed knowledge system, the interactive lessons on infill and lattice structures were
made available to students in a workshop format as part of the course "Computer Aided Design”. In this
way, the useful application, functionalities and usability are to be reviewed and a comparison between
digital and analog teaching is to be made possible. The structure of the workshop is divided into a basic
introduction to the topic of additive manufacturing processes, so that rudimentary knowledge is
available. However, this introduction could also be realized with the help of digital tools. This was
followed by a brief presentation of the knowledge system and an introduction to the design task. The
students had the task to ensure a benefit-oriented application of the AM potentials and to select suitable
grid structures in the context of the topology optimization. For this purpose, a large number of potential
lattice structures were available for selection with the tools provided, whose advantages and
disadvantages as well as mechanical properties can be displayed with the help of the interactive
environments via the geometry and other information. Thus, in this case, the knowledge system served
to impart knowledge about specific characteristic values and application scenarios for the corresponding
lattice structures. In addition, the students also had the task of preparing additive manufacturing for a
given geometry whose application purpose was described. In order to ensure successful manufacturing
as well as reasonable usability of the component, a suitable infill structure should be identified that
allows material savings while still meeting the mechanical requirements of the component. Fig. 3. shows
a selection of illustrative objects that represent different lattice structures and are examined in more
detail within the interactive lessons.

EPDE2022/1262



R

\\\‘\‘\\\\ R

Diamond Flourit Gyriod

Figure 3. Selected lattice structure cubes for visualization of different lattice structures

The workshop was conducted with 14 participants who first completed the interactive lessons on infill
and lattice structures to build up necessary knowledge. Subsequently, the students worked on the design
task without further instructions. It was found that necessary information was available and thus initial
results could be generated quickly. The selection of suitable lattice structures was well done by the
participants and almost all subjects were able to identify useful structures. Also, the selection of suitable
infill structures could be done without problems by the workshop participants. The use and application
of the knowledge system succeeded intuitively for the workshop participants and did not pose any
challenge. As a result, the interactive lessons provided a good opportunity for students to acquire specific
knowledge using virtual learning methods. The workshop and the application of the knowledge system
fulfilled the expectations and could show that with the help of interactive tools a time and location
independent teaching by means of BL methods is possible. Especially the self-tests are in this context a
good learning target control for the students to get individual feedback, which normally rarely happens
at universities.

5 CONCLUSIONS

Within the scope of this work, an interactive knowledge system for teaching AM potentials using the
example of infill and lattice structures was developed. The core element of this knowledge system is
formed by virtual and interactive lessons, which are supposed to convey specific AM knowledge. For
this purpose, explanatory videos, descriptive texts and interactive geometric data visualizations are used
to provide further information on the respective topics interactively. In addition, self-tests are used to
provide the users with a learning success control.

Through the use it could be determined that the use of digital learning offers a significantly higher
flexibility for the users and still offers specific advantages in terms of guiding the users through the
content as well as a profitable interaction with the knowledge to be imparted. In the context of additive
manufacturing processes, interactive tools can be used to make visual objects available via the Internet
in a cost-effective and straightforward manner, so that 3D printing results can be made available even
without a manufacturing facility. The sensible and user-oriented integration of digital and interactive
learning offers in workshop concepts and other classic offline learning offers represents a key factor for
the targeted and efficient application of these learning offers and was applied in rudimentary form in the
context of this contribution. It could be determined that the different offer formats require explicit
coordination with each other to achieve the highest possible compatibility as well as a coherent concept.
The use of digital learning offers based on Web-GL plug-ins provides the user with a good and
uncomplicated possibility to experience the 3D models and to obtain further information.

As a result, the created learning environments offer a good added value to the user when it comes to
obtaining information on specific AM knowledge. However, for the systematic transfer of knowledge
for AM, these digital learning offers must be implemented in fully comprehensive workshop concepts
or use cases, so that a specific development problem is present along the product development process
and thus parallels specific development problems in the own company become apparent. In this way,
the specific knowledge transfer methods for specific AM knowledge can be combined with real process
knowledge for additive manufacturing, and the added value is significantly increased. However, the
usability of the interactive tool should still function as a stand-alone tool and thus only address a specific
problem or potential during the use of AM. In addition, a combination of digital tools is possible without
further. Furthermore, a significantly larger group of test persons should be used for the evaluation of the
tools and the entire concept, so that the opinions are more expressive and meaningful extensions and
optimizations can be incorporated into this project based on the feedback.
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