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Abstract: The implementation of digital tools into science education is a major demand of various
stakeholders, such as teachers, schools and ministries of education. However, teaching innovations
and the introduction of new competences need to be carefully tested and optimized for successful
and sustainable application and learning success. Our aim was to develop and establish an easily
adaptable teaching unit comprising the aspects of 3D printing from computer-aided modeling to
slicing, printing and post-processing, which is linked to curricular learning content. The original
teaching concept developed with a small group of students has been adapted to the conditions in large
groups and full-size 9th grade school classes. With an increased sample size, it was now possible to
investigate and analyze the teaching approach with respect to student’s motivation, learning success
as well as the quality and acceptance of the teaching–learning arrangement for designing and 3D
printing flower models. The goal of the study was to further optimize the existing teaching tool based
on the evaluation of the student experience. While the exploration of this teaching approach ties into
the current discourse of innovative biology teaching, the efficacy is evidenced by results that indicate
a positive impact on student’s motivation and a high learning success regarding computer-aided
modeling and 3D printing. As a result, the teaching-revised concept reported in this article is based
on the students’ evaluation and can be provided as well-tested teaching material for schools.

Keywords: design-based research; 3D printing; floral models; computer-aided modeling

1. Introduction

The fact that digital and modern technologies are becoming more and more important
in the classroom was not only demonstrated by the COVID-19 pandemic. Digitization
has been advancing rapidly for decades, and digital skills are becoming increasingly
relevant [1], including in the vocational sector [2–5]. In Germany, a lack of digitization in
schools has been recognized and countermeasures have been taken, for example, as part of
the “Digitalpakt Schule” (Digital Pact for Schools).

Technologies that have long been established in the private and professional sectors
are often only used in school settings years later and initially by a few skilled and dedicated
teachers [6]. These technologies include computer-aided modeling and 3D printing. Despite
their high potential for teaching [7], these technologies are only gradually finding their way
into schools [8].

Implementation research provides the reasons for this: Research has shown that
innovations in education are only sustainable if they promise a high level of learning success
and generate acceptance and motivation among students [9]. In addition, teachers need to
consider themselves competent enough to implement these teaching innovations [10,11].

A well-known problem of teaching–learning research in the implementation of ed-
ucational innovations is the theory–practice problem [12]. It describes the difficulty of
transferring educational theory knowledge into instructional practice concepts. This also
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applies for computer-aided modeling and 3D printing as an innovation in (biology) teach-
ing. The presented project overcomes this problem by developing, testing and providing
data-based teaching materials.

Since 2017, the project “Blühende Fantasie—3D-Druck von Blütenmodellen” (Flower-
ing Fantasy—3D printing of flower models) of the Institute of Botany at Leibniz Universität
Hannover continuously promotes the introduction of 3D printing and computer-aided
modeling into the school classroom. To achieve this goal, scientifically tested teaching
materials that are accepted and perceived as motivating by the students are needed. For
this purpose, a teaching concept for modeling and 3D printing flower models (Figure 1)
with students was developed and piloted in schools [13]. This was followed by a phase
of scientific investigation in 9th grade school classes and optimization based on the ac-
companying surveys. The project thus ties in not only with the data-based discourse on
innovative teaching approaches but also with current political efforts and ultimately with
the requirements of the labor market.
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Figure 1. Student model of (a) Arabidopsis thaliana; (b) Erodium cicutarium. Source: Marcel Bonorden.

In contrast to publications from the pilot phase, the research interest is now on the
survey of students’ experiences on motivation, learning success as well as quality and
acceptance. Based on these data, the teaching concept is revised. The following research
questions were relevant for this:

1. How does the use of 3D printing in biology classes affect the motivation and self-
assessment of learning success?

2. What kind of structural adjustments were successful for optimization of the teaching
concept based on student evaluation data to improve the learning outcomes?

2. State of the Art

Since the first patenting of the stereolithography process in 1984 [14], there have been
numerous innovations based on it in the field of additive manufacturing. Although there
have always been early adopters of these technologies in education [15,16], these were
initially limited to university education in the fields of architecture and engineering [17,18].
With the expiration of many 3D printing patents in the recent years, the technologies
became affordable for home users. The expiration of patents for the fused-deposition
modeling process in 2009 led to a growing open source community and increasingly
established this technology in the general population [19], advancing to the most used 3D
printing process in the private sector. This also enabled the use of 3D printing in schools,
where the technology is mainly used to teach students about 3D printing in technical
subjects, as a supporting technology during teaching, and to produce artifacts that aid
learning [15]. Three-dimensional (3D) printing requires the objects to be created in advance
using computer-aided modeling.
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Educational research indicates a positive impact of 3D printed models on student en-
gagement [20] and content performance [21,22]. In addition, existing projects link computer-
aided modeling and 3D printing in the classroom to teach learning content [23]. Research
continues to suggest that the use of these two technologies can lead to higher learning
outcomes than traditional teaching methods [24]. Other studies suggest the promotion of
creativity [25,26] as well as skills in (product) design [14,27,28].

Although the research results are promising and several school and research projects
on 3D printing in education exist, the implementation in the classroom is still in its infancy.
Thus, there remains a particular need for teaching materials that enable teachers to integrate
the technology into the classroom [14]. For this, curricula have already been developed in
the field of technology education in schools or engineering courses in universities [29,30].
However, there is a lack of teaching materials in general and especially in other subject
areas, for example in biology.

3. Theoretical Framework
3.1. Didactic Conception

• Model competence and learning from models

Models are essential for science education [31]. Modeling and model competence
thus represent a part of basic science education and are important for understanding
science [32]. In science education, learning with models and modeling are assumed
to enhance cognitive, metacognitive, social, and epistemological skills and thus can
increase learning success [33–35]. Therefore, working with models is one of the basic
methods in biology to better understand complex phenomena and encourage deep
thinking, at least in the German school system [36]. The development of the teaching
concept is based on the assumption that students engage much more intensively with
the learning content during independent modeling than with conventional models.
This is because students need to first think through model design as a foundation
before actually designing the model [31]. Here, a reduction in the original to the
essential features takes place, for which an intensive technical examination of the
object to be modeled is necessary [31]. Of extraordinary importance is a model
criticism, in which the reductions and extensions are discussed in comparison to the
original, thus deepening model understanding and model competence [37].

• Motivation

The teaching concept is based on the fundamental pedagogical insights of the self-
determination theory of motivation [38]. This states that autonomous, self-determined
work can increase the extrinsic as well as intrinsic motivation of students.

• Problem orientation

The problem-oriented learning approach combines instructional with constructivist
aspects [39]. In constructivism, it is assumed that knowledge cannot be directly passed
from one person to another, but it has to be acquired independently and actively in a
context of action [40]. In problem-based learning, the learning process is understood as
an active and self-directed process, which, however, can be stimulated and supported
by the teacher who takes on a moderating and advising function [41].

3.2. Research Approaches

The investigation and optimization of the teaching concept for computer-aided model-
ing and 3D printing in the classroom is based on various research approaches, which are
briefly described here.

• Design-Based Research (DBR)

Characteristic for research with DBR is the iterative approach, in which design, im-
plementation, analysis and re-design alternate iteratively [42]. A wide variety of
methods can be combined, for example, quantitative methods such as closed-ended
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questionnaires and qualitative methods such as interviews. The goal of DBR in
teaching–learning research is to design practical learning environments for schools
and to incorporate the findings into the review and further development of existing
learning theories [43]. Thus, the DBR approach links application-oriented, theory-
based, and epistemology-oriented research [44,45].

• Field research

In field research, researchers integrate themselves into the research field in order to
avoid influencing it when collecting data [46]. In the case of this project, the researcher
has taken on the role of a teacher, teaching the subject matter to the students.

• Experimental research

Experimental research investigates how, in a controlled setting, a change in the learning
environment affects learning [47].

4. Materials and Methods
4.1. Project Description

In 2017, the project to implement computer-aided modeling and 3D printing of floral
models in the classroom started as a small school-based working group. The teaching
concept was successfully piloted in a theoretical BSc thesis [48] and then further developed
in an MSc thesis based on first practical experiences with students [49]. The working group
concept was further adapted to three different schools and afterwards again optimized [50].
Here, the focus of the study was particularly on increasing botanical expertise as well as
improved practical feasibility in heterogeneous, larger learning groups. After subsequent
adaptations, the concept for innovative biology teaching was transferred to regular school
lessons for the first time in 2020 [13] and repeated in three iterative cycles since then.
After each iteration, the investigation results as well as practical experiences from the
implementation served to further develop the teaching concept. For this purpose, all
project lessons are conducted by the classroom teacher and the researcher to ensure optimal
coverage of the observation of both perspectives.

The objective of the project is to develop the teaching concept to such an extent and to
equip it with detailed accompanying materials (worksheets, help for teachers, explanatory
videos, etc.) that it can be carried out by regular teachers themselves after a short training
session. In this way, the concept should help to ensure that computer-aided modeling and
3D printing are implemented in the classroom in the long term.

4.2. Description of the Learning Groups

In all three learning groups, the project lessons took place in the natural science profile
lessons of a 9th grade class.

The first learning group was the largest class participating in the project with 31 students.
The age range varied from 14 to 18 years. The implementation of the project with this group
was affected by COVID-19-related homeschooling in fall and winter 2020. Alternating weekly,
one-half of the class stayed home at a time and had to attend classes from there. Numerous
support materials such as videos and illustrated instructions were designed to assist them.
Starting in November 2020, the project had to be suspended for several months due to the
COVID-19-related interruption of the classroom teaching.

In the second group, 27 students participated in the project. The age varied here from
13 to 15 years. Some of the students in this group had prior knowledge of computer-aided
modeling and were particularly quick to learn the software. The second learning group was
not affected by COVID-19-related class interruptions, so that the project could be carried
out for the first time without disrupting the schedule. Here, the project took place from
September 2021 to the end of January 2022.

The third group comprised 16 students aged 14 to 16 years. The group was compara-
tively small because only about half of the class chose a natural science profile. The project
period was from February 2022 to the end of April 2022.
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4.3. Realization of the Lessons

Although many partial aspects have been modified during the three iterative cy-
cles [13], the basic course of action of the teaching concept has remained the same (Figure 2).
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Figure 2. The process of the project at the teaching level can be divided according to the different
modeling stages (preparation, digital and analogous model). The subsequent investigation serves as
a basis for the preparation of the next iteration.

At the beginning, an object-oriented introduction takes place, in which the students
get to know the 3D printer and the modeling software Blender. Afterwards, real flowers are
used to determine the plant species based on an identification key. Visual material, such as
photos using magnifying lenses, is produced. In the following lessons, the flower organs
are modeled in groups using the photos and then assembled into a complete digital flower.
Finally, the flower models are printed and are post-processed, which is followed by a unit
on model criticism. In total, the concept for the project lessons includes 10 90-min lessons
(Table 1, detailed version in the supplement: Table S1, evaluation results).

Table 1. Contents of the lessons.

Contents of the Lessons

Lesson Activity Description

1 Introduction Blender/3D printing Learning the basic functions in Blender

2 Introduction Blender Learning the basic functions in Blender

3 Introduction Blender Learning the basic functions in Blender

4 Modeling preparation Species determination based on the flower morphology, creating of photo
templates, research about the plant species, model planning

5 Modeling phase Modeling of the flower organs

6 Modeling phase Modeling of the flower organs

7 Modeling phase Modeling of the flower organs

8 Model-finishing and slicing Assembling the flower organs to form a complete flower and converting it into a
printable file format

9 Post-processing Removal of support structures, sanding and painting

10 Model criticism Reflection of the flower models
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The software Blender is a free open source 3D graphics suite. Beyond modeling
(Figure 3), it offers functions such as rigging, animation, simulation, rendering, compositing,
motion tracking, video editing and game creation [51]. Because of Blender’s large open
source community, there are a variety of tutorials and learning content available. Therefore,
the program offers students the opportunity to learn more features on their own in an
interest-driven way after learning initial modeling skills.
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4.4. Questionnaires and Survey

Considering the iterative implementation of the project lessons in three different
groups, quantitative research methods were chosen. In this way, the effect of changes to the
instructional design was to be facilitated by a direct comparison of the individual items in
the questionnaires. Since the instructional intervention took place in the school classroom,
it was decided to use an anonymous written survey. To ensure a high response rate, the
evaluation was conducted in the presence of the supervising teacher.

Several variables were relevant for the empirical testing of the instructional unit and
its increasing optimization. The empirical investigation of the teaching intervention focuses
on the variables learning success, motivation as well as the acceptance and quality of the
teaching–learning arrangement. Due to the fact that intrinsic motivation is a significant
factor in learning success [38], the Short Scale Intrinsic Motivation [52] was used to draw
conclusions about this variable. To keep the scope of the evaluation practical, this time-
efficient version of the Intrinsic Motivation Inventory [53] was chosen. The Short Scale
Intrinsic Motivation includes a total of 12 items, with three items each assigned to four
subscales (interest/enjoyment, perceived competence, perceived freedom of choice, and
pressure/tension).

An additional questionnaire was used to evaluate the acceptance and quality of
both the teaching–learning arrangement and the self-assessment of learning success [54].
This questionnaire was developed specifically for the evaluation of a teaching–learning
arrangement for the promotion of self and social competencies and will be called evaluation
in the following for simplicity. This questionnaire includes 14 questions per teaching–
learning arrangement. In this research, the items of the original questionnaire were adapted
to specifically query the use of computer-aided modeling and 3D printing. Since this
was a single teaching–learning arrangement, the items were transferred to the different
phases of the teaching intervention (introduction, modeling, 3D printing) as well as to
the accompanying material. Ultimately, 10 items were queried in the “Introduction” area,
12 items in the “Modeling” area, 10 items in the “3D printing” area, and 7 items in the
“Material” area.
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4.5. Methods of Evaluation

The data from the questionnaires were transferred to a table in the form of their Likert
scale scores. Subsequently, an average value and the standard deviation were determined
for each item. The average scores of the items from the questionnaire evaluating the
acceptance and quality of the teaching–learning arrangement and the self-assessment of
learning success were interpreted individually. The values of the Short Scale Intrinsic
Motivation were first interpreted in summary according to the areas of interest/enjoyment,
perceived competence, perceived freedom of choice, and pressure/stress. In the case of
particularly meaningful results, individual items were additionally evaluated.

The results of the different iterations were compared using an ANOVA (InfoStat) test
and then linked to the changes in the teaching concept.

5. Results

The results include all three iterations of the project lessons. The project lessons were
carried out in succession in three different school classes and further optimized after each
iteration. During the project, the students made image templates from real flowers, which
were used to model the flower in the software Blender and then were 3D printed. By
using two questionnaires, the students self-assessed their learning success, evaluated their
motivation as well as the acceptance and quality of the teaching–learning arrangement.

A uniform four-point Likert Scale (3: “agree”; 2: “rather agree”; 1: “rather disagree”;
0: “disagree”) was used for both questionnaires. A neutral item was intentionally omitted,
as it has been shown that selecting this item is used to end the survey as quickly as possible
without answering the question in detail [55].

5.1. Results from Project Run 1

The first investigation resulted in a sample size of n = 29 because two of the 31 participating
students were absent on the day of the evaluation. Only the most meaningful results used for
the optimization of the teaching concept are presented here. A file with all results can be found
in the (supplement Table S2, evaluation results).

In the evaluation, the various items in the areas of introduction, modeling and 3D
printing are assigned either to acceptance and quality of the teaching–learning arrangement
or self-assessment of learning success.

The introductory lessons on the program Blender tended to be perceived as boring
(1.72; s = 0.65; rather agree). It was also stated that the exercises performed during the
introduction were not very motivating (1.07; s = 0.7; rather disagree). The agreement value
for the aspect whether modeling in the program Blender was boring was in the middle
range (1.46; s = 0.88; rather disagree).

With regard to the quality of the teaching–learning arrangement, the level of difficulty
of the teaching unit was in focus. The exercises during the introduction were rated as not
particularly difficult (1.21; s = 0.86; rather disagree). The students rather agreed having
difficulties during modeling with respect to operating with individual tools in Blender
(1.8; s = 0.82; rather agree) and creating a model from an image template (1.68; s = 0.95;
rather agree).

Since the effectiveness of the teaching concept with regard to the increase in botanical
knowledge has already been confirmed by initial studies [13], the focus of this project was on
learning success in computer-aided modeling and 3D printing. Here, the students indicated
that they had learned “something about Blender” during the introduction (2.17; s = 0.66;
rather agree), “something about computer-aided modeling” during the modeling phase
(2.08; s = 0.69; rather agree) and signaled that they were better able to use Blender after
the lesson than before (2; s = 0.87; rather agree). For 3D printing, the students stated that
they had learned “something about 3D printing” (1.83; s = 0.82; rather agree) and rather
disagreed on being better able to use a 3D printer after the lesson (1.43; s = 1.08; rather
disagree) (Figure 4).
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Figure 4. Evaluation results that were relevant for the optimization of the teaching concept after the
first project run. The data of the graph correspond to the average values on the Likert scale of the
class for the respective item.

The Short Scale Intrinsic Motivation aimed to draw conclusions about the students’
motivation. In the area of interest/enjoyment, the questions whether the students enjoyed
the activity in the lesson (1.69; s = 0.84; rather agree) and whether the activity in the lesson
was interesting (1.65; s = 0.89; rather agree) are relevant.

On average, the entire group tended to be satisfied with their performance in the
lessons (1.81; s = 0.69; rather agree) and rated its own modeling skills as mostly good
(1.96; s = 0.6; rather agree).

Students signaled having slight concerns about completing the activity well at the
beginning of the lesson (1.75; s = 0.8; rather agree). They also felt little tension during the
lesson (1.09; s = 0.92; rather disagree).

5.2. Results from Project Run 2

For the second investigation, the sample size was n = 23 because four of the 27 participating
students were absent on the day of the study. The introduction to the program Blender
(1.2; s = 0.96; rather disagree) and the modeling phase with Blender were not perceived as
boring (0.64; s = 0.7; rather disagree). In addition, the collaboration in groups (2.2; s = 0.96;
rather agree) and the fact that the model was printed at the end (2.36; s = 0.91; rather agree)
were described as motivating.

The exercises for the introduction (0.6; s = 0.76; rather disagree) and the operation of
Blender with regard to the functions (0.96; s = 1.02; rather disagree) were perceived as easy.

During the evaluation, students strongly agreed that they learned “something about
Blender” (2.48; s = 0.82; agree) during the introduction and about computer-aided modeling
(2.44; s = 0.65; rather agree) during the modeling phase. In addition, the majority of them
were better able to use the software Blender after the lesson than before (2.36; s = 1.04;
rather agree). The group indicated a strong agreement with the statements about having
learned “something about 3D printing” (2.52; s = 0.82; agree) and being able to handle a 3D
printer better than before the lesson (2.48; s = 0.87; rather agree) (Figure 5).

In the area of interest/enjoyment, the Short Scale Intrinsic Motivation revealed high
levels of agreement with the statements that the students enjoyed the activity in the teaching
unit (2.35; s = 0.78; rather agree), and they perceived it as entertaining (2.29; s = 0.95; rather
agree). Overall, the group was satisfied with its performance in the lesson (2.29; s = 0.95;
rather agree), and believed they did well in the activity (2.08; s = 0.72; rather agree). The
perceived freedom of choice was also relatively high: the statements that the activity in the
lesson could be controlled by the students themselves (2; s = 0.83; rather agree) and that the
approach in the lesson could be chosen by the students themselves (2.13; s = 0.95; rather
agree) are largely agreed with. The students in the group felt little pressure (0.79; s = 0.93;
rather disagree) and tense (0.7; s = 0.93; rather disagree).
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5.3. Results from Project Run 3

The third study had the smallest sample size with n = 14 due to the fact that only half
of the class participated in the natural science profile lessons. Two of the 16 participating
students were absent on the day of the study. The introductory lessons on the program
Blender were not perceived as boring (1.07; s = 0.62; rather disagree) but the introduc-
tion (1.43; s = 1.22; rather disagree) and the modeling later in the lessons (1.29; s = 1.14;
rather disagree) rather did not motivate the students to learn more about Blender. The
students, on the other hand, found the collaboration in groups to be particularly motivating
(2.64; s = 0.5; agree).

The extent of the exercises carried out during the introduction (1.07; s = 0.62; rather
disagree) as well as the extent of the later modeling phase (1.07; s = 1; rather disagree)
was not perceived as too high and boring. The introductory exercises were rated as easy
(0.36; s = 0.63; disagree). Similarly, the level of difficulty regarding the operation of the
functions in Blender (0.43; s = 0.65; rather disagree) was perceived as low.

In the most recent survey, the group indicated strong agreement with the statement
that they learned “something about Blender” (2.64; s = 0.5; agree) and about computer-aided
modeling. They further stated that they were now better able to model with Blender in an
out-of-school session (2.71; s = 0.73; agree). The group clearly agreed with the statements that
they had learned “something about 3D printing” in the lesson (2.71; s = 0.47; agree) and that
they could handle a 3D printer better than before the lesson (2.86; s = 0.36; agree) (Figure 6).
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In the area of interest/enjoyment, the Short Scale Intrinsic Motivation indicates that
the activity in the teaching unit tended to be enjoyable (2.07; s = 1.07; rather agree) and
interesting (1.93; s = 1; rather agree). The group was satisfied overall with their performance
in the instructional unit (2.5; s = 0.65, agree) and stated that they had done well in the
activity (2.14; s = 0.86; rather agree). The group highly agreed with the statements that they
were able to direct the activity in the lessons (2.14; s = 0.95; rather agree) and they were able
to choose how to perform the activity in the lesson (2.71; s = 0.47; agree).

5.4. Comparison of the Studies

Since conclusions for the optimization of the teaching concept are drawn from the
evaluation results of the individual investigations, a direct comparison of selected items
is indicated at this point. In the area of acceptance of the teaching–learning arrangement,
modeling with the program Blender was rated as much more boring (p = 0.0004) by the
first group (1.46; s = 0.88; rather disagree) than the second (0.64; s = 0.7; rather disagree)
and the third group (0.57; s = 0.65; rather disagree).

During the introduction, the first group (1.21; s = 0.86; rather disagree) reported having
experienced more difficulties (p = 0.0018) compared to the second (0.6; s = 0.76; rather disagree)
and third groups (0.36; s = 0.63; rather disagree). While the results even for the first group
still suggest a relatively moderate level of difficulty, they do indicate a tendency that is also
reflected in the later modeling. For example, the first group (1.8; s = 0.82; rather agree) signaled
greater difficulties (p < 0.0001) in modeling with the program Blender regarding the features
than the second (0.96; s = 1.02; rather disagree) and third group (0.43; s = 0.65; disagree).
Similarly, creating a three-dimensional model from a photograph tended to be more difficult
(p = 0.0411) for the first group (1.68; s = 0.95; rather agree) than for the second (1.33; s = 1.01;
rather disagree) and the third group (0.86; s = 0.86; rather disagree) (Figure 7).
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The items on self-assessment of learning success also show a similar tendency. For
the statement of having learned “something about computer-aided modeling” during the
modeling phase, students in the first group (2.08; s = 0.69; rather agree) signaled a smaller
increase in knowledge than the second (2.44; s = 0.65; rather agree) and the third group
(2.71; s = 0.47; agree) (p = 0.0098). The largest difference is in the statement of having learned
“something about 3D printing”. Here, the results of the second (2.52; s = 0.82; agree) and
third groups (2.71; s = 0.47; agree) state a much greater (p = 0.0011) self-assessed increase in
knowledge than in the first group (1.83; s = 0.82; rather agree) (Figure 8).

In the Short Scale Intrinsic Motivation, the agreement values of the first group in the
area of interest/enjoyment are also below those of the second and third groups. However,
here, the second group signaled the comparatively highest interest/enjoyment in the
activity. While the first group (1.69; s = 0.84; rather agree) was least likely (p = 0.0372) to
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agree with the statement that they enjoyed the activity in the lessons, the students in the
second group (2.35; s = 0.78; rather agree) rated the enjoyment in the lessons even higher
than the third group (2.07; s = 1.07; rather agree). Likewise, interest in the activity in the
teaching unit was rated slightly lower—but without statistical significance (p = 0.4086)—by
the first group (1.65; s = 0.89; rather agree) than by the third (1.93; s = 1; rather agree)
and the second group (2; s = 0.95; rather agree). In the area of perceived competence, the
upward trend from the first to the third group can be found again. Thus, the third group
(2.5; s = 0.65; agree) agreed more (p = 0.0204) than the second (2.29; s = 0.95; rather agree)
and the first group (1.81; s = 0.69; rather agree) with the statement of being satisfied with
their performance in the teaching unit. This tendency continues in the area of perceived
freedom of choice. Here, the first group (1.58; s = 0.76; rather agree) signaled without
statistical significance (p = 0.0778) being able to control the activity in the teaching unit the
least compared to the second (2; s = 0.83; rather agree) and third group (2.14; s = 0.95; rather
agree). A greater difference (p = 0.0001) between groups 1 and 3 exists in the statement
that it was possible to choose how to do the activity in the teaching unit (group 1: 1.67;
s = 0.78; rather agree, group 2: 2.13; s = 0.68; rather agree, group 3: 2.71; s = 0.47; agree).
In the area of pressure/tension, the agreement scores of the second group (0.79; s = 0.93;
rather disagree) are only slightly lower (and without statistical significance; p = 0.1243)
than the third (1.07; s = 1.07; rather disagree) and the first group (1.32; s = 0.82; rather
disagree) for the statement about having felt under pressure during the activity in the
teaching unit (Figure 9).
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6. Discussion
6.1. Discussion of the First Project Run

The optimization of the teaching concept was based on the data from the evaluation
and the Short Scale Intrinsic Motivation. During the first run, the focus was initially on
general feasibility, as the teaching concept had previously been tested exclusively in smaller
working groups with voluntary participation. Now that the concept has been embedded in
natural science profile lessons with compulsory participation, it was initially an important
finding that the first group indicated that they were happy to learn about 3D printing and
computer-aided modeling. This indicates a general interest of the group in this topic and
forms the basic prerequisite for successful teaching.

However, this initial interest was not sustained throughout the duration of the project.
The results show that there were difficulties during the introductory phase and conse-
quently also during the later modeling. The performance during the modeling phase is
thus closely linked to the introduction and mastery of the basic functions in Blender. The
comparatively high level of difficulty could thus explain why the first group had relatively
low agreement scores on the Short Scale Intrinsic Motivation in the interest/enjoyment
domain. An optimal state of intrinsic motivation (Flow) is achieved through a “balance
between perceived action capacities and perceived action opportunities” [56]. When the
demands exceed the students’ competencies, they feel overwhelmed. This is also consistent
with the researcher’s observations that problems with the basics in Blender occasionally led
to frustration and distraction during free modeling. This could have led to lower results in
the interest/enjoyment domain.

The self-assessment of learning success during the modeling phase is also lower than
in the other groups. This supports the conclusion that after the introduction, the basic
functions in Blender were not sufficiently mastered, and this led to lower learning and
work progress in free modeling as well.

For these reasons, special focus was placed on the introduction in the optimization
of the teaching concept. Here, more time was initially allocated to the careful elaboration
of the functions (90 min more). In addition, more in-depth exercises and repetitions were
designed. These were kept in the graphic style of the well-known video game Minecraft
to enable a playful approach. In order to facilitate independent work and to reduce
supervision effort, the formulations and explanations in the task texts were written more
precisely and detailed. In addition, a backup phase, for the comparison of the intermediate
status, was included.

Ultimately, a more comprehensive and thorough introduction should also lead to
improving the comparatively low rated perceived freedom of choice in the Short Scale
Intrinsic Motivation. Because basic functions in Blender were not adequately mastered, the
group tended to be less able to develop their own approaches to modeling the floral organ,
thus requiring a great deal of support.

Moreover, after the first project run, a dedicated unit on model planning was integrated
into the teaching concept. Separate model planning was intended to visualize the modeling
process of the entire flower from the beginning and to avoid interruptions.

Furthermore, self-assessment of learning success was low, especially in 3D printing.
In order to improve knowledge of 3D printing processes and 3D printing, the teaching
concept was adapted to involve the school’s own 3D printer to a greater extent. This should
help students learn how it operates by using the printer not only during the tutorial but
also later for printing prototypes of modeled flower components.

In the first run of the project, students each modeled a flower organ, which was
assembled with those of other group members to form a group model. In the evaluation,
however, the students signaled that the printing of their group model at the end had not
motivated them as much as had been assumed in advance. For this reason, groups 2 and 3
of the project switched from printing a particularly large group model to printing numerous
small individual models (Table 2).
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Table 2. Changes to the teaching concept between the iterations.

Changes to the Teaching Concept between the Iterations

After
Iteration Modification Reason

1 longer introduction phase (90 min more) with more in-depth
exercises and repetitions Insufficient modeling expertise throughout the project lessons

More precise explanations in the exercise files To facilitate independent work and to keep the supervision
effort low

backup phase for comparison of the intermediate status of the tasks As feedback and to align the performance level

Integration of a model planning unit Students hat so interrupt their workflow during the modeling
phase to plan the next work steps

Greater involvement of the 3D printer Students stated a relatively low learning-success in 3D printing

Printing of small individual models instead of large group models Students signaled that the printing of a group model did not
motivate them.

2
Functions in Blender that will not be needed until later are not
explained during the introduction and are instead explained as

needed during the modeling phase

In order to be able to concentrate on the directly relevant
functions during the introduction

Increased student involvement in problem solving (students helped
each other instead of the teacher intervening)

Less supervision and promotion of problem-solving skills and
general competence in Blender.

Printing of intermediate results As feedback, to increase motivation and to establish an early
connection between the digital and the analog model

3 Adaptation of the social form from group to partner work As a possible adaptation to promote a group of students with
high competence

Finally, in discussing the first run, an influence of COVID-19-related teaching inter-
ruptions and alternating homeschooling on the study results must be considered. Due to
the interrupted schedule, the modeling phase could only be completed after months. This
likely had a negative impact on student motivation and perceived modeling competence at
the time of the survey. According to observations by the teacher and the researcher, the
students had slight difficulties with Blender even before homeschooling. However, this
cannot be substantiated by survey data. How exactly COVID-19 affected the evaluation
results overall cannot be determined from the data collected.

6.2. Discussion of the Second Project Run

Since relatively large changes were made to the teaching concept after the first project
run, the results of the second group were particularly important for checking the effective-
ness of the adjustments.

Compared to the first group, the second group agreed significantly less with the
statements that the scope of the introduction phase was boring and the exercises during
the introduction were difficult. The statements about the scope of the introduction are
especially interesting, because in the second project run, more time was scheduled for this
phase. The second group also assessed a higher learning success during the introduction as
well as the modeling phase and signaled a significantly (p < 0.0001) lower level of difficulty
while modeling.

These results could be related to the optimization of the introduction. The more
detailed introduction resulted in a better mastery of the basic functions in Blender, which
lowered the difficulty level for the students. The learning success in Blender also increased,
since the more comprehensive basic knowledge made it possible for the students to discover
unknown functions in the program independently. This is supported by the results of the
Short Scale Intrinsic Motivation, which indicate a very high perceived freedom of choice.
The group needed less help with modeling and used creative approaches to modeling on
their own, so the teacher’s control could be reduced. Solution approaches and problems
were to be discussed more intensively by the students among themselves. The students also
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signaled a significantly higher perceived competence in the Short Scale Intrinsic Motivation,
which was necessary for this more demanding form of modeling.

Another change after the first project run was the greater involvement of the 3D printer.
By printing intermediate products of the modeling process, a continuous link from the
digital to the analog model could be established. It was also possible to create a better
understanding of the 3D printer as well as conditions to be considered in the design, such
as support structures required for printing. This is supported by the high self-assessment
of learning success in the area of 3D printing.

Additionally, printing small individual models (Figure 10) instead of large group
models was perceived as motivating: The second group signaled strong agreement when
stating that printing their own model motivated them.
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All in all, the research results of the second project run indicate a very positive effect
of the adjustments to the teaching concept. The results in the area of interest/enjoyment
of the Short Scale Intrinsic Motivation are high and indicate that the students enjoyed the
project and had a high intrinsic motivation overall.

Functions that are not relevant until the end of the modeling phase (e.g., modifiers)
have been removed from the introductory phase after the second run and will be taught
only when needed (Table 2).

6.3. Discussion of the Third Project Run

With 16 students, the third project run was smaller than the first two groups. This
allowed for more intensive supervision of the students, which, in addition to the changes
in the teaching concept, could be an explanatory approach for many of the study results.

The third group stated that they had almost no difficulties at all with the introduction to
the program Blender. This is also consistent with the teacher’s and researcher’s observations
that the students mastered the program’s functions very quickly. The decisive factor for this
could be the more thorough supervision of the smaller group during the introduction. Thus,
the third group also self-assessed their learning success during this phase to be the highest.

Due to the high observed competence after the introduction, the social form was
slightly adapted (Table 2). In order to optimally support the students, the group size was
reduced to two students (Figure 11). Thus, instead of only one flower organ, students had
to model several at the same time, which was more challenging.

Nevertheless, the group stated that they had had the least difficulty of all the groups
during the modeling with regard to the basic functions and in creating a three-dimensional
model from an image template. In order to cope with the workload, the students had
to develop routine procedures and techniques in their modeling, which they could then
transfer to the modeling of the other flower organs. Accordingly, the third group also rated
their learning success highest after the modeling phase. In particular, the self-assessment
of learning success in 3D printing is very high. This may also be related to the number of
project participants, as there was more time overall for each student to explore the printer.
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In addition, this further confirms the positive effect of incorporating the 3D printer more
into the classroom. Printing intermediate results proved to be effective, as it was only here
that some students realized that they still needed to adjust their model in the file. For
example, printing made it possible to check whether certain structures were thick and
therefore stable enough. Accordingly, the students learned to assess the extent to which the
printer can realistically implement their modeling in terms of the stability of the materials
and the precision when printing.
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Printing their own model was experienced as even more motivating than in the second
group, which could be attributed to the change in social form. Since the students had to
model several flower organs, the identification with the overall model may be higher. This
change in social form was thus found to be useful for high-performing groups.

Not only the perceived competence but also the perceived freedom of choice in the
Short Scale Intrinsic Motivation were rated highest by the third group. The fact that the
students were free to choose not only the procedure for modeling but also the order of
the modeled flower organs might explain the high perceived freedom of choice. However,
the change in social form could also be the reason for the slightly higher approval ratings
in the area of pressure/tension compared to the second group, but there is no statistical
significance to support this.

7. Conclusions

Overall, the results highlight the positive effect of a continuous optimization of the
teaching concept with regard to the parameters motivation, self-assessment of learning
success as well as acceptance and quality of the teaching-learning arrangement. As already
described, the introduction to the program was central to the further course of instruction.
The results of the study as well as lesson observations have shown that a good mastery
of the basic functions leads to a higher level of independence in modeling, a higher level
of competence experience and to better models. Thus, the duration of the introduction
estimated in the instructional design is justified.

The findings of the third group demonstrated that the students are able to transfer
their knowledge and experience from modeling one flower organ to modeling other flower
organs very quickly. This suggests that they are proficient enough in modeling with
Blender to have the skills necessary to model other (biological) subjects. This is a valuable
skill that can be used by teachers throughout the school career to have students model
learning content.

The extend of the teaching concept is in fact a major challenge. Tight curricula hardly
allow implementing such extensive projects in class. However, the teaching concept is
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designed in such a way that it is highly adaptable. On the one hand, it allows for a
lot of variability, so that it can be adapted spontaneously to the individual needs and
circumstances of a class and the teacher. This was once again confirmed by the changes
made at short notice by the third project group. On the other hand, the teaching concept
can be transferred to topics other than flower morphology or adapted to other class levels
or time schedules. Therefore, shorter teaching units based on the basic course of action
of the teaching concept were developed, which can be more easily integrated into the
teaching schedule [57]. Although this approach uses the simpler and more intuitive
program Tinkercad [58], the results and findings available in this report were essential for
the elaboration.

Despite these shorter units, the teaching concept for modeling with Blender should
also be an integral part of school education. It would be conceivable, for example, to
implement it as part of project weeks. Afterwards, the students will have mastered the
program to such an extent that the teacher will be able to use the methods of computer-
aided modeling and 3D printing repeatedly and profitably in the classroom in the long
term. This is because, in addition to the successful teaching of technical content and the
positive effects on the intrinsic motivation of the students described above, many more
aspects are relevant, such as the promotion of model competence as well as modeling skills,
the handling of complex software, spatial thinking and the technical implementation of
connecting elements. Research that surveyed teachers found that students who participated
in 3D printing projects developed numerous skills including creativity, technology literacy,
problem solving, self-directed learning, critical thinking and perseverance [59].

Due to the special research design, there are also limitations. Each project run took
place in only one class. This meant that no direct comparison could be made with other
classes using conventional teaching methods as a control group.

In addition, the researcher has so far taken an active role in classroom activities by
providing the necessary expertise on modeling and 3D printing. This may have had an
impact on the classroom dynamics.

Thus, there is also a need for further research. For example, investigating the imple-
mentation of the teaching units at further schools would be indicated. Here, the researcher
could take on a decidedly passive role in the teaching process. Since the previous research
interest was focused on the optimization of the teaching–learning arrangement, the ef-
fects of computer-aided modeling and 3D printing on spatial thinking and creativity, for
example, could be investigated in further phases.

Nevertheless, the approach of this project is novel and unique in that projects already
exist that use 3D printed models, 3D printing in the classroom, or computer-aided modeling.
However, most of these projects each focus on one aspect: either working with a ready-
printed model [20], printing pre-made files themselves, or modeling and printing objects
with no curricular relevance [26]. Projects in which students are modeling and 3D printing
curricular content are still rare. The studies on this conclude, as this study does, that
computer modeling and 3D printing are perceived by students as a positive teaching
method [60] and can be successfully used to teach learning content [23]. Yet, these works do
not provide tested teaching materials. In contrast to that, this project can usefully combine
the partial aspects of modeling and 3D printing in order to convey learning content and
provides a teaching concept that can be used in schools. In this way, the theory-practice
problem can be overcome, and a transfer of scientific knowledge to teaching practice can
be achieved. The didactic conception of this approach is also progressive: a study on a
3D printing project states that the use of 3D printing and computer-aided modeling in the
classroom, instead of learner-centered methods such as behaviorist forms of instruction,
promotes a restricted learning environment and the role of the teacher as an expert [61,62].
The teaching concept from this project, on the other hand, is designed in such a way that the
students acquire most of the learning content themselves and follows a problem-oriented,
constructivist approach.
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All in all, the project demonstrated that computer-aided modeling and 3D printing
can be profitably used in the classroom. Through repeated implementation, the teaching
concept could be scientifically optimized. With all the changes to the teaching concept,
it is important to keep in mind that each class is unique and requires an individualized
instructional approach. Therefore, the optimizations have been clearly highlighted so
that they can be quickly reconstructed. Depending on the group, other adjustments may
be necessary. In the end, teaching concepts are not rigid instructions but can be flexibly
adapted by the teacher to the needs of the learning group.

To further promote the broader application in the classroom, thematically appropriate
seminars for student teachers as well as teacher training courses are offered, since studies
have shown that teachers often lack the necessary competence [8].
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