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ABSTRACT
Research in additive manufacturing (AM) has increased the use of AM in many industries, resulting
in a commensurate need for a workforce skilled in AM. In order to meet this need, educational
institutions have undertaken different initiatives to integrate design for additive manufacturing
(DfAM) into the engineering curriculum. However, limited research has explored the impact of
these educational interventions in bringing about changes in the technical goodness of students’
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design outcomes, particularly through the integration of DfAM concepts in an engineering
classroom environment. This study explores this gap using an experimental study with 193
participants recruited from a junior-level course on mechanical engineering design. The
participants were split into three educational intervention groups: (1) no DfAM, (2) restrictive
DfAM, and (3) restrictive and opportunistic (dual) DfAM. The effects of the educational
intervention on the participants’ use of DfAM were measured through changes in (1) participants’
DfAM self-efficacy, (2) technical goodness of their AM design outcomes, and (3) participants’ use
of DfAM-related concepts when describing and evaluating their AM designs. The results showed
that while all three educational interventions result in similar changes in the participants’
opportunistic DfAM self-efficacy, participants who receive only restrictive DfAM inputs show the
greatest increase in their restrictive DfAM self-efficacy. Further, we see that despite these
differences, all three groups show a similar decrease in the technical goodness of their AM designs,
after attending the lectures. A content analysis of the participants’ design descriptions and
evaluations revealed a simplification of their design geometries, which provides a possible
explanation for the decrease in their technical goodness, despite the encouragement to utilize the
design freedom of AM to improve functionality or optimize the weight of the structure. These results
emphasize the need for more in-depth DfAM education to encourage the use of both opportunistic
and restrictive DfAM during student design challenges. The results also highlight the possible
influence of how the design problem is stated on the use of DfAM in solving it.
1. INTRODUCTION
Additive manufacturing (AM) – the process of depositing material layer-by-layer to ‘print’
the desired object [1] – was developed with the aim of manufacturing parts of any shape and form
[2]. This ‘freeform’ fabrication technique has enabled designers and engineers to go beyond the
shortcomings of traditional manufacturing processes, such as the inability to manufacture complex,
hollow structures and internal channels cost-effectively [3]. However, the layer-by-layer processing
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of material entails unique challenges that strongly contrast those of conventional subtractive
processes [4]. This difference in process considerations has resulted in the emergence of design
guidelines specific to AM, generally referred to as design for additive manufacturing (DfAM).
Further, several frameworks have attempted to categorize DfAM concepts, of which [5]
recommends the use of a ‘dual DfAM’ framework comprising of a combined application of
opportunistic and restrictive DfAM. Specifically, while opportunistic DfAM employs techniques
to leverage the capabilities of AM (e.g., shape complexity and part consolidation), restrictive DfAM
techniques provide designers with guidelines to accommodate the limitations of AM processes.
Further, DfAM differs from traditional design for manufacturing and assembly (DFMA)
[6–8] in many ways. For example, traditional DFMA considerations suggest the use of simplified
designs as they demonstrate better manufacturability and cost-effectiveness [6]. In contrast, AM
designers are encouraged to use more complex geometries to increase functionality and reduce
weight, since researchers argue that ‘complexity is free’ when using AM [9].
In light of these differences in design methodologies, several industries are transitioning
from traditional Design for Manufacturing and Assembly (DFMA), the current standard for
concurrent engineering, towards using DfAM in the design process [10]. This movement, most
prevalent in the aerospace and biomedical industries [11–13], aims at developing products that are
not only feasible and easy to manufacture, but also leverage the design freedom enabled by AM.
This is achieved through the use of a combination of opportunistic and restrictive considerations
that emphasize the design freedom and process limitations of AM, respectively.
AM processes are predicted to have a significant impact not only on the manufacturing
industry [14,15] but also on the employment landscape, with a constantly growing need for a skilled
AM workforce [16]. However, the lack of systematic AM education [17,18], particularly in the area
of DfAM methodologies [9,19], has been an impediment to the uptake of AM processes and the
development of the AM workforce. This motivates the need for proven AM and DfAM courses and
curriculum, and several educational institutions have introduced AM/DfAM into the engineering
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curriculum through both formal and informal instructional methods [9,20–22]. Furthermore, as 3D
printers become more accessible through makerspaces and other shared facilities, students receive
greater exposure to these AM processes and also a platform to develop their skills with AM
technologies [23–25]. However, the experience gained by interacting with 3D printers primarily
exposes students to the limitations of the process and methods of overcoming them to prevent print
failure (i.e., restrictive DfAM) [26,27]. For example, the student-access 3D-printing service at UT
Austin [27] provides students with design guidelines for support material, bridging overhangs, and
dimensional integrity, but not lattice structures, topology optimization, biomimicry, and other
opportunistic DfAM aspects. Similarly, the DfAM worksheet developed by Booth and co-authors
offers a list of design metrics to evaluate the manufacturability of a part to reduce the number of
failed prints [28], i.e., only restrictive DFAM. Opportunistic DfAM techniques such as multimaterial printing [29,30] and shape optimization [31] have received even less emphasis in
comparison. These design considerations are important as they encourage designers to fully
leverage the capabilities of AM [32]. While the use of restrictive DfAM techniques is essential to
ensure design feasibility, opportunistic DfAM techniques help designs capitalize on the freedoms
provided by AM.
Several initiatives have attempted to integrate AM and DfAM into engineering education.
However, limited research has studied the effect of these interventions on the students’ use of
DfAM in the engineering design process. Moreover, limited research has explored how variations
in DfAM educational content could play a role in this usage. This is particularly important since
the integration of DfAM into the students’ design process could potentially affect the technical
goodness of their designs. The present study aims at exploring this gap by investigating
participants’ learning and use of DfAM in their design process, and its influence on their AM design
outcomes. Related work is reviewed next followed by a description of our experimental study.
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2. RELATED WORK
To understand the effect of variations in DfAM education on the technical goodness of
students’ AM design outcomes, previous research was explored. Particularly, literature in the areas
of current DfAM education and methods of assessing engineering education was looked into, as
they would not only provide insights into current educational practices but also into the tools used
for assessing the effectiveness of educational interventions. The key findings are discussed in the
remainder of this section.
2.1. The need for and current status of DfAM education
In 2013, the National Science Foundation (NSF) supported a workshop on AM education
and training, where leaders in AM research, both academic and industrial, were brought together
to evaluate current practices in AM education [9,19]. One of the important outcomes of the
workshop was the identification of the need for educational initiatives in the following areas: a)
process-material relationships, b) material sciences and manufacturing, c) problem-solving and
critical thinking, d) design tools to leverage design freedom, and e) inter-disciplinary design
methods. These themes suggest the need for AM engineers to not only know about and understand
the characteristics of AM processes but also be able to use these concepts to solve problems and
improve existing solutions. This need for the development of a workforce capable of using AM to
solve problems presents the need for inductive learning practices in AM education.
Several academic institutions have introduced educational initiatives based on inductive
learning [33,34] that introduce AM in problem-based learning (PmBL) [35] and project-based
learning (PjBL) settings [36]. For example, an AM-focused course offered in similar forms at both
the University of Texas at Austin and Virginia Tech teaches students about the different AM
processes, guides them in choosing an appropriate process based on an application, and encourages
them to use this learning to solve a design challenge. As part of this course, students also work on
identifying research gaps in the area of AM thus helping students develop the ability to analyze
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previous work and synthesize new research [20]. Similarly, Williams et al. [21] conducted a
university-wide competition, where students demonstrated the learning of DfAM skills by
designing a vehicle and competing against other student teams.
In addition to these curricular initiatives, several informal learning initiatives have been
put in place, with the aim of providing students access to 3D printers and encouraging hands-on
self-learning [37]. Some examples include the 3D printing vending machine by the DREAMS lab
at Virginia Tech [38], the university-wide maker-commons at Penn State and Georgia Tech [26,27],
and the mobile maker space developed at Penn State [39]. Similarly, the idea of setting up 3D
printing services at libraries has also been explored by institutes such as Purdue [22,40]. A similar
effort has been taken at MIT and Case Western, where students not only have the opportunity to
interact with AM technologies but also combine their learning with traditional manufacturing
processes such as CNC through a network of several makerspaces and machine shops [41,42].
Despite increasing familiarity with 3D printing among students, these informal exposures teach
students about the limitations of AM processes, as the students primarily focus on reducing failed
prints, print time, and material waste. This emphasis on restrictive DfAM can also be seen in the
development process of Booth’s AM worksheet [43], where importance is given to design
considerations and workarounds that overcome AM limitations and ensure successful prints. An
example can also be seen in the design guidelines provided on the Penn State ‘Maker Commons’
website [26] where a strong emphasis is given to restrictive concepts such as support material and
part orientation.
Although these informal initiatives were developed to expose students to AM processes,
they do not successfully inform students about the opportunities provided by AM, which could be
important in encouraging innovation [44]. Given the constructive nature of learning [45], students’
learning of DfAM could potentially be affected by their previous experience in AM [46]. These
effects on learning could, in turn, affect their use of both opportunistic and restrictive DfAM in
their design processes. Considering the strong emphasis on restrictive DfAM in informal education
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initiatives, as well as the similarity of restrictive DfAM to traditional DFMA, students could
potentially learn to use the restrictive domain of DfAM more than the opportunistic aspects. To
understand these differences in learning effectiveness of different DfAM concepts, it is important
to use appropriate assessment techniques. Therefore, literature in the area of learning assessment,
particularly in the engineering design domain was explored, as discussed next.
2.2. Assessing Learning in Engineering Design
Research in education has resulted in the development of several methods for assessing
effective learning. Effective learning has been characterized by the development of metacognition
– the ability to assess our own learning [47]. This was extended towards the concept of self-efficacy,
which, as demonstrated by Bandura [48,49], strongly correlates to one’s performance ability and
motivation. Particularly, self-efficacy has been shown to strongly correlate to the level of response
initiation, the effort spent on generating the response, and the duration of the response. The use of
self-efficacy has also been validated in relation to one’s ability in engineering design [50], computer
science [51,52], and sports [53,54]. Therefore, to understand the effect of the DfAM intervention
on students’ comfort with the concepts, a DfAM self-efficacy scale was used.
In order to support the growing need for integrating DfAM in engineering design, DfAM
education must not only increase students’ self-efficacy with the DfAM concepts but also bring
about meaningful learning through the ability to use the concepts in practice. Mayer [55],
distinguishes meaningful learning – building knowledge for successfully solving problems [56] –
from rote learning – learning to remember and reproduce information [57]. A similar perspective
of learning has also been presented in the cognitive, knowledge-based domain of Bloom’s
Taxonomy of learning [58], where effective learning is characterized by six levels of objectives:
(1) remember, (2) understand, (3) apply, (4) analyze, (5) evaluate, and (6) create. The higher levels
of learning are described as the process of ‘transferring knowledge’ to either solve, find, or learn
new problems [59], using an understanding of previous learning [47,60–63].
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Assessment of the effectiveness of an educational intervention must, therefore, not only
measure the conceptual understanding induced by the intervention, but also evaluate the
development of the ability to use these concepts towards problem-solving [62]. This idea has
resulted in the increased use of inductive learning and assessment techniques in engineering
education [33,34], which focus primarily on the development of the ability to solve problems.
Research has also explored the use of design practica as a successful tool for assessing learning in
engineering design [64]. Therefore, to understand the effects of the studied intervention on
students’ problem-solving processes, a DfAM design challenge was conducted in addition to
exploring changes in the participants’ DfAM self-efficacy. Assessing the outcomes from the design
challenge would help understand the effects of the DfAM educational intervention on the technical
goodness of the students’ AM designs and explore the role of DfAM use in causing these effects.
3. RESEARCH OBJECTIVES
Based on our review of prior work, the current study was developed to explore the effect
of variations in DfAM education on the technical goodness of participants’ AM design outcomes,
and the role of DfAM use in bringing about these effects. Specifically, the following research
questions were explored:
RQ1: What effects do variations in DfAM educational content have on the participants’
DfAM self-efficacy? We hypothesize that exposing participants to either restrictive or dual DfAM
would result in an increase in the participants’ self-efficacy with the respective concepts because
prior work has demonstrated effective learning to be correlated with an increase in self-efficacy
[65].
RQ2: What effects do variations in DfAM educational content have on the technical
goodness of the participants’ ideas during a design challenge? We hypothesize that teaching
participants about opportunistic and restrictive DfAM would result in the generation of designs that
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are not only feasible but also leverage the capabilities of AM since effective learning is shown to
correlate with the ability to use knowledge to synthesize new ideas [58].
RQ3: What effects do variations in DfAM educational content have on the participants’
use of DfAM concepts in describing and evaluating their ideas? We hypothesize that teaching
participants about opportunistic and restrictive DfAM would result in an increased use of the
respective DfAM concepts in their design self-evaluations, as previous research has shown
effective learning to correlate with the ability to use the new information to evaluate concepts [58].
4. METHODOLOGY
To answer these research questions, an experiment was conducted that comprised of both
DfAM educational lectures as well as design challenges with undergraduate engineering students.
While the experiment was conducted as a part of a larger study (see [46,66]), only the experimental
details relevant to the current paper are discussed in the remainder of this section.
4.1. Participants
The participants in the experiment (N = 193) were recruited from the spring semester of a
junior-level course focused on Mechanical Engineering Design Methodology at a large
northeastern university. The participants primarily comprised of juniors (N = 160), and seniors (N
= 17), with some sophomores (N = 3), and some participants with an unspecified year of study (N
= 13). Before participating in the experiment, the participants were asked to report their prior
experience in AM and DfAM, which is summarized in Figure 1. As seen in the figure, a small
portion of the students had received any formal training in AM or DfAM, with a majority of the
participants having received some informal exposure. Further, a greater portion of participants had
never heard of DfAM compared to those who had never heard of AM.
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Expert in the concept

AM

Lots of Training
Some formal training
Some informal training

DfAM
0%

20%

40%

60%

80%

100%

Never heard of the
concept

Figure 1 Distribution of participants' previous experience
4.2. Procedure
Before starting the experiment, the participants were informed that the usage of their data
was voluntary, and implied consent was obtained as per the Institutional Review Board protocol.
Next, the experiment proceeded in three main stages: (1) a pre-intervention survey and design
challenge, (2) DfAM educational lectures, and (3) a post-intervention design challenge and survey.
The experiment was conducted in the second week of the semester and was distributed over four
days. The timeline of events is discussed in Section 4.2.4. All three stages of the experiment asked
the participants to engage individually and not in groups.
4.2.1.

Pre-intervention Survey and Design Challenge:
After obtaining implied consent, the participants were asked to complete a pre-intervention

survey which collected their previous experience in AM and DfAM, as well as their DfAM selfefficacy (see Section 4.3.1). Next, a 10-minute design challenge was conducted; participants were
asked to individually “Design a fully 3D-printable solution to protect a smartphone in the event of
a fall”. This prompt was chosen as it minimizes the domain-specific knowledge required to generate
solutions while giving participants the opportunity to innovate [67]. The participants were asked to
sketch their ideas, describe them in words, as well as list the strengths and weaknesses of each idea
in the context of both functional usefulness and manufacturability. See Figure 2 for examples of
the ideas generated by the participants.
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Figure 2 Sample designs from the pre-intervention design challenges with the expert-assigned
technical goodness scores
4.2.2.

DfAM Education Lectures:
After completing the pre-intervention survey and design challenge, the DfAM education

intervention was introduced. The participants were split into three groups: (1) no DfAM (N = 94),
(2) restrictive DfAM (N = 47), and (3) dual DfAM (N = 52). All three groups were first given an
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overview lecture on the AM process (20 minutes), with a general discussion of the material
extrusion process, distinction from subtractive manufacturing, the digital thread, Cartesian
coordinates, and printable materials. Following this overview lecture, the restrictive and dual
DfAM groups were given a lecture on restrictive DfAM (20 minutes), which comprised of build
time, feature size, support material, anisotropy, surface finish, and warping. Finally, the dual DfAM
group was given an additional lecture on opportunistic DfAM (20 minutes), with a discussion of
geometric complexity, mass customization, part consolidation, printed assemblies, multi-material
printing, and functional component embedding. The educational intervention was divided into
these groups since restrictive DfAM is critical for ensuring the success of a 3D printed part. In
addition, care was taken in preparing the lectures such that the AM overview content did not include
any concepts from either opportunistic or restrictive DfAM. The slides used for the lectures can be
accessed here: [68]. The timeline of the lectures is discussed in Section 4.2.4.
4.2.3.

Post-intervention Design Challenge and Survey:
For the third part of the experiment, all participants were asked to individually “Design a

fully 3D-printable solution to enable hands-free viewing of content on a smartphone.” Problem
statements that were similar in their requirement of domain knowledge were chosen for the preand post-intervention design challenges, so that differences could be observed in the participants’
use of DfAM while reducing design fixation [69,70]. Participants were first asked to spend 10
minutes brainstorming for ideas using an idea generation card, with 7 minutes for sketching, and 3
minutes for describing the ideas in words. The participants were then given 5 minutes to evaluate
each idea and note their strengths and weaknesses, similar to the pre-intervention design challenge.
The participants were then given 7 minutes to design a final idea with the freedom to redesign,
combine, or brainstorm again. After completing the design challenge, the participants were asked
to complete a post-intervention survey with the same DfAM self-efficacy questions as in the preintervention survey. Examples of the ideas generated by the participants can be seen in Figure 3.
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Figure 3 Sample designs from the post-intervention design challenges with the expert-assigned
technical goodness scores
4.2.4.

Timeline of Events:
Since the experiment was conducted with participants recruited from a junior-level course,

the timeline, summarized in Figure 4, was worked out to accommodate for the time available in the
course schedule. The experiment was conducted over four days, consisting of two 55-minute class
sessions and two 180-minute lab sessions. The lectures were conducted on successive Wednesdays,
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with one-half of lab sessions (Sections 1-4) between them, on Tuesday, and the remaining sessions
(Sections 5-8) after, on Thursday. The participants were divided into eight lab Sections, with
Sections 1-4 as the control group (no DfAM), Sections 5-6 as the restrictive only DfAM group, and
Sections 7-8 as the dual DfAM group. The events on each of the four days were as follows:
Day 1 (Wed, Class): The pre-intervention survey and design challenge were conducted in the
first 10 minutes of the first class session. After completing the survey and design activity, all
participants were given a 25-minute lecture with an overview of the AM process. The overview
lecture did not consist of any DfAM inputs.
Day 2 (Tues, Lab): The post-intervention design challenge for Sections 1-4 (control group),
was conducted during the first lab period. The design activity was conducted over ~45 minutes,
after which participants were given time to develop CAD models and prepare the print files.
Day 3 (Wed, Class): The second lecture period was broken into two parts. First, all participants
were given the restrictive DfAM lecture, after which, participants from Sections 5 and 6 (only
restrictive group) were asked to leave the room. Then, the remaining participants (control and dual
groups) were given the second portion of the lecture focused on opportunistic DfAM. This was
possible since the control group had already completed their post-intervention design challenge and
survey.
Day 4 (Thurs, Lab): The post-intervention design challenge and survey for Sections 5-8 was
conducted in the second lab period. The design activity was conducted in the first ~45 minutes and
the participants were asked to use the remaining time for CAD modelling and print preparation.
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Figure 4 Timeline of events in the experiment
4.3. Metrics and Coding Schemes
To evaluate the participants’ learning and use of DfAM as a result of the educational
intervention, the following metrics were developed: (1) DfAM self-efficacy, (2) self-evaluation of
designs, and (3) expert evaluation of the technical goodness of the designs. The details of each
metric are discussed in this section.
4.3.1.

DfAM Self-efficacy
In order to assess the participants’ learning of DfAM, a self-efficacy survey was developed

based on the two paradigms of DfAM, namely, opportunistic and restrictive [32]. Opportunistic
DfAM taps into the capabilities of AM, through design principles such as (1) mass customization
[71,72], (2) part consolidation [3] and printed assemblies [73], (3) free shape complexity [74–76],
(4) embedding external components [77], and (5) printing with multiple materials [78]. In contrast,
restrictive DfAM accommodates for the limitations of AM processes through design constraints
such as (1) support structures [79], (2) warping due to thermal stresses [80], (3) anisotropy [81,82],
(4) surface roughness due to stair-stepping [83,84], and (5) feature size and accuracy [85]. These
design concepts were used to develop the survey items as shown in Table 1.
A 5-point scale, as seen in Table 2, was developed loosely based on the cognitive domain
of Bloom’s Taxonomy [58] to measure participants’ learning of the DfAM concepts. Each
participant was asked to report their self-efficacy with each DfAM concept in Table 1 (both
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opportunistic and restrictive), on the scale presented in Table 2. A mean opportunistic and a mean
restrictive score was obtained by aggregating scores in concepts O1-5 and R6-10, respectively. A
difference between participants’ pre- and post-intervention scores was calculated to measure the
change in self-efficacy.
Table 1 DfAM self-efficacy items
#

DfAM Self-efficacy Item

O1

Making products that can be customized for each different user

O2

Combining multiple parts into a single product or assembly

O3

Designing parts with complex shapes and geometries

O4

Embedding components such as circuits in parts

O5

Designing products that use multiple materials in a single part or component

R6

Using support structures for overhanging sections of a part

R7

Designing parts to prevent them from warping and losing shape

R8

Designing parts that have different material properties (e.g. strength) in different
directions

R9

Accommodating desired surface roughness in parts

R10 Accommodating for min and max feature size permitted by a process
The internal consistency of the scale was validated by performing a reliability analysis, and
a high Cronbach’s α was observed [86] (pre-intervention α = 0.920, post-intervention α = 0.882).
Similarly, the individual opportunistic and restrictive sections of the scale also showed a high
internal consistency (opportunistic: pre-intervention α = 0.859, post-intervention α = 0.819, and
restrictive: pre-intervention α = 0.894, post-intervention α = 0.831).
Table 2 Scale used for DfAM self-efficacy
Never
heard
about it

4.3.2.

Have heard about
it but not
comfortable
explaining it

Could explain it
but not
comfortable
applying it

Could apply it but
not comfortable
regularly
integrating it with
my design process

Could feel
comfortable
regularly
integrating it with
my design process

Expert Evaluation of Design Technical Goodness
The ideas generated by the participants were evaluated using a metric derived from the

Consensual Assessment Technique, which relies on the idea that any idea is creative (or useful or
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unique) to the extent that two or more observers trained in the domain independently agree that it
is creative (or useful or unique) [70]. The design outcomes from the pre- and post-intervention
design challenges were evaluated by two quasi-experts in AM as suggested by [87]. The raters were
asked to evaluate the designs using their own subjective judgement for the technical goodness of
the AM designs, on a scale from 1 to 6, with 1 = least technical goodness and 6 = most technical
goodness (see Figure 2 and Figure 3 for sample ratings). Technical goodness is often used as a
measure of the technical details of a design, such as organization of individual components and the
representation of the details of the design [88,89]. The interpretation of this metric was redefined
to focus on AM through discussions with AM experts. Specifically, the raters were asked to
consider both the manufacturability of the design using AM as well as how well the design
leverages AM capabilities. Further, based on recommendations from AM experts, the raters were
asked to consider the following guidelines for the ratings: 1 = cannot be printed at all (e.g., a design
that is bigger than the build volume), 3 = can be printed feasibly but not well designed for AM
(e.g., a triangular wedge or rectangular block), and 6 = successfully integrates both opportunistic
and restrictive DfAM (e.g., a multi-material solution with complex features and minimal support
material).
The raters rated the ideas blind to the participants’ educational intervention group, and
upon obtaining a high inter-rater agreement between raters (Cronbach’s α = 0.705), a mean score
was calculated for both, the pre- and post-intervention design challenges, for each participant. This
was done by aggregating all the ratings for the scores for the participant’s designs from the
respective design challenges.
4.3.3.

Self-Evaluation of Design Strengths and Weaknesses
For both, the pre- and post-intervention design challenges, the participants were asked to

describe and evaluate their ideas, both in terms of the design’s functional ability to solve the
problem statement and its manufacturability using AM. Space was provided for the participants to
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note the strengths (+s) and weaknesses (-s) of each idea, as shown in Figure 2. The text from the
idea evaluations was transcribed and coded using NVivo 12 by two quasi-experts in the field of
AM. Upon achieving a high inter-rater agreement for 50% of the collected data (Cohen’s Kappa
[90] = 0.67), the primary coder coded the remaining portion of the data. The following coding
scheme was followed:
−

Opportunistic DfAM: This node was used to identify the use of opportunistic DfAM
concepts (or lack thereof) when evaluating the designs (see O1-O5 in Table 1). For
example, statements such as “combines phone case and kickstand” and “the design is
simple” were coded under this node due to their focus on the use of printed assemblies and
lack of complex geometries, respectively.

−

Restrictive DfAM: This node was used to identify the use of restrictive DfAM concepts (or
lack thereof) in the design evaluations (see items R6-R10 in Table 1). For example,
statements such as “angle at 45° to reduce support material” and “flat base prone to
warping” were coded under this node for their emphasis on reducing support material and
failure to reduce warping respectively.

−

Problem Solving: This node was used to understand the emphasis on the design problem
when evaluating the designs, such as design features, build material, and build time. For
example, statements such as “provides sufficient support to the phone” and “works at
different angles” were coded under this node as they emphasized on the functionalities of
the design.

This coding strategy helped capture not only the inclusion of the various DfAM concepts in the
participants’ designs, but also helped capture the participants’ consideration of these concepts in
describing and evaluating their designs.
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5. RESULTS
To answer the above research questions, the quantitative and qualitative data collected from
the experiment was analyzed using SPSS V25 and NVivo V12 respectively. A statistical
significance level of 0.05 and a confidence interval of 95% was used. After accounting for any
missing data, a sample size of 164 (vs. the original 193) was used, with 80 participants receiving
no DfAM training, 42 receiving only restrictive, and 42 receiving dual DfAM training. A total of
1129 ideas were generated by the participants, with 517 ideas in the pre-design challenge and 612
ideas in the post-design challenge. The mean technical goodness scores for the ideas were 3.72 ±
1.90 and 3.36 ± 1.67 for the pre- and post-intervention design challenges, respectively. The results
from the analyses for each research question are discussed in the remainder of this section.
RQ1: What effects do variations in DfAM educational content have on the participants’
DfAM self-efficacy?
The first research question was developed to understand the effect of variations in the
content of DfAM education on the participants’ self-efficacy in these topics. To investigate this
question, the changes in the participants’ opportunistic and restrictive self-efficacies were
compared between the no DfAM, restrictive DfAM, and dual DfAM groups by conducting a
multivariate analysis of variance (MANOVA) [91]. Specifically, the changes in participants’
opportunistic and restrictive self-efficacy scores were used as dependent variables, and the
educational intervention group was used as the independent variable. The assumptions of the
MANOVA – outliers, normality, homogeneity of variance and covariance, and multicollinearity –
were verified before conducting the analysis.
The results showed a statistically significant effect of the educational intervention on the
combined dependent variables (F (4, 320) = 5.577, p < 0.0005; Pillai’s Trace = 0.130; partial η2 =
0.065). While there was a statistically significant difference in the change in restrictive self-efficacy
(F (2, 161) = 10.713, p < 0.0005; partial η2 = 0.117), there was no significant difference in the
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change in opportunistic self-efficacy (F (2, 161) = 1.353, p = 0.261; partial η2 = 0.017). A Tukey
post-hoc test [92] for the restrictive self-efficacy scores showed that the group that received no
DfAM training showed the lowest increase in restrictive self-efficacy, compared to the groups that
received either restrictive or dual DfAM education. However, this difference was significant only
with the restrictive DfAM group (p < 0.001), and not with the dual DfAM group (p = 0.105), as
seen in Figure 5.

Change in self-efficacy

2
No DfAM

1.5
1

Restrictive
DfAM

0.5
0

Dual DfAM
Change in opportunistic selfefficacy

Change in restrictive self-efficacy

Figure 5 Comparing the change in DfAM self-efficacy between the three educational intervention
groups (mean ± std. error) (see 4.3.1)
In summary, these results demonstrate that teaching participants about the capabilities of
AM processes through opportunistic DfAM education did not result in a greater increase in their
self-efficacy with these concepts compared to no DfAM or restrictive DfAM education. However,
teaching participants only about the limitation based design concepts i.e. restrictive DfAM, results
in a higher increase in their restrictive self-efficacy, compared to teaching no DfAM. Further,
teaching participants about both opportunistic and restrictive DfAM did not result in a similar
increase in their restrictive DfAM self-efficacy. These results support our hypothesis that restrictive
DfAM education would result in a greater increase in the participants’ restrictive DfAM selfefficacy. However, the results refute our hypothesis that opportunistic DfAM education would
result in a greater increase in the participants’ opportunistic DfAM self-efficacy.
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RQ2: What effects do variations in DfAM educational content have on the technical goodness
of the participants’ ideas during a design challenge?
The second research question was developed to investigate the effect of variations in the
content of DfAM education on the technical goodness of the outcomes from the AM design
challenge. As a reminder, the technical goodness of the designs was evaluated by quasi-experts in
the AM domain, based on the design’s feasibility and its leveraging of AM capabilities. To answer
this research question, a two-way mixed ANOVA [93] was performed. The technical goodness
score was taken as the dependent variable, time (before and after the intervention) was taken as the
within-subjects variable, and the educational intervention group was taken as the between-subjects
variable. All assumptions of the test – outliers, normality, homogeneity of covariances, and equality
of variance differences – were verified before performing the analysis.
The results of the ANOVA showed no significant interaction between time and the
educational intervention group (F (2, 161) = 0.152, p = 0.860, partial η2 = 0.002). This indicates
that any changes in the technical goodness of the AM design outcomes from before to after the
intervention was not influenced by the educational content. In addition, while there was a
statistically significant main effect of time on the technical goodness scores (F (1, 161) = 69.006,
p < 0.001, partial η2 = 0.300), there was no statistically significant effect of the educational
intervention group (F (2, 164) = 0.294, p = 0.745, partial η2 = 0.004). Pairwise comparison between
the scores at the two time points revealed a significant decrease (p < 0.001) from before the DfAM
intervention (3.755 ± 0.039) to after the intervention (3.371 ± 0.044), shown in Figure 6. This
demonstrates that the technical goodness of the participants’ ideas decreased after participating in
the intervention.
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Educational Intervention Group
Figure 6 Summary plot of design technical goodness of the ideas (mean ± std. error)
From these results, we see that teaching different DfAM concepts does not influence the
technical goodness of the participants’ outcomes from the AM design challenge, as evaluated by
quasi-experts in the field. This result refutes our hypothesis that teaching participants about the
opportunistic DfAM concepts would result in ideas that better leverage the capabilities of DfAM.
Second, we see that before being exposed to AM and DfAM, participants from all three educational
interventions generate ideas with high technical goodness compared to the scale mean of 3.5, and
all three groups show a significant decrease in their technical goodness scores after participating in
the lectures.
RQ3: What effects do variations in DfAM educational content have on the participants’ use
of DfAM concepts in describing and evaluating their ideas?
The final research question was developed to investigate how teaching participants about
opportunistic and restrictive DfAM affects their use of these concepts in the evaluation and
descriptions of their designs. This was completed by performing deductive content analysis [94]
on the design descriptions, strengths, and weaknesses from the idea generation cards (see Figure
2). The idea generation cards were first transcribed and then coded using NVivo 12 (see Section
4.3.3 for examples).
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The coded data was analyzed using a frequency analysis, where the number of references
at each node – design functionality, use of restrictive DfAM, and use of opportunistic DfAM –
were investigated. The average number of references per participant at each node was used to
account for the difference in the sample size for each educational intervention group. The most
frequently occurring words in each node were studied to gain insight into the context in which each
node was referred to.
The results of the frequency analysis, summarized in Figure 7, showed that participants
evaluate their designs for functionality and problem-solving ability more than for additive
manufacturing. Further, this focus on functionality increases after the DfAM intervention,
irrespective of their educational intervention group. The second observation was that while all
participants showed an increase in the number of references to opportunistic DfAM (even if not
formally exposed to the concepts), participants who received no DfAM education showed the
highest increase. In comparison, participants who received either restrictive or dual DfAM training
showed a relatively smaller increase in their number of references to opportunistic DfAM. The third
observation is that while all participants showed an increase in their number of references to
restrictive DfAM, those who received restrictive DfAM education, either with or without
opportunistic DfAM education, show a much greater increase compared to those who received no
DfAM education. This result further supports findings from the first research question, where
participants who received restrictive DfAM training showed a greater increase in their restrictive
DfAM self-efficacy.
To investigate the context of how these concepts appeared in their evaluations, a word
frequency analysis was performed. The analysis of the sections coded under ‘opportunistic DfAM
use’ showed that while all three groups frequently use phrases such as ‘two materials’, ‘rubberplastic combination’ and ‘shock absorbing internal structure’ to describe and evaluate their designs
in the pre-intervention challenge. This suggests the use of concepts such as multi-material printing
and complex geometries. However, all three groups show a dramatic increase in their frequency of
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use of the word ‘simple’ in the post-intervention challenge, possibly accounting for the increase in
the number of references to opportunistic DfAM, with the word having the highest number of
occurrences for all three groups.
A similar analysis of the participants’ frequency of use of restrictive concepts showed a
frequent occurrence of phrases such as ‘could easily break’ and ‘breaks easily’ in their pre-design
descriptions and evaluations, suggesting the use of concepts such as material strength and
anisotropy. This shifts towards an increase in the frequency of ‘support materials’ by all three
groups, thus suggesting that a large portion of participants tend to report the printability of their
designs in terms of the need for support material. These observations do not support our hypothesis
that opportunistic and restrictive DfAM education would result in an increase in the participants’
references to these concepts when describing and evaluating their own designs.

Figure 7 Graphic demonstrating the average frequency of references per participant (postintervention includes initial brainstorming and final designs)
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6. DISCUSSION
The aim of this study was to investigate the effects of variations in DfAM education content
on the technical goodness of the participants’ design outcomes, and the role of DfAM in bringing
about these effects. The main findings from the experiment were:
•

Teaching participants only about restrictive DfAM results in a significantly higher increase
in their restrictive self-efficacy, compared to no DfAM education and dual DfAM
education.

•

Variations in DfAM education content does not affect the technical goodness of the
participants’ outcomes from the AM design challenge.

•

As observed in the descriptions of their designs, participants tend to simplify their designs
when given an opportunity to do so, and variations in the content of the DfAM intervention
does not impact this.
The first key finding was that the studied DfAM educational intervention succeeds in

bringing about an increase in the participants’ self-efficacy in using DfAM principles. However,
variations in DfAM education content did not result in significantly different changes in the
participants’ opportunistic self-efficacy. On the other hand, participants who received only
restrictive DfAM showed a significantly higher increase in their restrictive DfAM self-efficacy,
compared to those who received no DfAM education or dual DfAM education. These results
suggest that, first, the participants find it relatively easier to learn about and use restrictive DfAM
concepts, compared to opportunistic DfAM. While this result could be attributed to the widespread
presence of restrictive DfAM focused instructions on university makerspaces [26,27], it could also
be due to its similarity to traditional DFMA. These results also suggest that introducing
opportunistic DfAM in addition to restrictive DfAM could potentially decrease the effectiveness of
the restrictive DfAM education, compared to only restrictive education. This outcome might not be
desirable, as it could result in the generation of designs that leverage the capabilities of AM
processes but have low printability. Therefore, it is important for a DfAM educational intervention
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to emphasize the use of both opportunistic and restrictive DfAM domains by providing students
with opportunities to practice and apply both these concept domains.
The second key finding was that variations in DfAM education content do not impact the
technical goodness of the participants’ outcomes from the AM design challenge. All three
educational intervention groups show a similar decrease in their design technical goodness from
before to after attending the AM/DfAM lectures. This refutes our hypothesis that teaching
participants about the opportunistic and restrictive DfAM concepts would result in them using these
concepts to generate AM-appropriate designs. This result supports the above finding that the
studied DfAM intervention is not sufficient in encouraging the use of these concepts in the design
process. This could possibly be explained by the nature of the intervention, where participants are
rapidly introduced to the various DfAM concepts, without giving them adequate time to reflect on
and rehearse the concepts [95]. Further, we also see that all three groups show a significant decrease
in their design technical goodness scores after participating in the intervention. This could
potentially be explained by the use of different design tasks, where the design of a protective
solution could have resulted in a greater exploration of the design space due to higher functional
requirements compared to a solution for hands-free viewing. This further supports previous
research, where the choice of the design task has shown to influence the creativity and effectiveness
of participants’ design outcomes [96].
The third key finding was that participants who receive restrictive DfAM training, either
with or without opportunistic DfAM, show a greater increase in the frequency of references to
restrictive DfAM, compared to participants who received no DfAM inputs. On the other hand,
participants who received only AM process knowledge, with no DfAM inputs, showed a greater
increase in their frequency of references to opportunistic DfAM compared to those who received
DfAM training. This finding supports our previous inferences that participants who receive DfAM
inputs tend to exhibit a greater comfort and therefore a higher use of restrictive DfAM concepts
compared to opportunistic DfAM. Further, we see that while participants use opportunistic
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concepts to generate complex designs before the intervention, this shifts towards simplification of
their designs after the intervention. This simplification, i.e. lack of design complexity could also
explain the increase in the number of references to opportunistic DfAM among participants who
received no DfAM inputs. This result suggests that when given an opportunity, participants tend to
simplify their designs possibly to improve manufacturability and could explain the decrease in the
design technical goodness. This is not a favourable outcome, given that “the understanding that
complexity is free in AM” was recommended as one of the most important traits of a successful
AM designer, by AM researchers and industry leaders at the 2013 NSF workshop [9,19]. This
simplification of the designs could also be attributed to the use of different design tasks, wherein
the greater functional requirements from a solution to protect a cell phone provide more
opportunities for applying the opportunistic DfAM concepts that encourage design complexity.
These results, therefore, emphasize the need for DfAM educational interventions that encourage a
combined emphasis on both the capabilities and limitations of a manufacturing process. This could
potentially be achieved through a longer, more thorough intervention where students are given an
opportunity to practice each DfAM concept.
7. CONCLUSION, LIMITATIONS, AND FUTURE WORK
The main objective of this research was to explore the effects of variations in the content
of DfAM education on the technical goodness of the participants’ design outcomes, and the role of
DfAM in bringing about these effects. The educational interventions studied included an
introduction to AM processes, combined with (1) no DfAM, (2) restrictive DfAM, and (3) dual
DfAM inputs. The effects of these interventions were measured through investigating the changes
in the participants’ self-efficacy in using the DfAM concepts, changes in the technical goodness of
their AM design outcomes, and differences in their use of AM in describing and evaluating their
designs. The results of the study showed that participants who received only restrictive DfAM
education showed a significantly higher increase in their restrictive DfAM self-efficacy, compared
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to the other intervention groups. On the other hand, no differences were seen in their change in
opportunistic self-efficacy. However, we see that despite the increase in the participants’ selfefficacy, the variations in the DfAM education content did not affect the technical goodness of their
AM design outcomes. A deductive content analysis of their design sheets revealed that participants
from all three educational groups tend to simplify their designs in the post-intervention design
challenge, suggesting the use of the traditional design for manufacturing mindset where simplicity
helps improve the ease of manufacturing. The results of this study, therefore, suggest that despite
an increase in the participants’ opportunistic and restrictive self-efficacies due to the intervention,
participants fail to tap into the opportunistic DfAM concepts. This demonstrated the need for
educational interventions that emphasize the use of opportunistic DfAM concepts for better
leveraging the offerings of AM.
While this study provides insights into the effects of DfAM education on the technical
goodness of design outcomes and the role of DfAM use on this, it has several limitations. First,
results suggest that the design problem statement has a potential effect on the participants’ use of
DfAM. Therefore, further research must explore this interaction by comparing different task
structures and complexities. Next, the study aggregates multiple DfAM techniques into
opportunistic and restrictive. While this classification is supported by previous research, the
aggregation could possibly normalize the higher increase in certain individual techniques,
compared to others. For example, participants might demonstrate a higher familiarity with concepts
such as support structures due to their presence in informal AM experiences compared to their
familiarity with material anisotropy. This is particularly important given the short duration of the
lectures, where participants might have absorbed some topics more than the others. Therefore,
future research must investigate the change in participants’ self-efficacy with each DfAM
technique. A similar recommendation could also be made in the content analysis performed, where
the coding scheme aggregated the reference to all opportunistic (and restrictive) DfAM techniques
under one node. A deeper analysis could possibly reveal differences in the participants’ use of the
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individual techniques, thus giving better insights into their comfort with the same. This
recommendation could also be extended towards the lectures, where participants are given more
time to absorb and possibly rehearse both opportunistic and restrictive concepts instead of a
continuous lecture, as suggested by inductive learning research. Finally, the evaluation of the
design outcomes could be broken down into opportunistic and restrictive technical goodness scores,
as opposed to a single evaluation, as this would give better clarity into the changes in the
participants’ design outcomes from before to after the intervention.
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NOMENCLATURE
DfAM

Design for Additive Manufacturing

DFMA

Design for Manufacturing and Assembly

AM

Additive Manufacturing

NSF

National Science Foundation

MANOVA

Multivariate Analysis of Variance

ANOVA

Analysis of Variance

MD-19-1155

Meisel

30

Journal of Mechanical Design

REFERENCES
[1]

Campbell, I., Bourell, D., and Gibson, I., 2012, “Additive Manufacturing: Rapid
Prototyping Comes of Age,” Rapid Prototyping Journal, 18(4), pp. 255–258.

[2]

Crawford, R. H., and Beaman, J. J., 1999, “Solid Freeform Fabrication,” IEEE Spectrum,
36(2), pp. 34–43.

[3]

Schmelzle, J., Kline, E. V., Dickman, C. J., Reutzel, E. W., Jones, G., and Simpson, T.
W., 2015, “(Re)Designing for Part Consolidation: Understanding the Challenges of Metal
Additive Manufacturing,” Journal of Mechanical Design, 137(11), p. 111404.

[4]

ASTM International, 2013, “F2792-12a - Standard Terminology for Additive
Manufacturing Technologies,” Rapid Manufacturing Association, pp. 10–12.

[5]

Laverne, F., Segonds, F., Anwer, N., and Le Coq, M., 2015, “Assembly Based Methods to
Support Product Innovation in Design for Additive Manufacturing: An Exploratory Case
Study,” Journal of Mechanical Design, 137(12), p. 121701.

[6]

Boothroyd, G., 1994, “Product Design for Manufacture and Assembly,” Computer-Aided
Design, 26(7), pp. 505–520.

[7]

“Over-The-Wall Design Process | New Product Design” [Online]. Available:
http://npdbook.com/introduction-to-stage-gate-method/the-era-of-specialization-and-overthe-wall-design/. [Accessed: 16-Nov-2017].

[8]

“Breaking Down the Walls of Product Design with Concurrent Engineering” [Online].
Available: https://www.fictiv.com/blog/posts/breaking-down-the-walls-of-product-designwith-concurrent-engineering. [Accessed: 16-Nov-2017].

[9]

Simpson, T. W., Williams, C. B., and Hripko, M., 2017, “Preparing Industry for Additive
Manufacturing and Its Applications: Summary & Recommendations from a National
Science Foundation Workshop,” Additive Manufacturing, 13, pp. 166–178.

[10]

Glass, R. L., Hague, R., Campbell, I., and Dickens, P., 2003, “Implications on Design of
Rapid Manufacturing,” Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, 217(1), pp. 25–30.

[11]

Smith, H., “3D Printing News and Trends: GE Aviation to Grow Better Fuel Nozzles
Using 3D Printing” [Online]. Available:
http://3dprintingreviews.blogspot.co.uk/2013/06/ge-aviation-to-grow-better-fuelnozzles.html. [Accessed: 29-Aug-2017].

[12]

Leutenecker-Twelsiek, B., Ferchow, J., Klahn, C., and Meboldt, M., 2017, “The
Experience Transfer Model for New Technologies - Application on Design for Additive
Manufacturing,” Industrializing Additive Manufacturing - Proceedings of Additive
Manufacturing in Products and Applications.

[13]

Renishaw, 2017, Digital Evolution of Cranial Surgery.

[14]

Cohen, D., Sargeant, M., and Somers, K., 2014, “3-D Printing Takes Shape,” McKinsey

MD-19-1155

Meisel

31

Journal of Mechanical Design

Quarterly, January(1), pp. 1–6.
[15]

Manyika, J., Chui, M., Bughin, J., Dobbs, R., Bisson, P., and Marrs, 2013, “Disruptive
Technologies: Advances That Will Transform Life, Business, and the Global Economy,”
McKinsey Global Insitute, (May), p. 163.

[16]

Columbus, L., 2014, “Demand For 3D Printing Skills Is Accelerating Globally” [Online].
Available: https://www.forbes.com/sites/louiscolumbus/2014/09/15/demand-for-3dprinting-skills-is-accelerating-globally/#4393ca5e522e. [Accessed: 02-Feb-2018].

[17]

Bourell, D. L. (The U. of T. at A. ), Leu, M. C. (Missouri U. of S. and T. ), and Rosen, D.
W. (Georgia I. of T. ), 2009, “Identifying the Future of Freeform Processing,” Rapid
Prototyping Journal, p. 92.

[18]

Thomas-Seale, L. E. J., Kirkman-Brown, J. C., Attallah, M. M., Espino, D. M., and
Shepherd, D. E. T., 2018, “The Barriers to the Progression of Additive Manufacture:
Perspectives from UK Industry,” International Journal of Production Economics,
198(February 2017), pp. 104–118.

[19]

Huang, Y., and March, M. C. L., 2014, “Frontiers of Additive Manufacturing Research
and Education,” NSF workshop report, (March), pp. 1–26.

[20]

Williams, C. B., and Seepersad, C. C., 2012, “Design for Additive Manufacturing
Curriculum: A Problem-and Project-Based Approach,” International Solid Freeform
Fabrication Symposium, pp. 81–92.

[21]

Williams, C. B., Sturm, L., and Wicks, A., 2015, “Advancing Student Learning Of Design
for Additive Manufacturing Principles Through An Extracurricular Vehicle Design
Competition,” Proceedings of the ASME 2015 International Design Engineering
Technical Conferences & Computers and Information in Engineering Conference, pp. 1–8.

[22]

Moorefield-Lang, H. M., 2014, “Makers in the Library: Case Studies of 3D Printers and
Maker Spaces in Library Settings,” Library Hi Tech, 32(4), pp. 583–593.

[23]

Wilczynski, V., 2015, “Academic Makerspaces and Engineering Design,” 122nd ASEE
Annual Conference and Exposition, pp. 1–18.

[24]

Barrett, T. W., Pizzico, M. C., Levy, B., and Nagel, R. L., 2015, “A Review of University
Maker Spaces A Review of University Maker Spaces Introduction,” 122nd ASEE Annual
Conference and Exposition, (2013), pp. 1–16.

[25]

Lamancusa, J.S., Jorgensen, J.E., Zayas-Castro, J. L., 1997, “Learning Factory — A New
Approach to Integrating Design and Manufacturing into the Engineering Curriulum.,”
Journal of Engineering Education, 86(April), pp. 103–112.

[26]

“Submitting Your 3D Print | Maker Commons” [Online]. Available:
https://makercommons.psu.edu/submitting-your-3d-print/. [Accessed: 12-Feb-2018].

[27]

“Tips for Designing a 3D Printed Part | Innovation Station” [Online]. Available:
https://innovationstation.utexas.edu/tip-design/. [Accessed: 12-Feb-2018].

MD-19-1155

Meisel

32

Journal of Mechanical Design

[28]

Booth, J. W., Alperovich, J., Chawla, P., Ma, J., Reid, T., and Ramani, K., 2017, “The
Design for Additive Manufacturing Worksheet,” Journal of Mechanical Design,
139(October 2017), pp. 1–9.

[29]

Doubrovski, E. L., Tsai, E. Y., Dikovsky, D., Geraedts, J. M. P., Herr, H., and Oxman, N.,
2015, “Voxel-Based Fabrication through Material Property Mapping: A Design Method
for Bitmap Printing,” CAD Computer Aided Design, 60, pp. 3–13.

[30]

Meisel, N., and Williams, C., 2015, “An Investigation of Key Design for Additive
Manufacturing Constraints in Multimaterial Three-Dimensional Printing,” Journal of
Mechanical Design, 137(11), p. 111406.

[31]

Salonitis, K., and Zarban, S. Al, 2015, “Redesign Optimization for Manufacturing Using
Additive Layer Techniques,” Procedia CIRP, 36, pp. 193–198.

[32]

Vayre, B., Vignat, F., and Villeneuve, F., 2012, “Designing for Additive Manufacturing,”
Procedia CIRP, 3(1), pp. 632–637.

[33]

Melsa, J. L., Rajala, S. a., Mohsen, J. P., Jamieson, L. H., Lohmann, J. R., Melsa, J. L.,
Rajala, S. a., and Mohsen, J. P., 2009, Creating a Culture for Scholarly and Systematic
Innovation in Engineering Education.

[34]

Davison, R., 2010, Engineering Curricula: Understanding the Design Space and
Exploiting the Opportunities: Summary of a Workshop.

[35]

Hmelo-Silver, C. E., 2004, “Problem-Based Learning: What and How Do Students
Learn?,” Educational Psychology Review, 16(3), pp. 235–266.

[36]

Blumenfeld, P. C., Soloway, E., Marx, R. W., Krajcik, J. S., Guzdial, M., and Palincsar,
A., 1991, “Motivating Project-Based Learning: Sustaining the Doing, Supporting the
Learning,” Educational Psychologist, 26(3–4), pp. 369–398.

[37]

Helge Bøhn, J., 1997, “Integrating Rapid Prototyping into the Engineering Curriculum ‐ a
Case Study,” Rapid Prototyping Journal, 3(1), pp. 32–37.

[38]

Meisel, N. A., and Williams, C. B., 2015, “Design and Assessment of a 3D Printing
Vending Machine,” Rapid Prototyping Journal, 21(5), pp. 471–481.

[39]

Sinha, S., Rieger, K., Knochel, A. D., and Meisel, N. A., 2017, “Design and Preliminary
Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing
Education,” pp. 2801–2815.

[40]

“Library Guides: 3D Printing at the Library of Engineering and Science” [Online].
Available: http://guides.lib.purdue.edu/3dprinting. [Accessed: 28-Jan-2019].

[41]

“3D Printing Service - MIT Project Manus” [Online]. Available: https://projectmanus.mit.edu/3d-printing-service. [Accessed: 28-Jan-2019].

[42]

“3D Printing Services | Case School of Engineering” [Online]. Available:
http://engineering.case.edu/sears-thinkbox/use/3d-printing-services. [Accessed: 28-Jan2019].

MD-19-1155

Meisel

33

Journal of Mechanical Design

[43]

Booth, J. W., Alperovich, J., Reid, T. N., and Ramani, K., 2016, “The Design for Additive
Manufacturing Worksheet,” Volume 7: 28th International Conference on Design Theory
and Methodology, (April), p. V007T06A041.

[44]

Joyce, C. K., 2009, “The Blank Page: Effects of Constraint on Creativity,” University of
California, Berkley.

[45]

Hailikari, T., Katajavuori, N., and Lindblom-Ylänne, S., 2008, “The Relevance of Prior
Knowledge in Learning and Instructional Design,” American Journal of Pharmaceutical
Education, 72(5), p. 2008.

[46]

Prabhu, R., Miller, S. R., Simpson, T. W., and Meisel, N. A., 2018, “The Earlier the
Better? Investigating the Importance of Timing on Effectiveness of Design for Additive
Manufacturing Education,” Proceedings of the ASME 2018 International Design
Engineering Technical Conferences and Computers and Information in Engineering
Conference, pp. 1–14.

[47]

Bransford, J. D., Brown, A. L., and Cocking, R. R., 1999, “Learning and Transfer,”
(1913), pp. 39–66.

[48]

Bandura, A., 1977, “Self-Efficacy: Toward a Unifying Theory of Behavioral Change,”
Psychological Review;Stanford University, Vol. 84(No. 2), pp. 191–215.

[49]

Pajares, F., 1996, “Self-Efficacy Beliefs in Academic Settings,” Review of Educational
Research, 66(4), pp. 543–578.

[50]

Carberry, A. R., Lee, H.-S., and Ohland, M. W., 2010, “Measuring Engineering Design
Self‐Efficacy,” Journal of Engineering Education, 99, pp. 71–79.

[51]

Quade, A., 2003, “Development and Validation of a Computer Science Self-Efficacy
Scale for CS0 Courses and the Group Analysis of CS0 Student Self-Efficacy,”
Proceedings ITCC 2003, International Conference on Information Technology: Computers
and Communications, pp. 60–64.

[52]

Compeau, D. R., and Higgins, C. A., 2016, “Computer Self-Efficacy : Development of a
Measure and Initial Test,” 19(2), pp. 189–211.

[53]

Lee, C., 1982, “Self-Efficacy as a Predictor of Performance in Competitive Gymnastics,”
Journal of Sport Psychology, (4), pp. 405–409.

[54]

Barling, J., and Abel, M., 1983, “Self-Efficacy Beliefs and Tennis Performance,”
Cognitive Therapy and Research, 7(3), pp. 265–272.

[55]

Mayer, R. E., 2002, “Rote Versus Meaningful Learning,” Theory Into Practice, 41(4), pp.
226–232.

[56]

Mayer, R. E., 1992, “Thinking, Problem Solving, Cognition .”

[57]

Mayer, R. E., 2001, “Changing Conceptions of Learning: A Century of Progress in the
Scientific Study of Education,” YEARBOOK-NATIONAL SOCIETY FOR THE STUDY
OF EDUCATION, 1, pp. 34–75.

MD-19-1155

Meisel

34

Journal of Mechanical Design

[58]

Bloom, B. S., 1966, “Taxonomy of Educational Objectives: The Classification of
Educational Goals .”

[59]

Mayer, R. E., and Wittrock, M. C., 1996, “Problem-Solving Transfer,” Handbook of
educational psychology, pp. 47–62.

[60]

Detterman, D. K., and Sternberg, R. J., 1993, Transfer on Trial: Intelligence, Cognition,
and Instruction., Ablex Publishing.

[61]

McKeough, A., Lupart, J. L., and Marini, A., 2013, Teaching for Transfer: Fostering
Generalization in Learning, Routledge.

[62]

Mayer, R. E., 1995, “Teaching and Testing for Problem Solving,” International
encyclopedia of teaching and teacher education, 2, pp. 4728–4731.

[63]

Haskell, R. E., 2000, Transfer of Learning: Cognition and Instruction, Elsevier.

[64]

Mccomb, C., Berdanier, C., and Menold, J., “Design Practica as Authentic Assessments in
First- Year Engineering Design Courses.”

[65]

Multon, K. D., Brown, S. D., and Lent, R. W., 1991, “Relation of Self-Efficacy Beliefs to
Academic Outcomes: A Meta-Analytic Investigation,” Journal of Counseling Psychology,
38(1), pp. 30–38.

[66]

Prabhu, R., Miller, S. R., Simpson, T. W., and Meisel, N. A., 2018, “Teaching Design
Freedom: Exploring the Effects of Design for Additive Manufacturing Education on the
Cognitive Components of Students’ Creativity,” Proceedings of the ASME 2018
International Design Engineering Technical Conferences and Computers and Information
in Engineering Conference, pp. 1–14.

[67]

Baer, J., 2010, “Is Creativity Domain Specific?,” The Cambridge handbook of creativity,
p. 321.

[68]

“Design Thinking – Made By Design Lab” [Online]. Available:
http://sites.psu.edu/madebydesign/design-thinking/. [Accessed: 24-Apr-2019].

[69]

Jansson, D. G., and Smith, S. M., 1991, “Design Fixation,” Design Studies, 12(1), pp. 3–
11.

[70]

Amabile, T. M., 1996, Creativity in Context: Update to the Social Psychology of
Creativity, Westview Press.

[71]

Pallari, J. H. P., Dalgarno, K. W., and Woodburn, J., 2010, “Mass Customization of Foot
Orthoses for Rheumatoid Arthritis Using Selective Laser Sintering,” IEEE Transactions
on Biomedical Engineering, 57(7), pp. 1750–1756.

[72]

Tuck, C. J., Hague, R. J. M., Ruffo, M., Ransley, M., and Adams, P., 2008, “Rapid
Manufacturing Facilitated Customization,” International Journal of Computer Integrated
Manufacturing, 21(3), pp. 245–258.

[73]

Calì, J., Calian, D. A., Amati, C., Kleinberger, R., Steed, A., Kautz, J., and Weyrich, T.,

MD-19-1155

Meisel

35

Journal of Mechanical Design

2012, “3D-Printing of Non-Assembly, Articulated Models,” ACM Transactions on
Graphics, 31(6), p. 1.
[74]

Chu, C., Graf, G., and Rosen, D. W., 2008, “Design for Additive Manufacturing of
Cellular Structures,” Computer-Aided Design and Applications, 5(5), pp. 686–696.

[75]

Rosen, D. W., 2007, “Computer-Aided Design for Additive Manufacturing of Cellular
Structures,” Computer-Aided Design and Applications, 4(1–6), pp. 585–594.

[76]

Murr, L. E., Gaytan, S. M., Medina, F., Lopez, H., Martinez, E., MacHado, B. I.,
Hernandez, D. H., Martinez, L., Lopez, M. I., Wicker, R. B., and Bracke, J., 2010, “NextGeneration Biomedical Implants Using Additive Manufacturing of Complex Cellular and
Functional Mesh Arrays,” Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 368(1917), pp. 1999–2032.

[77]

De Laurentis, K. J., Kong, F. F., and Mavroidis, C., 2002, “Procedure for Rapid
Fabrication of Non-Assembly Mechanisms with Embedded Components,” Proceedings of
the 2002 ASME Design Engineering Technical Conferences and Computers and
Information in Engineering Conference, pp. 1–7.

[78]

Kaweesa, D. V, Spillane, D. R., and Meisel, N. A., 2017, “Investigating the Impact of
Functionally Graded Materials on Fatigue Life of Material Jetted Specimens,” Solid
Freeform Fabrication Symposium, pp. 578–592.

[79]

Hu, K., Jin, S., and Wang, C. C. L., 2015, “Support Slimming for Single Material Based
Additive Manufacturing,” CAD Computer Aided Design, 65, pp. 1–10.

[80]

Zhu, Z., Dhokia, V., Nassehi, A., and Newman, S. T., 2016, “Investigation of Part
Distortions as a Result of Hybrid Manufacturing,” Robotics and Computer-Integrated
Manufacturing, 37, pp. 23–32.

[81]

Carroll, B. E., Palmer, T. A., and Beese, A. M., 2015, “Anisotropic Tensile Behavior of
Ti-6Al-4V Components Fabricated with Directed Energy Deposition Additive
Manufacturing,” Acta Materialia, 87, pp. 309–320.

[82]

Ahn, S., Montero, M., Odell, D., Roundy, S., and Wright, P. K., 2002, “Anisotropic
Material Properties of Fused Deposition Modeling ABS,” Rapid Prototyping Journal, 8(4),
pp. 248–257.

[83]

Boschetto, A., and Bottini, L., 2016, “Design for Manufacturing of Surfaces to Improve
Accuracy in Fused Deposition Modeling,” Robotics and Computer-Integrated
Manufacturing, 37, pp. 103–114.

[84]

Boschetto, A., Bottini, L., and Veniali, F., 2016, “Finishing of Fused Deposition Modeling
Parts by CNC Machining,” Robotics and Computer-Integrated Manufacturing, 41, pp. 92–
101.

[85]

Fahad, M., and Hopkinson, N., 2012, “A New Benchmarking Part for Evaluating the
Accuracy and Repeatability of Additive Manufacturing (AM) Processes,” 2nd
International Conference on Mechanical, Production, and Automobile Engineering, pp.
234–238.

MD-19-1155

Meisel

36

Journal of Mechanical Design

[86]

Cronbach, L. J., 1951, “Coefficient Alpha and the Internal Structure of Tests,”
Psychometrika, 16(3), pp. 297–334.

[87]

Kaufman, J. C., Baer, J., Cropley, D. H., Reiter-Palmon, R., and Sinnett, S., 2013,
“Furious Activity vs. Understanding: How Much Expertise Is Needed to Evaluate Creative
Work?,” Psychology of Aesthetics, Creativity, and the Arts, 7(4), pp. 332–340.

[88]

Teresa M. Amabile, 1982, “Social Psychology of Creativity. A Consensual Assesment
Technique.,” Journal of Personality and Social Psychology, 43(4), pp. 997–1013.

[89]

Domino, G., and Giuliani, I., 2005, “Creativity in Three Samples of Photographers: A
Validation of the Adjective Check List Creativity Scale,” Creativity Research Journal,
10(2), pp. 193–200.

[90]

Cohen, J., 1960, “A Coefficient of Agreement for Nominal Scales,” Educational and
Psychological Measurement, 20(1), pp. 37–46.

[91]

Bray, J. H., and Maxwell, S. E., 1985, Multivariate Analysis of Variance, Sage.

[92]

Tukey, J. W., 1949, “Comparing Individual Means in the Analysis of Variance,”
Biometrics, 5(2), pp. 99–114.

[93]

Weinfurt, K. P., 2000, “Repeated Measures Analysis: ANOVA, MANOVA, and HLM.,”
Reading and Understanding MORE Multivariate Statistics., American Psychological
Association, Washington, DC, US, pp. 317–361.

[94]

Elo, S., and Kyngäs, H., 2008, “The Qualitative Content Analysis Process,” Journal of
Advanced Nursing, 62(1), pp. 107–115.

[95]

Rosenshine, B., 2012, “Principles of Instruction: Research-Based Strategies That All
Teachers Should Know,” American Educator, pp. 12–20.

[96]

Durand, F., Helms, M. E., Tsenn, J., McAdams, D. A., and Linsey, J. S., 2015, “In Search
of Effective Design Problems for Design Research,” ASME 2015 International Design
Engineering Technical Conferences and Computers and Information in Engineering
Conference.

MD-19-1155

Meisel

37

Journal of Mechanical Design

Figure Captions List
Figure 1

Distribution of participants' previous experience

Figure 2

Sample designs from the pre-intervention design challenges with the expertassigned technical goodness scores

Figure 3

Sample designs from the post-intervention design challenges with the expertassigned technical goodness scores

Figure 4

Timeline of events in the experiment

Figure 5

Comparing the change in DfAM self-efficacy between the three educational
intervention groups (mean ± std. error) (see 4.3.1)

Figure 6

Summary plot of design technical goodness of the ideas (mean ± std. error)

Figure 7

Graphic demonstrating the average frequency of references per participant (postintervention includes initial brainstorming and final designs)
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DfAM self-efficacy items
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Scale used for DfAM self-efficacy
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Figure 1 Distribution of participants' previous experience
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Figure 2 Sample designs from the pre-intervention design challenges with the expertassigned technical goodness scores
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Figure 3 Sample designs from the post-intervention design challenges with the expertassigned technical goodness scores
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Figure 4 Timeline of events in the experiment
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Figure 5 Comparing the change in DfAM self-efficacy between the three educational
intervention groups (mean ± std. error) (see 4.3.1)
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Figure 6 Summary plot of design technical goodness of the ideas (mean ± std. error)

Figure 7 Graphic demonstrating the average frequency of references per participant (postintervention includes initial brainstorming and final designs
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