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SUMMARY

The main goal of this thesis is to the study the way design for additive manufacturing
(DfAM) rule presentation affects a designer’s ability to utilize those rules. To that end a pair of
studies were carried out. The first study was conducted with industry engineers and designers,
while the second study was conducted with students at a university. For both studies, four DfAM
design rules for fused deposition modeling (FDM) were chosen, relating to overhangs, planar
surfaces, accessible support structures, and part size. Each rule was presented in four different
modalities: text only, text with illustration, text with industry example, and text with 3D printed
example. Each rule presentation included a justification, and all but the text-only presentation
included a “desirable” and “undesirable” design example for the rule. Four-part redesign
problems were given, and their pairing with presentation type and order were randomized. The
resulting redesigns were then rated on both novelty and quality. Results indicate that although
there are no differences in quality and novelty scores between modalities, the text only rules
were perceived to be the most difficult to understand. Furthermore, a comparison between the
professionals and the students showed that the professionals created higher novelty redesigns.

These results have several implications in the field of DFAM education.
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CHAPTER 1: INTRODUCTION

Motivations

Additive manufacturing, or 3D printing as it is more commonly known, refers to a class
of manufacturing processes which all revolve around the idea of creating a 3D object one layer at
a time by stacking these layers on top of one another. These differ from traditional subtractive
manufacturing processes in that, rather taking a large piece of material and removing material in
order to create a finished part, small pieces of material are added together to create the part,
hence the name additive manufacturing. While these processes are not necessarily new, in recent
years, their popularity has skyrocketed due to the increase in both the affordability of the
machines as well as the advancements in additive manufacturing technology. Given the
numerous differences between additive and subtractive processes, it has become increasingly
important to ensure that designers understand the technology and its unique limitations. For this
reason, the field of design for additive manufacturing (DfAM) has emerged, which is focused on
the ways designers can best adapt their parts to make use of the opportunities additive

manufacturing technology presents.

In order to facilitate the spread of DfAM understanding, several avenues have been
explored in addition to the traditional classroom experience, such as virtual classrooms and
workplaces, which replicate the interface of the machines in order to familiarize designers with
the processes in a low-risk environment. One problem, however, is that in the case of additive

manufacturing, there is a unique issue which can be seen. Rather than education being primarily



an academic problem which concerns teachers and professors, it is a problem which primarily
concerns workers in industry, as the process has grown too quickly for current industry
professionals to be well acquainted with it. As a result, the education process needs to be as
quick and practical as possible so they can quickly adjust designs as needed, as opposed to the
more rigorous explanations typically given in classrooms. Heuristics are typically well suited to
this as they allow large amounts of information to be condensed into a set of key points. This can
be particularly useful for computerized tools, such as CAD extensions, for which brevity is a

requirement.

Regardless of the method used for instruction, one important question is how best to
display this information, and this question lies at the heart of this thesis. Building upon the work
done by Dinar and Rosen [1], which focused on the formalization of DfAM guidelines, this
thesis seeks to better understand the differences between the different modalities of presentation
of DfAM rules, and ultimately make recommendations about which presentations are the most
beneficial for aiding designers in making their parts suitable for additive manufacturing.
Furthermore, given the importance of instructing both students and professionals, comparisons
will be made between expert and novice instruction to determine whether any considerations

need to be made when transferring an instruction method from one context to the other.

Research Questions

Based on the goals stated above, there are 2 major research questions that are addressed

by this thesis:

1. How does modality of design rule presentation affect quality and novelty of DfAM redesign?
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2. How do these effects vary with design expertise?

The first question is important, as there need to be metrics to assess the effect of different
modalities on the performance of the designers. If certain modalities yield higher quality scores,
it would indicate that those modalities lead to redesigns that are more appropriate for additive
manufacturing; this would be desirable, as it indicates those modalities are straightforward to
understand. Similarly, if certain modalities lead to higher novelty scores, it indicates that they are
better at stimulating the production of novel redesigns; this is important, as oftentimes the most
ideal redesign is not particularly intuitive, and so modalities that are able to invoke these novel
redesigns may be preferred. The second guestion is important because it allows the results to be

generalized to the two key groups for which it could be useful.

Organization of Thesis

This thesis is divided into 6 chapters (including this one), each with multiple subsections.
Chapter 2 gives a review of the various fields connected to the main subject of this thesis, which
include, design for additive manufacturing, heuristics, presentation modality and expert-novice
differences. Chapter 3 summarizes the various tools and metrics created to conduct the study, as
well as the way the data collection was carried out. It also briefly covers the rationale behind
decisions made at several points throughout the creation of the experimental design. Chapter 4
presents the demographic information and results of the data analysis. It also includes a
description of the statistical tests used to generate these results, and an explanation as to why
each test was used. In Chapter 5, the interesting findings from the results, as well as their

implications, are discussed in detail. This then leads into a description of the contributions this



thesis adds to various fields. To finish the chapter, a detailed discussion at the limitations of this
study is provided, along with some suggestions for how future studies can be improved. Finally,

Chapter 6 includes a summary of the conclusions that can be drawn from this thesis.



CHAPTER 2: LITERATURE REVIEW

Design for Additive Manufacturing

In recent years, an increasing number of designers have realized the benefits of
concurrent engineering [2]. This refers to a system in which the different disciplinary groups
working on different phases of a product work closely together to ensure that all facets of the
product are considered at every phase of product development. This is done in order to improve
the likelihood of a successful product, while also reducing costs and enabling flexibility along
the way. This has spawned an approach to design known as Design for X (DfX), which is an
umbrella term for a group of more focused approaches which aim to help designers consider the
later stages of the product, while still in the design phase. One of the most common of the
approaches is Design for Manufacture and Assembly (DfMA), which is focused on helping
designers create concepts that are easier to manufacture, helping to reduce costs further down the
road. This is done by introducing them to the key features that should be considered in order to
reduce manufacturing complexity, such as the expected assembly directions, and the number of
fasteners [3].

Given the unique nature of additive manufacturing, it stands to reason that it requires a
completely new set of considerations when designing with the intention of using it as the primary
method of manufacturing [4, 5]. For example, while typical manufacturing methods must focus
on reducing part complexity as much as possible in order to reduce both tooling costs and
production times, additive manufacturing processes don’t have this restriction, as the cost is

generally unaffected by the complexity of the design [6]. Conversely, factors such as part
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orientation [7] and support material optimization [8] are considerations completely unique to
additive manufacturing, which can be devastating if ignored. These two types of considerations
represent the two main aspects of design for additive manufacturing (DfAM) and have been
referred to as opportunistic and restrictive DfAM, respectively [9].

Opportunistic DfAM refers to any DfAM method that aims to utilize the unique
advantages that DFAM provides over traditional manufacturing methods. While this generally
refers to taking advantage of the geometric freedom offered by additive manufacturing, given the
increasing use of multi-material AM processes, there have also been several methods taking
advantage of this freedom of material choice/properties, as well [10]. One of the best examples
of these opportunistic DFAM methods is topology optimization, in which the material in a part is
redistributed to optimize certain user-defined design parameters while still fulfilling all the
requirements of the original part. This process has yet to be perfectly adjusted for additive
manufacturing techniques [11], as there is still much work to be done before it fully captures all
of the aspects of a 3D printed part; for example, a lack of consideration for build orientation and
part distortion makes topology optimization a purer representation of opportunistic DfAM, as
those considerations generally fall under restrictive DfAM.

In contrast to opportunistic DfAM, restrictive DfAM refers to the considerations that
must be made when using additive manufacturing that simply don’t exist when using traditional
manufacturing methods. While the specifics of restrictive DfAM can generally vary greatly
between processes, materials, and even between individual machines, there are a few
considerations that are more or less universal. One of the most notable of these is build

orientation, as additive manufacturing processes generally employ a layer-by-layer approach,



meaning the structural properties of the final part can vary greatly depending on the way the part
is oriented. Several processes may also require additional support structures if printed in certain
ways. These are generally undesirable, as they increase material cost and can have negative
impacts on both surface finish and post-processing time. For the purpose of this thesis, DfAM
will generally be thought of in the restrictive sense, primarily because the design changes that
restrictive DfAM requires are inherently narrower in scope compared to the more fundamental
changes that opportunistic DFAM inspires.

In terms of the implementation of either type of consideration, ideally designers would be
adopting a “global approach” to additive manufacturing [12], in which they decide on using
additive manufacturing before they begin the design process. This has been shown to be quite
effective, as it allows designers to take full advantage of the opportunities that additive
manufacturing presents, rather than simply building upon parts made for other processes.
However, given the rapid growth of the additive manufacturing industry [13], there has been
little time for current industry professionals to properly familiarize themselves with the process,
making this approach difficult to apply in practice. One solution to get around this has been to
computerize the process by utilizing optimization techniques to create CAD tools that could
potentially improve designs [8, 14]; while some of these techniques show a lot of promise, they
are still far from widespread, and will take significant time to become standard in industry. Until
the industry reaches a point where either approach to design for additive manufacturing becomes
feasible, a simple method to aid designers in transforming their design into AM-ready parts is

necessary, and this is where heuristics come into play.



Heuristics

Heuristics are often colloquially referred to as guidelines or rules-of-thumb. Fu et al. [15]
performed an in-depth review on the literature surrounding design heuristics in an effort to
determine the key characteristics of a heuristic. Based on these characteristics, one way to
describe a heuristic is as a context-action pair, which provides an adequate solution to a problem
with minimal search time. It is important to note that heuristics are not intended to provide
optimal solutions, but merely provide satisfactory solutions given a specific context.

In the realm of additive manufacturing, the specific context is particularly important. This
is because, when compared to traditional manufacturing processes, the necessary process
parameters vary much more, as they depend on the material, the AM process used, and the
specific machine being used [16]. As a result, much of the research into DFAM heuristics has
focused on specific processes or machines [17, 18]. This is not to say that there are no general
guidelines for additive manufacturing as a whole, as research has certainly been done into
generating process independent guidelines. Bldsch-Paidosh and Shea [16] created a list of 29
general heuristics based on their analysis of hundreds of existing AM designs. Similarly, Adam
and Zimmer [19] found several heuristics that are applicable to multiple processes when deriving
heuristics for Laser Melting, Laser Sintering and Fused Deposition Modeling individually. While
general heuristics like these may lack the specificity needed to acquire near optimal designs, they
make up for it with their wide applicability.

While there are potentially valid concerns about the use of heuristics given that they often
provide sub-optimal solutions, it is important to note that truly optimal solutions are very rarely

ever required, particularly in the field of design, and often are simply unachievable [20]. As a
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result, despite these concerns, research has continued looking into the potential benefits heuristic
use provides. Yilmaz et al. [21] showed that the application of design heuristics aided designers
in the creation of more novel designs. Similarly, in the field of DFAM, Blosch-Paidosh and Shea
[22] showed that by exposing novice designers to the general DfAM heuristics they previously
generated [16], they were able to improve the designers’ ability to redesign for additive
manufacturing. Given the evident benefits that heuristic use provides for design for additive
manufacturing, one of the key next steps is to study the way these heuristics are presented to
designers.

Presentation Modality

The modality effect refers to the theory that presenting the same information through
multiple modalities can improve retention of information and understanding. While the exact
explanation behind this effect is often a topic of debate in psychology literature [23], one
common explanation is based on the Cognitive Load Theory proposed by Sweller et al. [24]; this
theory suggests that by utilizing multiple modalities to present information, the strain on any one
system is reduced, thereby improving one’s ability to learn. While this effect is typically used to
explain the importance of utilizing both visual and auditory representations for learning [25],
specific visual modalities have also been studied such as animations and non-verbal gestures
[26]. Most studies done in this area of psychology have found the modality effect to be
significant in several different experimental setups, which has warranted further research to
understand its impact on design.

In the field of design, research on the effect of modality has primarily been focused on

example modality for analogical design. Analogy in the context of design refers to the transfer of
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knowledge from another field or the use of ideas from a functionally similar product in order to
facilitate the design and development of a new product [27]. This emphasis of example modality
in analogical design largely stems from the fact that if analogies are to be actively used in aiding
the design process, as many have suggested [28], the ideal way to communicate these analogies
should be found [29]. Congruently, given the benefits that providing heuristics has on the design
process, the ideal way to communicate these heuristics must also be found.

Several studies have already been performed in the field of design with this idea in mind.
Chan et al. [29] showed that participants exposed to text based examples produced a lower
number of ideas and also tended to borrow more from the examples than those who were
exposed to pictorial examples. Toh and Miller [30] found that exposing participants to a physical
example led to reduced novelty and variety of solutions when compared to a pictorial example,
suggesting that physical examples may be detrimental to early stage design. Viswanathan and
Linsey [31] studied this design fixation effect more in depth and found that even when de-
fixation techniques were used, physical example groups still tended to replicate the example
solutions more than the pictorial example groups. However, they also generated more non-
redundant ideas, suggesting the effects of modality on design fixation are not as clear as they
may appear. Barnawal et al. [32] studied design for manufacture specifically and found that by
varying the modality in which designers were given feedback for redesigns (none, text, 2D
views, 3D CAD model), their performance could be affected in several ways. Specifically, the
2D and 3D modality groups showed higher performance and confidence in their designs than the
other groups. Furthermore, subjects in the 3D group rated the feedback as all round more useable

than the other groups, indicating subjective preference for the 3D representation.
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Despite the abundance of work on modality within design, there are still a few gaps that
this work fills. First, in most if not all studies, the designers are given very open-ended design
problems, so the effect of presentation modality in cases where the design space is restricted has
yet to be observed. Furthermore, additive manufacturing is somewhat unique in that a variety of
manufactured parts can be made with ease and used as instructional material. This introduces a
new modality for comparison that has yet to be explored, particularly in the context of heuristics.
While similar hands-on approaches have been applied to other studies, this is unique in that
rather than attempting to show how a product works using a physical example, the workings of a
process are being explained through the use of an example, which changes the way designers
need to understand it to make use of it. Finally, very few studies of this type have explored the
effects of the participant’s level of expertise as a moderating variable; this could be an important
factor, as novice designers have been shown to differ in many ways from experts, which will be
discussed next.

Experts vs Novices

As one of the primary applications of this work is in the field of education and workforce
development, it is just as important to examine the learner/trainee as it is to examine the content
being taught. One of the most notable potential differences that can be seen in designers
attempting to understand design for additive manufacturing is their level of expertise in design
generally. It should be noted that the terms expert and novice are used quite liberally here, as
although some efforts have been made to create more formal classifications of different levels of
expertise [33], descriptions of experts and novices vary greatly within the literature. Regardless

of the precise thresholds between experts and novices, in a general sense, expertise can be
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thought of as a wealth of domain-specific knowledge (or ability), acquired from a long period of
sustained practice [34].

While the general concept of an expert is not new, the behavior of experts in design
differs from that of experts in other fields in a few notable ways. For example in a review of
design expertise literature, Cross [34] observed that design experts tend to begin a design
problem by very quickly generating initial solutions, rather than attempting to fully define the
problem first. This suggests a solution-focused approach, as opposed to a problem-focused one
(or at least an approach that looks at both in tandem). Furthermore, Cross also observed that
many expert designers tend to focus on iterating upon a single solution concept, rather than
creating a wide range of alternatives, as would typically be expected of an expert. Unique
differences such as these make design expertise a particularly worthwhile area to study in order
to better understand the reasons behind these differences.

While much of the work on expertise in design has focused on fairly open-ended
problems, there have been a few studies focused on the way expertise affects the solutions to
more constrained problems, such as the redesign tasks that are assessed in this work. These
redesign tasks differ from typical design tasks in that rather than make a new design from
scratch, participants must start with a base concept and adjust it as necessary, which naturally
limits the design space they can reasonably explore. One such study done by Crismond [35]
examined the effect expertise has on the solution strategies of pairs of participants redesigning
simple mechanical devices. The results indicated that experts were better at connecting scientific
concepts to their design and used more rules of thumb than their novice counterparts. The work

presented in this thesis is unique in that it is looking at how one’s expertise in design and design
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for traditional manufacturing affects one’s ability to learn to design for additive manufacturing.
Examining the effect of one’s expertise in a closely related area is a niche that has yet to be
explored in this context.

Conclusions from Literature: Hypotheses

Based on this literature review, there are a few hypotheses that can be made about the
expected answers to the research questions posed above. With regard to the first question, as
physical parts have been shown to run the risk of leading to design fixation [31], it is believed
that the participants exposed to the printed parts will have the lowest novelty scores (H1a).
Participants exposed to text-based rules are expected to have similarly low scores for
novelty (H1b) [29]. On the other hand, in terms of quality, the effect of a printed part is
unknown, however it is believed that the text-based rules will lead to the lowest quality scores
(HX1c), based on prior work [32]. Finally, it was found that there was subjective preference of
the 3D modality [32], over 2D and text modalities, so it is believed that similar results will be

seen here (H1d).

For the second question there are two major hypotheses. First, with regards to novelty, it
is believed that experts will have on average, higher novelty scores (H2a), as they have a
wider range of experiences to potentially draw inspiration from [34]. For similar reasons, it is
believed that experts will also exhibit higher quality scores (H2b). Although that said, it
should be noted that given the many differences between designing for additive manufacturing
and traditional manufacturing, it is possible that the experts’ experience in traditional
manufacturing may actually negatively impact their ability to apply these DfFAM rules. This is

primarily speculation however, as it has yet to be seen if this is a concern.
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CHAPTER 3: METHODOLOGY

Developing the Study

The purpose of this work is to understand how design rule presentation can affect
redesign quality and novelty. Development of the research study began by identifying applicable
DfAM rules of thumb, design problems, and modes of presentation. The design rules and
correlating problems chosen for this study are shown in Table 1. These rules were selected from
a larger set of DfAM rules [18] based on how suitable they were to be applied to a design
problem that could be completed within the anticipated time (roughly 10 minutes). Designs
chosen were simple enough to be shown in one drawing, but complex enough for multiple
redesign solutions to exist. Each rule was associated with only one design problem, and every
design problem consisted of at least one flaw that could be improved by using the correlated
design rule. For example, the “Juicer” problem contains overhangs that will require support
material during manufacturing. Every participant was asked to apply the “overhangs” design rule

to redesign the juicer, but it is not expected to be applied to any other design.
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Table 1: Design rules chosen for study

Rule Description Problem
Overhangs If there is an overhang on the part, ensure that the angle is smaller Juicer
than 40-.
Planar Surfaces, If mating surfaces are large, add holes or pockets to one to reduce Pencil Case
Prismatic Joints contact area.
Accessible If your part requires support structures, make sure they are not Soap Dish
Support Structures trapped inside an inaccessible volume.
Part Size If the part is larger than the build area in one dimension, either Paper Towel
reorient it, or split the part into two. Holder

After identifying design rules and problems, four different modes of presentation were chosen:
Text Only: Rules were presented using the description shown in Table 1 along with a

justification for why each rule makes a design better suited for additive manufacturing.

Rule Justification

If there is an overhang For horizontal, or near horizontal overhangs, supports will be needed
on the part, ensure that if the overhang is longer than Imm. As a result, if you are trying to
the angle is smaller than | avoid the use of supports, try to design the part in a way that keeps
40 overhangs as close to vertical as possible.

15




Text with Hlustration: The same description and justification from “Text Only” were presented

along with 2D illustrations. One illustration shows an unfavorable design when the rule is

ignored, and the second illustration shows a favorable design when the rule is applied.

Rule

Justification

Favorable

Unfavorable

If there is an
overhang on
the part, ensure
that the angle is
smaller than
40

For horizontal, or near horizontal overhangs,
supports will be needed if the overhang is
longer than Imm. As a result, if you are
trying to avoid the use of supports, try to
design the part in a way that keeps
overhangs as close to vertical as possible.

Text with Industry Example: Similar to “Text with Illustration”, this presentation contains the

rule description, justification, and favorable/unfavorable designs. However, this mode of

presentation uses 3D examples of real products such as a bolt/lock, cup, and speaker.

Rule

Justification

Favorable

Unfavorable

If there is an
overhang on the
part, ensure that
the angle is
smaller than 40

For horizontal, or near horizontal overhangs,
supports will be needed if the overhang is
longer than Imm. As a result, if you are trying
to avoid the use of supports, try to design the
part in a way that keeps overhangs as close to
vertical as possible.

z

o —
1 V%

Text with Printed Part: This mode of presentation also contains a description, justification, and

favorable/unfavorable designs. The designs are presented as 3D-printed parts that the participant

can physically hold and analyze.

16



Rule Justification Favorable | Unfavorable

If there is an For horizontal, or near horizontal overhangs,
overhang on the | supports will be needed if the overhang is
part, ensure that longer than 1mm. As a result, if you are

the angle is trying to avoid the use of supports, try to
smaller than 40 design the part in a way that keeps
overhangs as close to vertical as possible.

Each rule as presented in all four modalities can be found in Appendix A. Each associated
design problem can be found in Appendix B. Each design rule, associated design problem, and
mode of presentation occurs only once per participant. A two-level randomization process was
used to assemble experimental packets. Randomization was performed using an online random
number generator. The first level randomized the order in which each design rule is presented to
the participant. The second level randomized the mode of presentation of the design rule. An
example experiment packet is shown in Table 2. Design problems were placed in individual
envelopes labeled Phase A-D so participants did not attempt problems out of order and were only

looking at one problem at a time.

Table 2: Example Study Packet Layout

Phase Rule Problem Presentation
A | Accessible Support Structures Soap Dish Text with 3D-Printed Part
B Part Size Paper Towel Holder Text Only
C Overhangs Juicer Text with Industry Example
D Planar Surfaces Pencil Case Text with Illustration

17



Study Procedure

There were two groups of participants recruited for this study. The first set of participants
chosen for the study was comprised of engineers taking part in a DfAM short course at Siemens
in Orlando, FL. The purpose of the DFAM short course was to introduce participants who were
unfamiliar with additive manufacturing to the considerations needed for DfAM, as well as the
underlying principles behind several additive manufacturing processes. It then went into several
more detailed additive manufacturing principles, which are outside the scope of this project. The
full outline can be seen in Appendix C. At the end of the one-day of the short course, the
research team introduced the study to workshop participants. Experiment packets were passed
out containing consent forms, and those who agreed to volunteer signed the consent forms and
remained in the conference room. Those who did not consent to the study were allowed to leave.
Twenty-seven participants in total agreed to take part in the study. No compensation was given
to those who decided to participate. This first set of participants is intended to represent the
expert group, as although they are mostly new to additive manufacturing, they have a lot of
experience with design and manufacturing as a whole.

The second set of participants chosen for the study was made up of undergraduate
students from an introductory engineering design class at a university. In place of a workshop,
the students were given 2 1-hour lectures on design for additive manufacturing during their
regular lecture periods prior to taking part in the study. The material shown during these lectures
went into less detail than the short course; however, a similar amount of time was spent on the
key information that was most directly related to the design problems. The lecture slides can be

found in Appendix D. Similar to the expert group, the students were given consent forms during
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the class the study was to be performed in; although unlike the expert group, class credit was
offered as compensation for taking part in the study. 56 students agreed to take part in the study,
and an alternate assignment was provided for students who did not consent. This second set of
participants is intended to represent the novice group, and were selected to contrast with the
expert group, as the students are unfamiliar with design, additive manufacturing and traditional
manufacturing.

In both groups, after introducing the study and obtaining consent, one researcher used a
script to navigate participants through the remainder of the study. Participants were prompted to
take the Phase A envelope from the experiment packet. Ten minutes were allotted to read the
given materials and complete the redesign task. These study instructions can be seen in
Appendix E. Researchers alerted participants when there were 5 minutes and 1-minute
remaining. After the ten minutes were completed, Phase A materials were placed back into the
packet before retrieving Phase B. This was done to ensure participants did not return to previous
problems or begin future problems outside of the allotted ten minutes. This process was repeated
for Phases B-D. After Phase D, participants took 5-10 minutes to complete the provided survey.
A copy of this survey can be found in Appendix F. Then, all materials were returned to the
packets, and the packets were collected by the researchers.

Assessing Quality and Novelty

After data collection, two researchers developed coding schemes for quality and novelty
of the design solutions. The decision to focus on quality and novelty as the criteria for the
metrics was based on the framework created by Shah et. al [36]; although, the specifics of both

metrics were created specifically for this study. No other metrics were used, as each participant
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only produced one solution per problem, making other metrics such as variety and quantity
unsuitable. For quality, five criteria were used to judge a design’s ability to carry out all original
functions while improving the quality of the part design for additive manufacturing.
Functionality: Two main functions were determined for each design presented to the
participants. A positive score was given to participants who maintained both functions in the
redesign. Neutral scores were given if only one function was maintained, and negative scores
were given if neither function was maintained in the solution.

Design Material: It was determined that a design is of higher quality if it carries out the same
functions using less material. Therefore, solutions using less material than the original design
were given positive quality scores. Solutions using the same amount of material were given
neutral scores, and those implementing more material were given negative scores.

Support Material: It was determined that a design is of higher quality if it requires less support
material during manufacturing, as this reduces the total amount of material needed for
production. Solutions using less support material than the original design received positive
scores, those with the same amount of support material received neutral scores, and those that
required more support material received negative scores.

Number of Parts: It was determined that a design requiring more parts would be of lower quality
than a design requiring less parts. This is due to the imperfections that can arise when printing, as
well as the additional connections and maintenance required to ensure the additional parts
maintain the same structural soundness as a full piece. Solutions using the minimum number of
parts necessary to print while maintaining functionality were given positive scores, and scores

were reduced as additional parts were added to the system.
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Strength of Print: The print orientation designated could lead to weaker or stronger designs
depending on the way forces will act upon the design during its use. The most likely forces
applied to each design were identified. From these forces, it was decided which orientations
would lead to stronger or weaker designs. It was ultimately decided that in general horizontal
print orientations that had their layers run perpendicular to the likely direction of force would
make each design strongest and would receive positive scores. Vertical print orientations which
had their layers run parallel to the likely direction of force made designs weakest and received
negatives scores. Any diagonally oriented designs were given neutral scores. If the participant
did not indicate a print orientation, it was assumed that the print orientation did not change from
the original.

Two researchers independently examined and rated the quality of 25% of the participants.
Inter-rater agreement was calculated for 25% of the solutions in order to ensure that if Cohen’s
kappa was too low, inter-rater agreement could be carried out again with a new set of
participants once the rubric had been altered. Both raters were engineering design graduate
students who were familiar with the project as well as the metrics used. Inter-rater agreement
across all quality criteria resulted in 90% agreement and a sufficient Cohen’s kappa of 0.84. This
Cohen’s kappa was acquired by analyzing each sub-category score in the same analysis. One
researcher then coded the remaining participants. A final quality score was calculated using a
weighted sum of the individual scores. Functionality was given a weight of 0.5, while the other 4
categories were given a weight of 0.125 each. This was done because regardless of how suitable
a part is for 3D printing, if it is unable to be used for its intended functions, it can’t be considered

a good design; thus, it is reasonable for the functionality to be weighted the same as all other
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categories combined. Sample redesigns along with their quality scores can be found in Appendix
G

The first 25% of participant data was studied again by two researchers to develop an
initial set of novelty categories. Four categories for each design problem were identified where
solutions seemed to vary the most. For example, soap box solutions primarily differed through
modifications to the main architecture, mid-plate design, support type, and print orientation.
Researchers then independently identified if/how original designs were modified within each
category. This was done with 93.75% agreement and a sufficient Cohen’s kappa of 0.77. One
researcher then coded the remaining data for novelty. Novelty scores for individual categories
were based on how few designs fell into that category, such that a design that was the only
member of its sub-category scored a 1, while if all designs fell into the same sub-category, they
would all receive a score of 0 in that category. The overall scores were then acquired by simply
summing the individual category scores, then normalizing the scores to a score out of 1. This

novelty calculation is based on the method suggested by Shah et. al [36].
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CHAPTER 4: RESULTS

Demographics: Experts

The expert study initially consisted of twenty-seven male participants, however one was
excluded due to failure to sign the consent form. Of the remaining 26 participants, 3 were aged
27-30, 11 were aged 31-40, 5 aged 41-50, 4 aged 51-60, 3 aged 61-70 and 1 did not say (Figure
1). Ten participants identified as Asian / Pacific Islander, 12 as Caucasian, 1 as Latino, and 3
other/did not say (Figure 2). Participants averaged 9.8 £ 7.3 years at their current company, 9.8 +
9.7 years design experience, and 15 * 10.4 years engineering experience. Six participants had a
bachelor’s degree as their highest degree earned, 11 had master’s degrees, 8 had a PhD, and 1
had a vocational certificate (Figure 3). Twenty participants had a background in mechanical
engineering, 2 in material science, 4 in aerospace engineering, and 6 in other fields. 23
participants worked as some form of engineer at the company. In terms of their prior experience
with additive manufacturing, on a scale of 1-5 with 5 representing ‘Very Experienced’ and 1
representing ‘Completely Inexperienced’, 4 participants rated themselves 4, 2 participants rated

themselves 3, 7 participants rated themselves 2, while 13 rated themselves 1 (Figure 6).
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Experts: Highest Degree Earned
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Demographics: Novices

The novice study consisted of 56 participants, of which 22 were female and 34 were
male. No participants were excluded from the novice study. Of the 56 participants, 48 were aged
18-20, 7 were aged 21-23 and 1 was aged 24-26 (Figure 4). One participant identified as Arab,
13 identified as Asian / Pacific Islander, 33 identified as Caucasian, 5 identified as Hispanic, 4
identified as Latino, 4 identified as multiracial and 1 identified as ‘other’ (Figure 5). As the
novice study consisted of students who were assumed to have no significant design or
engineering experience outside of school, this data was not collected from the novices. However,
when asked to rate their prior experience with additive manufacturing, on a scale of 1-5 with 5
representing ‘Very Experienced’ and 1 representing ‘Completely Inexperienced’, 1 participant
rated him/herself 5, 3 participants rated themselves 4, 6 participants rated themselves 3, 16
participants rated themselves 2, while 30 rated themselves 1 (Figure 6).
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Data Analysis

To analyze the effect of the rule presentation on quality and novelty, a repeated measures
ANOVA was used for the expert data. In the novice data however, a linear mixed model was
used in order to account for repeated measures while still utilizing as much data as possible. This
was necessary because the paper towel problem was ultimately excluded from the novice data
analysis due to an error in the problem presented to the novices. Regardless of the analysis used,
any problem in which the subject indicated they did not know how to solve the problem was
given a score of -1 for quality and O for novelty, the lowest score possible in either case.

To analyze the effect of the rule presentation on rated ease of understanding, the non-
parametric Kruskal-Wallis test was used. For cases in which the overall effect was found to be

significant, the Student-Newman-Keuls test was additionally run to check for significant
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pairwise differences. A similar approach was used to analyze the other Likert-scale survey
responses.

To test the effects of expertise on quality and novelty, a linear mixed model was used in
order to account for both repeated measures and the rule presentation modality. It should be
noted that for these analyses, the paper towel problem was also removed from the expert’s data
in order to ensure the expert and novice data sets were comparable. To assess the effects of
expertise on ease of understanding and the other Likert-scale survey responses, the non-
parametric Mann-Whitney U test was used. All analysis was done at a 95% confidence level
unless otherwise stated. The direct SPSS output for all tests can be found in Appendix H.

Analysis Results

Based on the aforementioned tests, it was found that the quality of the redesigns was not
significantly impacted by rule presentation modality (Figure 7) for both experts and novices
(F(3,75)=0.922, p=0.435 and F(3,39.2)=1.082, p=0.368 respectively). Similarly, the novelty of
the redesigns was also non-significantly impacted by the rule presentation modality (Figure 8)
for both experts and novices (F(3,75)=0.639, p=0.592 and F(3,41.1)=0.007, p=0.999

respectively).
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The analysis of the effect of rule presentation modality on rated ease of understanding
showed there was a significant effect of presentation (Figure 9) for both the expert and novice
groups (Chi-square=11.5, p<0.01, df=3 and Chi-square=24.5, p<0.001, df=3 respectively). By
analyzing the pairwise comparisons, it was found that for both groups, the text only rules were
rated as more difficult to understand than the other groups (p<0.05). There were no significant

pairwise comparisons found between the other 3 presentations for experts or novices.
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Figure 9: Rated Understanding of Design Rules of Experts and Novices. Error bars show £1 SD

From the analysis of the effect of expertise on quality, it was found that there was no
significant effect of expertise on quality (F(1,238.2)=1.89, p=0.171). Similarly, there was no
significant effect of expertise on rate ease of understanding (U=11030.5, p=0.606). There was,
however, a significant effect of expertise on novelty, with experts being shown to have higher

novelty scores than novices (F(1,225.4)=5.394, p<0.05)
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CHAPTER 5: DISCUSSION

Expert Study

Based on the above results, it was found that the experts showed no difference in their
quality score based on the rule presentation modality they were exposed to. Similar results were
seen for their novelty scores. On the other hand, the rule presentation modality was found to
impact their perceived understanding of the rules, as the text-based presentation was rated to be
the most difficult to understand. This result for quality was interesting, as it did not support
hypothesis 1c (H1c) which said that quality would be higher for the non-text-based presentations,
as an additional medium of presentation has generally been shown to promote learning. Deeper
analysis showed that neither the individual sub-categories (Functionality, Support Material,
Design Material, Number of Parts, Strength of Print) nor the aggregate quality scores yielded
statistically significant differences among the conditions. One possible explanation for these
quality results could be that in this case, the rules were too easy to comprehend and apply, which
left very little room for the non-text-based presentations to improve performance. It is difficult to
verify this within the context of this study, as the sample size is too small to separate the
problems and compare them individually. However, one simple way to verify this in a future
study is to perform a follow up study with a more complex set of rules. Another possible
explanation could be that even when the rules were initially confusing, as participants were given
ample time to solve the problems, they eventually reached a sufficient level of understanding to
apply the rule correctly. This explanation is supported both by the subject’s self-rated “time for

ideas” and by the observation that the expert’s quality and rated ease of understanding were not
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significantly correlated. Given that the quality scores were generally quite high, this suggests that
the participants were able to get high quality scores even in problems they felt were difficult to
understand. Lastly, it is worth noting that the variance in the quality scores was quite high, which
is a major reason the effect of presentation was nonsignificant. Based on what was observed
from the redesigns, it seems as though this was because regardless of the condition the
participants were exposed to, several participants would apply the rule associated with the
problem without ensuring the part would still function properly after the change. A common
example of this can be seen in the juicer redesigns, where several participants increased the angle
of overhang to eliminate the need for support material, without considering that the increased
handle thickness would make it much more difficult to grip. Teaching designers how to balance
DfAM rules with the requirements of design is evidently something that needs to be done,

although incorporating this idea within every heuristic may be difficult.

Similarly, the results of novelty do not support hypothesis 1a or 1b, as it was believed
that the problems in which participants were given printed parts would have the lowest novelty
scores because the participants would more easily fixate on them, while the illustrations and
industry examples would produce the highest novelty redesigns, but this turned out to be
incorrect. Although the findings in this study do not seem to match prior expectations, there are a
few things to consider. First, while physical examples can very often lead to fixation due to the
very clear similarities they share with the design, in this study, the printed parts where
intentionally made as abstract as possible. This likely made it more difficult for subjects to focus
on the specific solutions, and instead forced them to focus on the reasoning behind them.

Similarly, although the participants’ text-based solutions were shown to have higher novelty than
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expected, several of these solutions were high-novelty, low-quality solutions which addressed
the problems in unique ways, but did not properly apply the rules they were attached to. It is
assumed that participants who created solutions such as these were unable to understand the
purely text-based rules correctly, leading to improper application. Although this may have led to
more novel solutions, it is difficult to say that this would be a positive in the context of a
redesign problem if the primary goal of the redesign is not met. While this may indicate that
novelty as measured in this study may not be as important for a redesign problem as it for a more
typical design problem, changing the way novelty is measured could potentially affect this result.
Perhaps for future studies, one way to see more novel results that are realistic would be to ask
participants to generate multiple ideas and only analyze the high-quality solutions. With multiple
redesigns, research suggests the likelihood of a participant producing at least one high-novelty,
feasible idea naturally increases [37], meaning there would be a lower number of low-quality,
high-novelty solutions in the final analysis. Ideally, this would lead to more conclusive results

for novelty in future redesign studies.

The results of the self-reported ease of understanding survey data partially supports the
hypothesis that 3D modalities are subjectively preferred (H1d), as although the text-based
solutions were rated most difficult to understand, the results of the other three modalities were
unexpected. Despite the slight preference observed for the printed parts over the illustrations and
examples, the post-hoc analysis indicated it did not reach the level of statistical significance,
showing that from the participants standpoint, although the text by itself was difficult to
understand, all of the other modalities were perceived as equally easy to understand. This is

unexpected given that the introduction of the tactile modality in addition to the visual modality
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would typically be expected to improve the ease of understanding. However, it is likely that their
unfamiliarity with the 3D printing process hindered their ability to understand the rules being
presented in this manner, which suggests the printed parts may only be particularly useful for

designers who already have a reasonable understanding of the process.

Ultimately, the expert study indicated that although rule presentation does not seem to
affect performance, it does seem to have an impact on the designer’s perception of ease of
understanding, which in many ways is equally important, as rules that are easily understood are
more likely to be internalized and applied in other scenarios. Furthermore, this improved
understanding was observed for all non-text modalities, suggesting that a printed part does not
actually provide any additional benefit. If this is the case, there is no compelling reason to use
them in the teaching process, as 2D illustrations and 3D CAD models are equivalent, while also

being much easier and cheaper to create.

Novice Study

By itself, the novice study yielded no new findings, as the results seen were largely the
same as those from the expert study; there was no significant effect of quality or novelty, while
ease of understanding was found to be lowest for the problems with text-based rules, but not
significantly different for the other three modalities. While this does serve as validation for the
results of the expert study, the more notable findings from the novice study come from the

comparisons which can be made between the expert and novice redesigns.

In terms of their quality scores, it was found that experts and novices did not significantly
differ from each other which means hypothesis 2b (H2b) was not supported by the data. While
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this may initially seem odd, it is worth noting that while the experts were much more
experienced in design, they were on average just as inexperienced as the novices with additive
manufacturing specifically, which is made clear by their nearly identical self-ratings of their
previous experience with additive manufacturing (Figure 6). Given how unique additive
manufacturing rules are, it is understandable that their experience with traditional manufacturing
processes did not help them much, especially considering that the problems were more focused
on the correct application of DfAM rules than on generally improving the part. Furthermore, as
the rules were selected to be relatively easy to understand and apply, it is expected that nearly all
participants would be able to generate reasonable solutions to the problems regardless of their
prior experience. The lack of a significant difference in the perceived ease of understanding of

the expert and novice groups supports this explanation.

Novelty was shown to be the primary area in which experts and novices differed, with
experts demonstrating significantly higher novelty scores than novices. This supports the
hypothesis that experts will have more novel solutions (H2a), which makes sense, as expert
designers naturally have a larger wealth of experiences to draw from, which allows them to
potentially come up with more varied solutions. One notable area in which the experts
demonstrated significantly higher novelty was in print orientation, as they were far more likely
than novices to attempt to change the orientation of the part in order to improve its ability to
print. This added dimension of design space allowed the experts to create a much wider range of
designs, which is a large part of the reason their novelty scores were higher. This tendency to
reorient the part can be seen particularly clearly in the soap box problem, for which over a

quarter of experts reoriented the part in some way, compared to only 4% of novices.
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Although in general novelty was shown to be higher for experts than for novices, it is
interesting to note that for the printed parts, novelty was actually the same for experts and
novices. This is interesting because it means although in the expert study there was shown to be
no main effect of rule presentation modality on novelty, rule presentation modality does
moderate the effect of expertise on novelty. This suggests that design fixation may be occurring
for experts exposed to the printed parts, which supports the prior research [31], as well as the
claim previously made that printed parts may not be the best way to present DfAM rules to AM
novices. That said, research into the effects of physical parts has been far from conclusive, and
while some work has been done to find the root cause [38], it is still difficult to say with certainty

whether this effect plays a role in this context without additional research.

Contributions

Ultimately, the work done towards this thesis has contributed to the literature on design
heuristics and design for additive manufacturing in a number of ways. First, by studying
professionals from industry in addition to the students typically studied in experiments such as
these, it is possible to extend the findings of this work to a larger population of designers. This is
particularly important in a rapidly developing field such as additive manufacturing, in which
formalized instruction is often seen even in an industry setting. Along similar lines, this thesis
has added to the body of work on expert-novice comparisons, particularly in the field of design
where expertise tends to come with unique connotations attached. Specifically, it has shown how
expertise in one area of design can affect performance in another, which is of interest given the
unique nature of design expertise. Lastly and perhaps most importantly, this work has

contributed to the general understanding of design heuristics, as the question of the best way to
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present heuristics is one which has yet to be explored much in design literature, making this
work a useful starting point for researchers interested in studying the presentation modality of
design heuristics. This will be particularly important for researchers who want to make of use
heuristics in an applied setting, such as part of a computational design support tool or for

instructional purposes.

Limitations & Future Work

Despite the numerous potential contributions of this study, there are still a few limitations
which should be considered for the sake of any future research conducted in similar areas. First,
there were a few issues observed related to the sample of experts used. One issue was that the
workplace used for the expert study was not as diverse as would have been desirable. Most
notably, there were no females included in the expert study. While this issue was somewhat
addressed by sample of the novice study which included a much more diverse set of individuals,
ideally any follow-up study conducted will include a more representative sample of the general
population. Furthermore, given the restricted access to the expert pool of subjects, the size of the
expert sample was smaller than desired. While it is difficult to say whether this was particularly
problematic in this case, it is worth noting that this does affect the ability to detect a difference,
as well as the statistical power of the results. Finally, although all of the subjects from the initial
study are collectively referred to as experts given that they all have several years of
design/engineering experience, in reality, even within this group, there is a reasonably large
amount of variance in their levels of experience. One way to capture these different levels of
experience would be to further break down the expert group into sub-groups of varying

expertise; however, given the already small sample size of the expert group, further sub-division
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is infeasible for this study, as it would only reduce statistical power more. That said, in general,
there is merit in attempting to divide expertise into more than two categories as has been done in
the past[35], and would be an interesting avenue to explore for future studies with larger sample

sizes.

Aside from the potential issues with the samples, there are a few other limitations to the
studies in this thesis. One important consideration is that ultimately one of the most important
application areas of this study is in the field of education. In the context of education, while the
immediate performance of the students is important, the final goal is to ensure the students are
able to retain the information they learn, which can’t be checked by tests that are administered
while the participants still have access to the design rules. A future study with a longitudinal
design that tests participants at several points in time after their initial exposure to the rule

presentation could be done in the future to better cover this facet of education.

Another limitation of this study stems from the fact that the metric used to measure the
ease of understanding of each participant was self-reported. While this is certainly the most
direct way of determining one’s attitude towards the rule presentation modalities, it does rely on
participants having an accurate picture of how well they learn, which may not always be the
case. For this reason, a more objective measure could be used in addition to the survey response;
for example, the time it takes for each designer to complete each problem could be measured and
used as a representation for how easy it was to understand/apply the rule. While this measure
would surely have issues of its own, it does illustrate that other potential ways to measure ease of
understanding exist, and future studies could look into using some of these other more empirical

measures. While the major metric that a change like this is aimed to address is ease of
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understanding, a similar line of thinking could be applied to several of the survey metrics. For
example, rather than simply asking how familiar participants are with additive manufacturing,
the question could ask how many parts they have printed on a 3D printer, or how many different
additive machines they’ve used. While there is always some insight to be gained from using
subjective measures, objective or empirical measures are always less ambiguous and often more

useful as a result.

The final limitation worth mentioning concerns the rules chosen for the studies. As was
previously mentioned, the problems chosen were all fairly simple to understand and apply. This
also meant they were quite easy to represent in a variety of different formats. As a result, it is
difficult to say whether the findings in this thesis can be generalized to all DFAM rules, or if they
are limited to simpler ones. As a result, one of the major areas for future study should be to

explore a wider variety of more complex rules to see if the findings are supported.
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CHAPTER 6: CONCLUSIONS

Ultimately, all of the initial research objectives identified in this thesis were addressed.

For the sake of review, the research questions were:

1. How does modality of design rule presentation affect quality and novelty of DfAM
redesign?

2. How do these effects vary with design expertise?

The first question has been addressed in detail by the initial expert study and was further
validated by the novice study performed. Specifically, it was found that for both experts and
novices, there were no significant effects of rule presentation modality on the quality or novelty
of the redesign solutions. However, there was found to be a significant difference in perceived
ease of understanding based on modality; specifically, the text-based rules were rated as being
more difficult to understand than the illustrations, examples or printed parts. There was no
significant difference found between the other three modalities. These findings are important
because they give some insight into the way heuristic based instruction materials should be
presented to designers. While text-based rules do not seem to reduce the participants ability to
create satisfactory redesigns, they have the disadvantage of being perceived as more difficult to
understand, which may certainly play a bigger role when attempting to explain more complex
design rules than the ones covered in this thesis. Similarly, although printed parts are a novel

way to quickly demonstrate DFAM rules, these results suggest that they have no significant
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advantages over illustrations or CAD examples, which suggests that they may not be worth the

additional effort or cost required to produce them.

The comparison between the initial expert study and the follow-up novice study formed
the basis for answering the second research question. It was found that although there was no
effect of expertise on quality of redesigns or ease of understanding, experts were shown to
produce higher novelty redesigns, which is understandable given their greater experience with
design as a whole. This is important as it suggests that although their knowledge of traditional
manufacturing did not improve their ability to design for additive manufacturing, their
experience with design has improved their willingness to think of unusual solutions. Future work
could focus on how instruction for novices can be adjusted to facilitate novel ideas, as it appears

to be the main area in which they lag behind experts in the context of DfAM.

While both questions were addressed, there still exists a lot of room for future work in
this area. The most natural follow-up to this work would be a similar experimental design but
with more complex design rules to ensure that these findings apply to a wide range of design
rules as opposed to the few studied here. In addition, another important follow-up study that
could be performed is a longitudinal study focusing on the effects different presentation
modalities have on participants’ ability to retain DFAM knowledge. This is necessary to the field
of education, as the long-term effects are just as important as the immediate effects. In terms of
applications, the information gained from this study can potentially be applied towards the
development of CAD tools that aids designers in DfAM, with the main takeaway being that text

may not be the best way to represent these heuristics.
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APPENDIX A: RULE PRESENTATIONS

Table 3: Rules in Text Only Format

Rule

Justification

If there is an overhang on the
part, ensure that the angle is
smaller than (Spec. 8)

For horizontal, or near horizontal overhangs, supports will be
needed if the overhang is longer than (Spec. 9). As a result, if
you are trying to avoid the use of supports, try to design the
part in a way that keeps overhangs as close to vertical as
possible.

If mating surfaces are large,
add holes or pockets to one to
reduce contact area.

This is to minimize the possibility of the two surfaces fusing,
which is prone to happen when dealing with large surfaces.
This also allows you to de-powder more easily (only applies to
metal powder bed fusion).

If your part requires support
structures, make sure they are
not trapped inside an
inaccessible volume.

This is to ensure there is some way to remove the support
structures from the finished part, as they can be quite difficult
to remove. This may not be needed if the supports will not
interfere with the operation of the part.

If the part is larger than the
build area in one dimension,
either reorient it, or split the
part into two.

Depending on how large the printer you have access to is, you
may be limited in how large you can make your part. As a
result, it can be useful to turn it into two parts and add fasteners
to join them after printing.
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Table 4: Rules in Hlustration Format

Rule

Justification

Favorable

Unfavorable

If there is an
overhang on the
part, ensure
that the angle is

For horizontal, or near
horizontal overhangs, supports
will be needed if the overhang
is longer than (Spec. 9). As a

smaller than result, if you are trying to
(Spec. 8) avoid the use of supports, try
to design the part in a way
that keeps overhangs as close
to vertical as possible.
If mating This is to minimize the \ .

surfaces are
large, add holes
or pockets to
one to reduce
contact area.

possibility of the two surfaces
fusing, which is prone to
happen when dealing with
large surfaces. This also allows
you to de-powder more easily
(only applies to metal powder
bed fusion).

If your part
requires
support
structures,
make sure they
are not trapped

This is to ensure there is some
way to remove the support
structures from the finished
part, as they can be quite
difficult to remove. This may
not be needed if the supports

inside an will not interfere with the
inaccessible operation of the part.
volume.

If the part is Depending on how large the
larger than the | printer you have access to is,
build areain you may be limited in how

one dimension,
either reorient
it, or split the
part into two.

large you can make your part.
As a result, it can be useful to
turn it into two parts and add
fasteners to join them after
printing.

1
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Table 5: Rules in Industry Example Format

Rule

Justification

Favorable

Unfavorable

If there is an
overhang on the
part, ensure that

For horizontal, or near
horizontal overhangs,
supports will be needed if the

o — o —
N\ /4

the angle is overhang is longer than
smaller than (Spec. 9). As aresult, if you
(Spec. 8) are trying to avoid the use of

supports, try to design the

part in a way that keeps

overhangs as close to vertical

as possible.
If mating This is to minimize the

surfaces are
large, add holes
or pockets to
one to reduce
contact area.

possibility of the two
surfaces fusing, which is
prone to happen when
dealing with large surfaces.
This also allows you to de-
powder more easily (only
applies to metal powder bed
fusion).

\
N

If your part
requires support
structures, make
sure they are not
trapped inside
an inaccessible

This is to ensure there is
some way to remove the
support structures from the
finished part, as they can be
quite difficult to remove.
This may not be needed if the

volume. supports will not interfere
with the operation of the part.
If the part is Depending on how large the

larger than the
build area in one
dimension,
either reorient it,
or split the part
into two.

printer you have access to is,
you may be limited in how
large you can make your
part. As a result, it can be
useful to turn it into two parts
and add fasteners to join
them after printing.
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Table 6: Rules in Printed Part Format

Rule

Justification

Favorable

Unfavorable

If there is an
overhang on the
part, ensure that

For horizontal, or near
horizontal overhangs, supports
will be needed if the overhang

the angle is is longer than (Spec. 9). As a

smaller than result, if you are trying to

(Spec. 8) avoid the use of supports, try to
design the part in a way that
keeps overhangs as close to
vertical as possible.

If mating This is to minimize the

surfaces are
large, add holes
or pockets to
one to reduce
contact area.

possibility of the two surfaces
fusing, which is prone to
happen when dealing with
large surfaces. This also allows
you to de-powder more easily
(only applies to metal powder
bed fusion).

If your part
requires support
structures, make
sure they are not
trapped inside
an inaccessible

This is to ensure there is some
way to remove the support
structures from the finished
part, as they can be quite
difficult to remove. This may
not be needed if the supports

Tﬂ
-

volume. will not interfere with the
operation of the part.
If the part is Depending on how large the

larger than the
build area in one
dimension,
either reorient it,
or split the part
into two.

printer you have access to is,
you may be limited in how
large you can make your part.
As a result, it can be useful to
turn it into two parts and add
fasteners to join them after
printing.

'
=
)
-
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APPENDIX B: DESIGN PROBLEMS
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Figure 10: Overhang problem. “Handheld juicer to extract juice from small citrus fruits.”
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Figure 11: Prismatic joint problem. “Pencil case: The drawer is blocked off so that it cannot fully
come out of the case.”
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Figure 12: Trapped support problem. “Soap dish with hexagonal drainage holes to prevent
puddle buildup around the soap. All dimensions are in millimeters.”
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APPENDIX C: SHORT COURSE OUTLINE

Design for Additive Manufacturing (AM) Course Outline
One-Day Short Course (8 hrs)
David Rosen and Carolyn Seepersad

I. Overview of AM and AM Processes (1 hr)
A. Overview of AM industry and market size
B. Review/description of the 7 ASTM categories of AM processes
C. Example applications of AM processes

. Selection of AM processes (1.5 hr)
A. Criteria for selecting AM versus conventional fabrication
B. AM selection process/tool
a. Selection exercise

[1l. Conceptual Design for AM (2 hr)
A. Design exemplars for ideation
a. Short redesign exercise
B. Topology optimization
a. Hands-on exercise with topology optimization software (if available)

IV. Detailed Design for AM (2 hr)
A. AM workflow
B. Costing and build time estimation
C. AM material properties (repeatability, anisotropy)
D. Design guidelines
a. Design mini-project

V. Special topics (1 hr)

A. CAD/CAE tools for AM (if CAD is available for attendees)
B. Lattice structures
C. Future of AM
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APPENDIX D: NOVICE LECTURE OVERVIEW

Adapted from content developed by David Rosen and Carolyn Seepersad

Introduction to Design for
Additive Manufacturing

Part 1

ME1770

Learning Objectives

* Learn about different types of AM
* Learn about the unique capabilities of AM

* Learn about how industries have taken advantage of the

unique capabilities of AM

* Understand the characteristics of designs that favor AM
* Learn about the design for AM process

Additive Manufacturing — 3D Printing

* ASTMdefinition of AM: The process of joining materisks to make objects from 30

modeidats, s lly Byerby-Byer, &t opposed o zubtmctive manuacturing

methodologies

* Other terminology: 3D printing, mpd prototyping, rpid manumcturing, direct
digial manucturing, soid freeform fabrication

L

-

ASTM-ISO Standard Processes

- Vat?lobpoymerizator SLA) -30 Sysems

+ Powd:rBed Fisha (SLS)-3D Sysems, Arcam, Coicept Laser, EOS,
Rerkiaw, SLM Sontoas

- Matral Ettnsby (FOM) -Stratasys

+ EhderJetthg (3DP) - 3D Sysems, Ex Ose, HP

- Matrial Jetthg - 30 Sysems, Objet

+ Dieckd Ese igy Depos by - Optomec, DM3D, hssTEK
+ SheetLlamhator -Mcor Techiobges, Fabrsorke

AM Industry Growth

Products & Senices
Revenues, LSSM ey
o
Illllll
QTN :

CEPP LIPS

Source: Weblers Assotiates, Inc.
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Industrial Machine Sales

—i{h ll'

Ird stris| Mechine s2les in2014
Solirce: Wohlers Assdciates |

Additive Manufacturing Processes

1-b 2D
Scanmng Faraltel Area Filkng
Pacters Matoriad St n iy Thereal Spap
s Mty
Forters Tnerey ry
Factern borh Matertal | Deeod oy
& Eacrgy

Material Extrusi

« Process Cramck ks
* Ahealed hermoplas ic Samenlls
exiuded fom a cpillary
« Par’s chamberls healed b minimize
skesses and defrmaton
* Regures supporlshuchres

« Stratasys. 3D Systems,
Mak erbot, RepRap, PrintRBot.
etc.

Stamsy: 500mc

Material Extrusion — 3D Printers
RN Adinia S

30 S).lstems
Rostock

g panon WeARaRack

10

Fiber-Reinforced Composites

* MarkForged * Arevo Labs

* Carbon fiber, fiberglass,

* Carbon fiber layup on
=" | 4 |

Material Jetting

« Process Claackristos
« Nozzies jelbeads ofwax of
phokpdymer.
* As ey louse a5 ane work prinkr.
« Fasland Inexpersive.
+ Exlersive supporishuckres reeded.

-
v

LS. oo O P Przcen
m_ - ! .
« 3D Systems, Solidscape,
Stratasys Edea 250 from
ObjetGeome tres

11
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Binder Jetting

+ Process Cha ncterstics
= Print head degesits binder into vat of
pomder

= Powder recoating is similar to SIS
* Fast and inegensve
* Fragite ind hewited acouracy

= good infiltrants availabie

+ ZCorporation (30 Systems),
SolidSca pe, Extrade Hone,
Voxelet, HP

Additive Manufacturing Processes

1-b 2D
Faraltel Area Filkng.
Pacters Matorisd Yar kv Thereal Span
Tadis ety

Fariers Lnergy

[

[Fasters Bk Natermal [ Teer
& Eacrgy

13

14

Powder Bed Fusion

« Selective Laser Sintering (SLS)
+ Laseriuses powders in layers
using & compuler conboller
scanving syskem
+ Powder s replertshed and he
nexliayes is scarved
+ Powder emgeraire Is mahisned
near meling paini b 3 ksion
are miimize dis ke bors
+ Sporsreeded trmeld

« EOS,3D Systems, Arcam,
Concept Laser, Renishaw, SLM

The Svarstasen £330 Sysis Prmens Crasder

- ]

5|
3

Metal Powder Bed Fusion
@

Fuel nozzie for
GE LEaP ergine

Solutions
« $300k - $1M
15 16
Polymer Powder Bed Fusion Stereolithography
- Polamide [Ny}, ghss-filled pokamide, ebstomer, PEEK/PAEK, PS, m:’::r:;::“
composites * Epoxycatonic

+ lLargest powder bed: 5505504750 mm (sPro 230), 700x380+560 (P800}

= T -
8 —"l o 2 g
i Lk

<+

-

VechrScar SL

N\

o

v

Mask Projection SL

(o T

w@w

2-Pholon Polymertzalon
100 rem reschulon
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Carbon3D

* Fast mask-projection stereolithography process

* Utilizes oxygen inhibition to prevent cured resin from sticking
to window.

* CUP = Continuous Liquid Interface Production

Sheet Lamination/Laminated Object Manufacturing (LOM)

Process Charactanstics

+ ACO, laecr cute thin dodte of muterial it

poecinely cut 42 shect
+ Mutcriad in hermudly fimed b e previcss
bayer swaing & beatad solke

+ Dioad rraterial is reanovad to wxuves
cormpleted parte

Mear Technologies
Halisys (out of busiess, 1099).
Relnted Teclmolbogies

+ Cobic Technelogres. Sparx, Kira
Fabenoercs

* Large, bulky parts

* Patterns for sand casting

Applications of LOM

Ultrasonic Consolidation

Process Charcterstcs

= Uses sonic walding 1o fuse akuminum strips
ta cne another to add a Byar s s

= Machines contours of laryers |3 asis S W 1 o doves
maching 1007

= Taanium alieys ako

= Canembed comparants - Sbar optics for
sercing D

it wxrenry 5wl

ors Ofne s

e viete.

* Solidica, Inc; Fabrisonic
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Additive Manufacturing Processes

1-D 2-b
Scanemy Farallel Arva Fifing
Fateera Material Ml b Ty Theer Speay

ke fanag

Vi TYaagaly (s
Pili war, ewl)
Matrhambaal Dpustie

Fattera Eoergy

Patters boak Maternd
& Energy

Drved By Dipacin

Directed Energy Deposition

Process Chanacterstcs
= Direct metad fabrication using liser dadding
process.
= SSOW aed 1000W NAYAG lisars
= hatar and 304 stainkss stols, HA3
tood st wl-tased superaloys such 35
Incone 0, and 748, 2024 aluwinum,
wanium alloy
= S.aeis depesition head available

and THEAT

Laser Esgineered Net Sha ping (LENS)|
Optomec, devebped atSanda
Rebted Technobgies

= DM3D, Sdiaky

23
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Design for Additive Manufacturing

AM Unique Capabilities

* Shape Complexity

* Material Complexity (A

* Hierarchical Complexity @

* Functional Complexity

25 26
General Design Method Design Opportunities
* Part corsolidation—- replace several parts with1
* reduced QHQW\D?’ ORINN merg
* reduced inverry
* Complex geometries
* mom effcentdes grs, tetter integration
— * lghtweght structures
* Customgeometries
* Cusm med cal devees
> cuumpun
* low volume, ecoromiaa! prodicton
= apile manutscturing
27 28
Design Opportunities (contd.) Purposes of AM Parts
* Multimateriak, Multifunctionality
* ighteegnt
* prtcorsolcaton, megmton Prototypes
* Mo tooling — fe wer manufacturing processes Concept~ ook/feel of prod uct
* Bgile manutscturing Form/Fi—assemble the prod uct, identify clearances & e rie rences
-.e'mba dstrouea ﬂﬂif‘ﬂu""i Functoral - opemstonsl pert/pmd uct
* Efficient usage of materiaks 3 J
* s waste, cost Prod uction Manufacturing
* Less energy consumgtion d uring processing; smaller carbon footprint - Tooling
{low prod uction volumes)
29 30



Design Guidelines for Additive

Process-Specific Design Guidelines

= many rules of thumb have been developed foreach process
+ &nd each mac hine
- Pules can be materialde pe nde mt

» Primary process varnables

Manufacturing - Fararicrtian
— layerthckness
= Suppart structuresfanchon [yes/ na)
Edl 32
Support Structures

= Processes requining supports
- Natermlectrizion
= it photopolyme rization
~ Ntz rinl ptting
— el powder bed Tusion
~ Sheetmminstion |meti)

= Process that do not require s upports
— Polymer powder bed fusion
~ Binder jetting
— Directd ene gy depos ition
~ Sheetmminstion |pperT)

DMLS Support Structures

Xpmetry DMILS [E!"HGIHE 2044-204'3

i3 ES
Thin Walls Overhangs
.._im_. — . %
&?ﬁ KE? i _':}nu fillet
H 0 AKX
Xometry CIVILS Design G uise 20182013 i ':'""'“' oy ‘i
E= 36
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General Design Rules

Fascrazh Unisworable trplaraton G I D H R I
T T e ey e le eneral Design Rules
== [ srs larger than o gzal i Trmea tontact | Favanbe [r==—n Tike, Explamstion
= e |cmepensegle et o i
thiksmu e tukd vohirs, then the
part bucvaraimd. Plarars urfaces, w langa, then
" f tha part s marssad, then & coukt i
| | rie tw e mer amabar pre mate pirt rachuce costact arvs
acpeznt Pars T Al anal
o | the datarce setuman thm parts & lma p =
" il Re vl inE p—— W s 13 8 rewciies poistwilh s
w | o @5 | thams theeveoi, e the 571 fies B y g s, tver gt the b
sheue b camizned mia 3 118 P i —,
Surface qmm-r ¥ tha varfacs s rgie m not 0" or 91, depzedesng.
feg-stimmse 3 Wbt il e e Spherical pins, W foara it 8 speenical it and tha
= tfert), final 1. Ml e mil beeri = | socket b anikd, thenack holes 1o
effect], firn . —a _ i1 P femnasd snaie
machining - :é | 3 E‘ ¥ tha varfamm roaghema s larger than [ ——
a threhch, thas wrface mathinng b
seguicecd
Castom Taneabie Urfrscrathe ke, Explanation P —
hcessibe 1a gromstry comtam s st ar seom
i = imaceniths voums, ndd Erers Thim Wall =
Support gt structurs, then therei 3
Structures ackare bk In
! . ’ . tan Faralasted wall,
ey to e 3 ators theewsoid at degres asghe
supmrtatructurs can b ramoved, ratia Earmshcki s B dagres ange
Tmppea W part promstry cane o clzued
N Riimes 1 wakume, then matarial wil be
- | Minimum FoE 0 min. ok thrmbaid
Wtz ral . Sie P tiickwalh, the mimm m hels S nmheld wi
ol hiclal) 1o-en ble matemial emeval. irervan
Tmpped — o trepped vmume s s eomp e ;
Tappea = R o,
P T ik domoceriace st d > rmin. fmatara thesshakd st 8 degras argis
volume, sl § ranoal
Motz sl T
moal
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General Design Rules

[ T——
wann

Example

Cazab bti, lirritatiom

Thin Celumn

txmin gra» min fastus thimhald

byt s pmet et thresseie

For damted czhamn,

Exmin {ard = min | fasturs thiehokd o 8 degree
angie

ik < sapect rafio theestold st & dmgres asghe

Minimum
Grod Width

e min. grocve thrashod
Vor desp grocwes, the minimum grocve theessold will

ncresae

Fer vamed gz,
ra theeyso a

General Design Rules

Vasurshbe

Hale features —
Surtsce guality,

==

Urérecratle Explanation
ura s 4 hole, andif ten =oi ann”
angle ix mot 20, then £ b hele-io-

br-usderssd

firal machining

I tera i a hele-to-be-sreen s,
rrter o

rrarsarl

Printareniton

part s amalier

Zoon of Bge fot Turmit-
[Yp— s s e svwrsan g o surface fwall )
Duverhang
Distaie e
Y T T [=emwimem smusnortebrion dhimmce rmbetd lhorn 1 Fatatntocn e
|.|:1u|:n='|m1 aurlace ioekd be 907,
Birides L L]
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FDM & Metal Powder Bed Fusion

Tavoeabie

Unfavnsabie

Explanstion

Hole features — /]

Support materisl -
= k=]

It moiw ann’ ange i s ber
Emrmhizid, thanau prort wrstur may be

;| rozuresd an e e b

1 hesba's ehmrmator i
M , than tha
hioka dom mot reed w ppon drcten

Overtmrgs

i

e ol & Insters n dzan.
thanthe

af an musthargs
srealier than an srge thrathels, then
LRt atraciure b el

Infil

rmstarial ozt

Reminders

= Individual 30 Printer Project — 15-20 Ideation Sketches
- Teapot Lab

— Salidwarks part file {Carvas)

- POF drawing fils [Canvas and bring paper copy of drawing)
= Individual 30 Printer Project — CAD and STL modslz
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Introduction to Design for
Additive Manufacturing

Part 2

ME1770

Learning Objectives

+ Learn about design for AM guidelines

+ Describe how to design parts for 3D
printing adjusted for tolerances

+ List a process for designing 3D printed
connections
— Find solutions (reverse enginearing, etc)
— Design in CAD accounting for tolerances

Potential Workflows from Idea to Product

Concept to CAD to STL

CAD to STL File

* All popular CAD software exports files as 5TL files.

= Create the solid mode| in CAD softwa re [saving it in the sative CAD
softwa re format)

— Export the file a5 an STL file when the sold model & eady for AM

— Chamges #o part typica lly made in CAD softwa re before conversion to
5TL

— When converting #o STL, pay particulir aticntion %o resolution of STL
file [tradeoff brtween reso lution 2 sd file ste|

STL File Format

STL file in ASCH (typically saved A few sides of a cube

im Binary formi
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* STLfiles must be checked and repaired before sendingto AM

STL File Preparation for AM

machine
— Common ermors with STL files
* Nos-manifold geometry
* Holes
* laverted norma ks
* Pooraspect atos
— common software forchecking and repairing STL files
. Basic: Free load ; repairs stl files

Converting Solidworks Files to .stl

* File>Save as>Save as type “.stl”
* Click “Options”

— g —

7 8
Representationa] Errors STL File Error: Poor Resolution
Different resolution specified for STL file conversion Faceted Geometry
Adjistesolitor h CAD D STL
coaersbr (Mor traigks! ..ot
balicad with 1k skzh)
A 001" clond height 0.0001° choxd hegit
R e SR www padthc.com 0.001" chord helgit
9 10
STL File Error: Inverted Normal STL File Error: Holes and Bad Edges
Obfe toom Bad Edges and Faces Snrees:. Shay cay ot
L Cravid
N B
Ako, 02 Q212 EtUE =
ra1gks. aKa poor
aspect mths Good!
Yuca!
11 12
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STL File Errors: Other Geometry Errors

MEZ g Face

Acd Fac: I CAD -

20isuraces W a0 thekiess

Acd thEki2ss © siMaces

How do you learn to design connecting parts?
* Reversa Engineering
- Toys
~ Thingiverse
* Experimentation (Trial and errar)
* Ask an Expert
* Books

— Greatforthreads, but notother types of phstc connections

Oblsctoom
13 14
. . What will affect the accuracy of 2D
Tolerances and Nominal Size . 5 ¥
+ Inthe mal world there are no 'deal ) p_nntEd parts-
rrat hiining operations capable of = PResolution of the 3D prirter (accumdy)

PI‘B
+ 30 printed parts are no exception

producing ‘pe rfect’ parts
= Tokmnoes s wsed o control the
waraton thatex 5ts onall manufsctured

Gmired Darwesar: Simen
ctusl Disrwwser: 50 3w

Dsiosed Siamster: Lvun
Al Blarwter: 4 AT

— ¥-¥ mIDAfion & different from the sk resoluton
- comversion of Solid worls file to stland the settings
= Manufac turing variance
- Aging and abuse to the primers

— Prbabiy will not be an 5 ue

16

Individual Project

* Selective Laser Sintering (SL5)

Ty ol o bt 30 printing

® High powsr Liir isuiid e ke livily’ i il gartiches of glaslic, coramic, ilass, o metal
* EOS Formiga P110

= Likigd Firas Prsbasens it P 2300 Bl

Individual Project Tolerancing

* EODS Formiga PL10— Bask Chamcterstics F
— 3D prinfed parts have a fendency 1o shrink |not a ways| i

- Toemnce: 0302 mm

pm ]

* Tightly fitting pa rts that will not underge rebtive motion and -
are notexpected to be frequently assembled/d Fasse mbled: L] |
{0,203 mm sice difference jchee to 2 Cearmnee locational

= Min. thickness: 05 mm [¥-¥], 0.1 mm (Z]
= Min.gap between compone i ftestures: 3-3mm

ora Trmsition Locations | fir]

17
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Basic 2D Printing Guidelines — Feature
Size

o . g ~

Al faturis should b o least =10 mm in thickrass
Porisble excuption - Lest, Secoraton indings, ste

Migor steucturil eloments fwals, imeriocing 8atur e, eic.| should be thicker

Lriine the sampie SLS parts o wstanate muchanical progarties of the featunes n your own desgn

Basic 2D Printing Guidelines — Support
Structures / Overhangs

30 pristing & an addithee process « wach layer is
consequently iddid to the previsus liyer

Sugpon structunes B Seallodding thit i often seeded when
here & no exsting satesial Layer 1o suppeet the sst e
Froguently reguired for FOME prnts

ncreie material wepunditure, canbe difficult 10 remove,

parts often require Chaning

T Suppert stroctures ane NOT neaded for
SUS printing, since al part features sre
wuspended in a Dath’ of budd matenal
INyicn poadur)
durmg the print process

-

19

Basic 3D Printing Guidelines — Hollow

Hollow part are gensmty
prefermd oversoic ones
= Material expendRum reduced
= Often prive fister

Ercure thatwals heve suffcient
theiress

Basic 3D Printing Guidelines — Interior
fosid proscing hllom parts witn s ACCESS

Watertight' ssterior
= Frequenty the reaidt of & ‘Seel’ operation
Wweh sose of the CAD medel faces welected

R

= Loces plaatic gowder a trazpad within the
Arished part - carnot be recovered

Make suro that openings to the part intericd
are of sufficient sue
= Mermcvng 6 n*Scf sowder threugh s I mm
hake is rat fan

21
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T 1avow e eea
1o svrs wgrem || 1
i rcte fub doced | |

Basic 3D Printing Guidelines — Feature Cleanup

I

SLS-produced pans we post-proceisod in an abashe Basting
Cainet - 1o remow locsa and partially-sntered plastc
powder

* Spocial consideration should Bo gwen 10 the ease of ccess to

the features that wil guire blasting 10 be fully functional

Featace sow b 1o wrall-
B r—
&k pasile

L i

L8

Itacns ovrtangs xe
ALk

Printers in the Invention Studio
Fused Deposition Modeling (FDM)

* Thepart is produced by extruding molten material to form
layers as the material hardens immediately after extrusion from
the nozzle.

= low-qua ity surface finish @

~ Better mechanical properties J=
— Phstics as nw matera | (PLA & used in the lnvention Stedio}

* Basic Characteristics:

23
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Common Types of Failures of FDM

Furt Shape

Des ‘nGuﬂ!linu for FOM:
ritps Jfwww stmtasysdimect com/msources /fused-de pos ton-

Parts Demo
Types of Connections

5 26
Snap-fit Snap-fit pivot
27 28
Gears Ball Joint
29 30
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Hinge Joint

Dovetail Joint

Comb/Finger Joint

33

Reminders

= Individual 3D Printar Project — 13-20 Ideation Sketchea
= TeapotLab

— Solidworks par file (Carvas)
~ POF drawing file [Canvas and bring pager cagy of drawing]

= Individual 3D Printer Project — CAD and STL models
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APPENDIX E: STUDY INSTRUCTIONS

DFAM Design Prompt and Tasks
Consider the following design:

Objective: Use sketching to revise the given design using the design for additive manufacturing
(DFAM) rules presented during the workshop. The redesign should be better suited for additive
manufacturing than the original design. Take the next 5-10 minutes to generate concepts for
solving this design problem. Use notes for additional description as necessary and label any
added or modified parts to the design.

Important printer Specs for Stratasys Fortus 900mc FDM printer:
Build volume (XYZ): 200mm x 200mm x 200mm

Minimum wall thickness: 1.02mm

Minimum hole diameter: 0.25mm

Maximum non vertical unsupported hole diameter: N/A*
Minimum groove width: 0.25mm

Maximum unsupported bridge length: 25mm

Minimum Joint Clearance: per geometry basis

Maximum unsupported overhang angle: 40°

Maximum unsupported horizontal overhang length: 1mm

CoNoR~ LN E
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APPENDIX F: POST-STUDY SURVEY

The following are general demographic questions as well as questions relating to your
experience in the Design for Additive Manufacturing (DFAM) workshop

What is your age?
18-20
21-23
24-26
27-30
31-35
36-40
41-50
51-60
61-70
71-80
80+

CCOCO0O0COOO0OO0O

What is your gender?

O Female

Q2 Male

Q Other - Please Specify
Q Prefer not to say

How would you classify yourself? (Select all that apply)
Arab

Asian/Pacific Islander
Black

Caucasian/White
Hispanic

Indigenous or Aboriginal
Latino

Multiracial

Would rather not say
Other

oooooooodod

How long have you been working for your company? (years)
How many years of design experience do you have?

How many years of engineering experience do you have?
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What higher education degrees to you hold, and in what field(s) did you earn them? (e.g. B.S. in
Mechanical Engineering)

Degree/Field of Study 1

Degree/Field of Study 2

Degree/Field of Study 3

Degree/Field of Study 4

Degree/Field of Study 5

Degree/Field of Study 6

What is your current job title?

How experienced were you with additive manufacturing before this workshop?

Very Completely

Experienced inexperienced

How confident are you in your design for additive manufacturing ability after this workshop?
2 Not Confident

Q Somewhat Confident

QO Confident

2 Very Confident

| had enough time to come up with ideas:
Strongly Agree

Agree

MNeither agree nor disagree

Disagree

Strongly Disagree

OO0 CO0

How comfortable are you at sketching your ideas?
Extremely comfortable

Somewhat comfortable

Neither comfortable nor uncomfortable
Somewhat uncomfortable

Extremely uncomfortable

COO0CO0
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Design
Problem 1

Design
Problem 2

Design
Problem 3

Design
Problem 4

Extremely

challenging

How challenging did you find the design problems?

Very

challenging

Moderately
challenging

Slightly Mot
challenging challenging
Q Q
Q Q
Q Q
Q Q

How easy were the following design rules to understand.

Extremely

Somewhat

Neither easy

Rule 1
(Overhangs)
Rule 2
(Prismatic
joints)
Rule 3
(Accessible

Support
Structures)

Rule 4
(Part Size)

easy

easy

nor difficult

Somewhat Extremely
difficult difficult
Q Q
Q Q
Q Q
Q Q

Qverall, how effective do you think this workshop was?

COCQO00

Very Ineffective
Somewhat Ineffective
MNeither Effective nor Ineffective
Somewhat effective
Very Effective
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APPENDIX G: SAMPLE REDESIGNS
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Figure 14: High Quality Juicer. Design Material: 0. Support Material: 1.
Number of Parts: 1. Functionality: 1. Strength of Print: -1.
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Figure 15:Low Quality Juicer. Design Material: -1. Support Material: 1.
Number of Parts: -1. Functionality: -1. Strength of Print: -1.
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Figure 16: High Quality Pencil Case. Design Material: 1. Support Material: 0.
Number of Parts: 1. Functionality: 1. Strength of Print: -1.

Design Task: Pencil Case
The drawer has stops so that it cannot fully come out of the case.
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Figure 17: Low Quality Pencil Case. Design Material: 0. Support Material: -1.
Number of Parts: 1. Functionality: 0. Strength of Print: -1.
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Figure 18: High Quality Soap Dish. Design Material: 0. Support Material: 1.
Number of Parts: 0. Functionality: 1. Strength of Print: 1.
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Figure 19: Low Quality Soap Dish. Design Material: 1. Support Material: -1
Number of Parts: 1. Functionality: 0. Strength of Print: -1.
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Figure 20: High Quality Paper Towel Holder. Design Material: 0. Support Material: 0.
Number of Parts: 1. Functionality: 1. Strength of Print: -1.
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Figure 21: Low Quality Paper Towel Holder. Design Material: 1. Support Material: 0.
Number of Parts: 1. Functionality: -1. Strength of Print: -1.
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APPENDIX H: SPSS OUTPUT

Table 7: SPSS output from ANOVA of Presentation Effect on Quality and Novelty in Expert
Study

Univariate Tests

Type Il Sum
Source Measure of Squares df Mean Square F Sig.
Fresentation Quality Sphericity Assumed 287 3 046 822 435
Greenhouse-Geisser 287 2.544 113 822 423
Huynh-Feldt 287 2.B56 100 822 431
Lower-bound 287 1.000 287 922 346
Movelty  Sphericity Assumed 047 3 016 639 hG2
Greenhouse-Geisser 047 2.694 017 639 76
Huynh-Feldt 047 3.000 016 639 A82
Lower-bound 047 1.000 047 639 432
Error{Presentation)  Quality  Sphericity Assumed 772 7h 04
Greenhouse-Geisser 7772 63.600 122
Huynh-Feldt 7772 71.411 108
Lower-bound 7772 25.000 AR
Movelty  Sphericity Assumed 1.842 7a 025
Greenhouse-Geisser 1.842 G7.348 027
Huynh-Feldt 1.842 T5.000 025
Lower-bound 1.842 25.000 ov4

73



Table 8.1, 8.2 and 8.3: SPSS output from Kruskal-Wallis Test and pairwise S-N-K test of
Presentation Effect on Rule Understanding in Expert Study

Kruskal-Wallis Test

Ranks
Fresentation I Mean Rank
Understanding 1 26 35.40
2 26 5562
3 25 £3.54
4 25 61.40
Total 102

Test Statisti-::sa’h

Lnderstandin

g
Chi-Square 11.471
df 3
Asymp. Sia. 009

a. Kruskal Wallis Test
b. Grouping Variable:

Presentation
Understanding
Student-MNewman-Keuls*®

Subsetforalpha=0.05

Presentation M 1 2

1 26 312

3 24 3.80
p 26 388
4 25 4.08
Sig. 1.000 AB3
Means for groups in homogeneous subsets are
displayed.

a. lUses Harmaonic Mean Sample Size =
25.480.

b. The group sizes are unequal. The harmaonic
mean ofthe group sizes is used. Type |
error levels are not guaranteed.
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Table 9.1 and 9.2: SPSS output from ANOVA of Presentation Effect on Quality in Novice Study

Type lll Tests of Fixed Effects”

Denominatar

Saurce Mumerator df df F Sig.
Intercept 1 46.312 50.218 .0oo
Fresentation 3 30.243 1.082 368

a. Dependent Variahle: Quality.

Estimates of Fixed Effects”

95% Confidence Interval

Parameter Estimate  Std. Error df t Sig. Lower Bound  Upper Bound
Intercept 190929 059858 42,641 3.180 .003 070185 311674
[Fresentation=Example] 043553 075642 49198 576 567 -108440 195546
[Fresentation=Illustration] 037800 077736 37516 A86 630 - 119635 195236
[Presentation=Printed 128450 074559 51.817 1.723 091 -021176 278076
Parf]

[Presentation=Text only] o® 0

a. Dependent Variable: Quality.

k. This parameteris setto zero because itis redundant.

Table 10.1 and 10.2: SPSS output from ANOVA of Presentation Effect on Novelty in Novice

Study
Type lll Tests of Fixed Effects”
Denominator
Source Mumerator of df F Sig.
Intercept 1 49654  1107.233 .000
Presentation 3 41.055 .0o7 999

a. Dependent Variahle: Movelty.

Estimates of Fixed Effects”

95% Confidence Interval

Parameter Estimate  Std. Error df 1 Sia. Lower Bound  Upper Bound
Intercept 433763 026213 41 963 16.548 .000 380863 (486664
[Presentation=Example] -.003122 031108 47.388 =100 8920 -.0656849 059445
[Presentation=Illustration]  -.003347 031796 46.108 =105 a17 -067344 060650
[Presentation=Frinted -.003957 028350 46.884 =135 893 -.063006 055082
Parf

[Presentation=Text only] o® 0

a. Dependent Variable: Movelty.
b. This parameteris setto zero because it is redundant.
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Table 11.1, 11.2 and 11.3: SPSS output from Kruskal-Wallis Test and pairwise S-N-K test of
Presentation Effect on Rule Understanding in Novice Study
Kruskal-Wallis Test

Ranks
Presentation M Mean Rank
Understanding 1 a6 79
2 a6 116.04
3 56 118.36
4 56 136.38
Total 224

Test Statistinc:sa’h

Understandin

g
Chi-Sguare 24.508
df 3
Asyrmp. Sig. .00o

a. Kruskal Wallis Test

h. Grouping Variahle:
Presentation

Understanding

Student-Mewman-Keuls?®

Subsetforalpha=0.05

Presentation M 1 2

1 A6 2.89

2 a6 3.68
il a6 aTT
4 56 3.08
Sig. 1.000 380
Means far groups in homogeneous subsets are
displayed.

a. Uses Harmonic Mean Sample Size =
56.000.
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Table 12.1 and 12.2: SPSS output from ANOVA of Expertise Effect on Quality

Fixed Effects

Type lll Tests of Fixed Effects”

Denominator

Source Mumerator df df F Sig.
Intercept 1 238.205 127115 .0oao
Expertise 1 238.205 1.890 AT

a. DependentVariahle: Quality.

Estimates of Fixed Effects”

95% Confidence Interval

Parameter Estimate  Std. Error df t Sig. Lower Bound  Upper Bound
Intercept 247805 028180 238.420 8.791 .00o 192272 303338
[Expertise=0] 068823 050063 238.205 1.375 AT -.029799 67445
[Expertise=1] of 0

a. DependentVariahle: Quality.

b. This parameter is settozero because it is redundant.

Table 13.1 and 13.2: SPSS output from ANOVA of Expertise Effect on Novelty

Type lll Tests of Fixed Effects”

Denominator

Source Mumerator df df F Sig.
Intercept 1 225383 24504499 .0o0
Expertise 1 225383 5.394 021

a. Dependent¥ariable: Novelty.

Estimates of Fixed Effects?

95% Confidence Interval

Parameter Estimate  Std. Error df t Sig. Lower Bound  Upper Bound
Intercept 429761 010263 226,285 41.877 .0oo 409538 449984
[Expertise=0] 042310 018218 225383 2322 021 006411 078209
[Expertise=1] ot 0

a. Dependent¥ariable: Novelty.

b. This parameter is setto zero hecause itis redundant.
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Table 14.1 and 14.2: SPSS output from Mann-Whitney Test of Expertise Effect on Rule
Understanding

Mann-Whitney Test

Ranks
sum of
Expertise Il Mean Rank Ranks
Understanding 0 102 167.36 17070.50
1 224 161.74 3623050
Total 326

Test Statistics”

Lnderstandin

a
Mann-Whitney L 11030.500
Wileoxon W 36230.500
z -514
Asymp. Sig. (2-tailed) 606

a. Grouping Yariahle: Experise
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