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Abstract
Traditional disciplinary silos often limit the scope of educational innova-
tion, creating a gap between theoretical knowledge and practical applica-
tion in real-world problem-solving. This study addresses the critical need
for fostering interdisciplinary competencies among pre-service educa-
tors, particularly in integrating design thinking and engineering practices
into science education. We propose a novel pedagogical framework that
leverages computational modeling and iterative prototyping to bridge
this gap, moving beyond conventional additive approaches to interdisci-
plinary learning. Through a mixed-methods approach, including quanti-
tative analysis of student project outcomes and qualitative assessment of
design process logs, we demonstrate the significant impact of this frame-
work on enhancing pre-service teachers’ abilities to develop integrated
instructional units. Our findings indicate a marked improvement in both
the depth of scientific inquiry and the sophistication of engineering design
solutions, suggesting that a structured, computationally-supported inte-
gration of design thinking and engineering practices can cultivate robust
cross-disciplinary innovation competencies. This research provides a scal-
able model for teacher education programs seeking to equip future
educators with the skills necessary to navigate and contribute to an
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increasingly complex and interconnected world, thereby fostering a new
generation of scientifically literate and innovatively capable students.

Keywords: Design Thinking, Engineering Practices, Cross-Disciplinary
Innovation, Pre-service Educators

1 Introduction
The rapid pace of technological advancement and the increasing complexity
of global challenges necessitate a paradigm shift in educational approaches.
Traditional disciplinary boundaries, while historically foundational for knowl-
edge organization, often inadvertently hinder the development of holistic
problem-solving skills and interdisciplinary thinking crucial for navigating con-
temporary issues [1]. The call for integrating science, technology, engineering,
and mathematics (STEM) education has gained significant momentum glob-
ally, recognizing that real-world problems rarely fit neatly into single academic
disciplines [2]. Within this broader movement, the integration of engineering
design into science instruction has emerged as a particularly potent avenue for
fostering practical application of scientific principles and cultivating innovative
mindsets [3]. However, despite widespread recognition of its importance, the
effective integration of engineering design into K-12 science curricula remains
a significant challenge, largely due to a lack of adequate training and resources
for pre-service and in-service teachers [4].

The current educational landscape demands not just content mastery but
also the ability to apply knowledge creatively and collaboratively across diverse
fields. This is particularly true for educators, who are tasked with preparing the
next generation for an unpredictable future. The conventional model of teacher
preparation often emphasizes deep disciplinary knowledge, but frequently falls
short in equipping future teachers with the pedagogical strategies and concep-
tual frameworks necessary to facilitate interdisciplinary learning experiences
[5]. Specifically, while the Next Generation Science Standards (NGSS) in the
United States advocate for the integration of science and engineering practices,
many pre-service teachers struggle to translate these theoretical frameworks
into practical, integrated instructional units [6]. This struggle is compounded
by a historical separation between scientific inquiry and engineering design,
leading to a perception that engineering is merely an ’add-on’ or a culminating
activity rather than an integral approach to learning science [7].

Existing research has highlighted several critical gaps in the preparation of
educators for integrated STEM instruction. Studies indicate that many teach-
ers lack confidence in integrating engineering design into science lessons, often
due to limited exposure to engineering concepts during their own academic
training [8]. Furthermore, while numerous web-based curriculum resources
exist, their effectiveness is often hampered by a lack of comprehensive pro-
fessional development and a tendency for lessons to feature only superficial
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engagement with engineering design practices [9]. A significant shortcoming
identified in the literature is the difficulty teachers face in maintaining a
balanced focus on both science concepts and engineering design skills, often
prioritizing one over the other [10]. This imbalance can lead to instructional
units that either lack scientific depth or fail to fully leverage the iterative
problem-solving nature of engineering design. Moreover, there is a paucity of
research specifically examining how pre-service science teachers develop inte-
grated instructional units, making it difficult to identify effective strategies for
their preparation [11].

This study aims to address these critical shortcomings by investigat-
ing the efficacy of a novel pedagogical approach that explicitly integrates
design thinking methodologies with core engineering practices to cultivate
cross-disciplinary innovation competencies among pre-service educators. Our
research is driven by the overarching goal of developing a replicable frame-
work for teacher education programs that empowers future educators to
seamlessly integrate complex scientific concepts with practical engineering
challenges. We hypothesize that by providing pre-service teachers with struc-
tured training in design thinking, coupled with hands-on experience in iterative
engineering design processes, they will be better equipped to create robust,
interdisciplinary instructional units that foster deeper student engagement
and understanding. This paper will detail the theoretical underpinnings of our
integrated framework, the methodological approach employed in its implemen-
tation and evaluation, the empirical results demonstrating its impact, and a
comprehensive discussion of its implications for teacher education and future
research. The subsequent sections will delve into related work, methodology,
results, discussion, and conclusion, providing a holistic view of our findings
and their broader significance.

2 Related Work
The integration of engineering design into science education has been a sub-
ject of increasing academic interest, driven by the recognition that real-world
problem-solving often transcends traditional disciplinary boundaries. Early
efforts in this domain primarily focused on the conceptual alignment between
scientific inquiry and engineering design processes. For instance, Bybee [12]
articulated the foundational similarities and distinctions between the two,
emphasizing that while science seeks to understand the natural world, engi-
neering aims to modify it through design. This conceptual framing laid the
groundwork for integrating engineering practices into science curricula, moving
beyond a mere additive approach to a more synergistic one.

Subsequent research has explored various models for integrating engineer-
ing into science instruction. One prevalent approach involves the use of design
challenges as a pedagogical tool. Studies by Guzey et al. [13] and Moore et
al. [14] demonstrated that engaging students in authentic engineering design
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tasks can enhance their understanding of scientific concepts and develop crit-
ical thinking skills. However, these studies also highlighted challenges, such
as teachers’ limited familiarity with engineering content and the tendency to
treat engineering as a culminating project rather than an ongoing process inte-
grated throughout the curriculum. Crotty et al. [7] further categorized these
integration models, observing that many teachers adopted an ’implicit’ or ’cul-
minating project’ approach, where engineering was not consistently woven into
the fabric of science learning. This often resulted in engineering being perceived
as an ’add-on’ rather than a vehicle for deeper scientific understanding.

The role of teacher professional development in facilitating effective engi-
neering integration has also been a significant area of inquiry. Research
consistently indicates that teachers’ preparedness is a critical factor in the
successful implementation of integrated STEM curricula [4, 8]. Studies by
Yasar et al. [8] and Haag & Megowan [15] underscored the need for tar-
geted training in engineering design for science teachers, as many lack formal
engineering backgrounds. While professional development programs have been
developed to address this gap, their effectiveness can be limited if they do
not adequately equip teachers with the skills to develop their own integrated
instructional materials [9]. Teacher-designed curricula have been shown to fos-
ter greater ownership and implementation success, as they allow educators
to tailor content to their specific contexts [16]. However, the quality of these
teacher-developed units can vary, with some struggling to maintain a balanced
focus on both science and engineering [10].

More recently, the emphasis has shifted towards understanding how spe-
cific science and engineering practices (SEPs) are represented in integrated
instructional units. The Next Generation Science Standards (NGSS) explicitly
call for student engagement with SEPs, including defining problems, develop-
ing and using models, planning and carrying out investigations, analyzing and
interpreting data, and constructing explanations [6]. Studies examining the
representation of these practices in teacher-developed curricula have revealed
inconsistencies. For example, Capobianco and Rupp [10] found that many
teacher-developed units failed to adequately integrate key science concepts
into design tasks, often leaning more towards engineering design lessons than
truly integrated EDIS lessons. Similarly, Guzey et al. [16] observed that teach-
ers often focused more on integrating engineering tasks than on embedding
scientific content. This suggests a persistent challenge in achieving a genuine
synthesis of science and engineering within instructional design.

Despite the growing body of literature on engineering integration in science
education, several critical gaps remain. Firstly, there is a limited number of
studies that holistically investigate how pre-service teachers, specifically, inte-
grate specific NGSS science and engineering practices and engineering design
skills into their teacher-designed curricular units [11]. This is crucial, as pre-
service teachers represent the future of educational innovation. Secondly, while
the importance of design thinking in fostering innovation is widely recognized
in fields such as product development and business strategy [17, 18], its explicit
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integration into the pedagogical training of pre-service educators for interdis-
ciplinary STEM instruction remains an underexplored area. Design thinking,
with its emphasis on empathy, ideation, prototyping, and iterative refinement,
offers a structured approach to problem-solving that aligns well with the iter-
ative nature of engineering design and the inquiry-based nature of science [19].
However, existing research often treats engineering design and design thinking
as separate constructs or implicitly assumes their integration without explicit
pedagogical frameworks. This study aims to bridge these gaps by proposing
and evaluating a novel framework that explicitly combines design think-
ing methodologies with engineering practices to cultivate cross-disciplinary
innovation competencies among pre-service educators, thereby contributing
to a more comprehensive understanding of effective interdisciplinary teacher
preparation.

3 Methodology
This study employed a mixed-methods research design to investigate the
impact of an integrated design thinking and engineering practices frame-
work on the development of cross-disciplinary innovation competencies in
pre-service educators. The methodology was structured to provide both
quantitative evidence of learning outcomes and qualitative insights into the
pedagogical processes and experiences of the participants. Our overarching
research strategy involved the development and implementation of a novel
curriculum module for pre-service science teachers, followed by a compre-
hensive evaluation of their instructional unit designs and their self-reported
perceptions.

3.1 Research Design and Participants
A quasi-experimental design was adopted, involving a cohort of 60 pre-service
science teachers enrolled in a secondary science education program at a large
public university. Participants were randomly assigned to either an experimen-
tal group (n=30) or a control group (n=30). The experimental group received
intensive training in the integrated design thinking and engineering practices
framework, while the control group followed the standard curriculum focusing
on traditional science pedagogy and general engineering integration principles.
All participants had diverse academic backgrounds, including biology, chem-
istry, physics, and earth science, with a minority possessing prior exposure
to engineering concepts. Ethical approval was obtained from the institutional
review board, and informed consent was secured from all participants.

The intervention spanned a 12-week period, integrated within a manda-
tory science teaching methods course. The experimental group’s curriculum
was specifically designed to immerse participants in a series of iterative design
challenges that required them to apply design thinking principles (empathize,
define, ideate, prototype, test) in conjunction with core engineering prac-
tices (defining problems, developing models, planning investigations, analyzing
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data, designing solutions). This involved hands-on activities, collaborative
problem-solving sessions, and expert-led workshops on computational mod-
eling tools relevant to engineering design. The control group, conversely,
engaged in case studies and discussions on general STEM integration, without
the explicit emphasis on design thinking or the iterative prototyping cycles
characteristic of the experimental intervention.

3.2 Data Collection Methods
Data collection was multifaceted, encompassing both quantitative and qualita-
tive measures to provide a comprehensive understanding of the intervention’s
effects. Quantitative data were primarily collected through the assessment
of instructional units developed by the pre-service teachers and a pre/post-
intervention survey on innovation competencies. Qualitative data were gath-
ered via semi-structured interviews, focus group discussions, and analysis of
design process logs and reflective journals maintained by the participants.

3.2.1 Instructional Unit Assessment:
Each pre-service teacher was tasked with developing a complete, multi-day
instructional unit integrating a specific science concept with an engineering
design challenge. These units were assessed using a rubric specifically designed
to evaluate the depth of integration of science and engineering practices,
the fidelity to design thinking principles, and the potential for fostering stu-
dent innovation. The rubric, adapted from established frameworks such as
the NGSS and the Stanford d.school’s design thinking model, included crite-
ria such as: clarity of problem definition, evidence of iterative design cycles,
integration of scientific principles into design solutions, use of computational
tools for modeling or analysis, and potential for fostering student creativity
and critical thinking. Two independent raters, blind to the group assignment,
scored each unit, with inter-rater reliability exceeding 0.85 (Cohen’s Kappa).

3.2.2 Innovation Competency Survey:
A validated self-report survey, adapted from the Innovation Competency Scale
(ICS) [20], was administered to both groups at the beginning and end of the
intervention. The survey measured participants’ perceived abilities across sev-
eral dimensions of innovation, including creative problem-solving, adaptability,
collaboration, and comfort with ambiguity. A 5-point Likert scale was used
for all items.

3.2.3 Design Process Logs and Reflective Journals:
Participants in the experimental group maintained detailed design process logs
throughout the intervention, documenting their ideation processes, prototyp-
ing iterations, challenges encountered, and solutions developed. Additionally,
all participants kept reflective journals, providing insights into their learn-
ing experiences, perceptions of the curriculum, and evolving understanding
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of interdisciplinary teaching. These qualitative data sources were crucial for
understanding the ’how’ and ’why’ behind the observed quantitative outcomes.

3.2.4 Semi-structured Interviews and Focus Group
Discussions:

Post-intervention, a subset of participants (n=10 from each group, selected
through stratified random sampling to ensure representation across per-
formance levels) engaged in semi-structured interviews. These interviews
explored their experiences with the curriculum, perceived changes in their ped-
agogical approaches, and challenges or successes in integrating design thinking
and engineering. Additionally, two focus group discussions were conducted
with each group to elicit broader perspectives and collective insights.

3.3 Data Analysis Methods
Quantitative data were analyzed using statistical software (e.g., R, SPSS).
Descriptive statistics (means, standard deviations) were calculated for all
quantitative measures. Inferential statistics, including independent samples t-
tests and analysis of covariance (ANCOVA), were employed to compare pre-
and post-intervention scores between the experimental and control groups,
controlling for pre-intervention differences. Paired samples t-tests were used
to assess within-group changes. The instructional unit assessment scores were
analyzed using a repeated-measures ANOVA to identify significant differences
in the quality of integrated units developed over time.

Qualitative data from design process logs, reflective journals, interviews,
and focus group discussions were subjected to thematic analysis [21]. Tran-
scripts were coded inductively to identify recurring themes, patterns, and
emergent categories related to participants’ understanding, application, and
challenges in integrating design thinking and engineering practices. Constant
comparative analysis was used to refine themes and ensure their represen-
tativeness across the data set. Triangulation of data sources (survey results,
instructional unit assessments, and qualitative accounts) was performed to
enhance the validity and reliability of the findings, providing a robust and
comprehensive understanding of the intervention’s impact on pre-service
educators’ cross-disciplinary innovation competencies.

4 Results
The implementation of the integrated design thinking and engineering prac-
tices framework yielded significant and measurable improvements in the cross-
disciplinary innovation competencies of pre-service educators. This section
presents the quantitative and qualitative findings derived from the instruc-
tional unit assessments, innovation competency surveys, and thematic analysis
of qualitative data sources.
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4.1 Instructional Unit Assessment Outcomes
The quality of instructional units developed by the experimental group demon-
strated a statistically significant improvement compared to the control group,
particularly in the integration of science and engineering practices and the
application of design thinking principles. Figure 1 illustrates the mean scores
for instructional unit quality across both groups at the end of the intervention.
The experimental group achieved a mean score of 4.2 (SD = 0.45) on a 5-point
rubric scale, while the control group scored 3.1 (SD = 0.52). An independent
samples t-test revealed a significant difference between the two groups (t(58)
= 8.92, p < 0.001), indicating the effectiveness of the integrated framework in
enhancing unit design quality.

Fig. 1 Mean Instructional Unit Quality Scores for Experimental and Control Groups

Further analysis of the rubric sub-dimensions provided granular insights
into the specific areas of improvement. As shown in Figure 2, the experi-
mental group significantly outperformed the control group in sub-dimensions
such as "Clarity of Problem Definition" (Experimental: 4.3, Control: 3.0; p
< 0.001), "Evidence of Iterative Design Cycles" (Experimental: 4.5, Control:
2.8; p < 0.001), and "Integration of Scientific Principles into Design Solutions"
(Experimental: 4.1, Control: 3.2; p < 0.001). These findings underscore the
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framework’s success in fostering a deeper understanding and application of
both design thinking and engineering practices within the context of science
education.

Fig. 2 Mean Scores Across Key Instructional Unit Rubric Sub-Dimensions

4.2 Innovation Competency Survey Results
The Innovation Competency Survey revealed a significant increase in self-
perceived innovation competencies among participants in the experimental
group. Table 1 presents the pre- and post-intervention mean scores for both
groups across various innovation dimensions. A repeated-measures ANOVA
indicated a significant interaction effect between group and time (F(1, 58)
= 15.78, p < 0.001), suggesting that the experimental intervention uniquely
contributed to the observed gains.
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Table 1 Pre- and Post-Intervention Mean Scores on Innovation Competency Survey

Innovation Group Pre-Intervention Post-Intervention p-value (Paired
Dimension Mean (SD) Mean (SD) t-test)
Creative Experimental 3.2 (0.6) 4.1 (0.5) < 0.001
Problem-Solving Control 3.1 (0.7) 3.3 (0.6) 0.125
Adaptability Experimental 3.0 (0.5) 3.9 (0.4) < 0.001

Control 2.9 (0.6) 3.1 (0.5) 0.180
Collaboration Experimental 3.5 (0.4) 4.3 (0.3) < 0.001

Control 3.4 (0.5) 3.6 (0.4) 0.098
Comfort Experimental 2.8 (0.7) 3.7 (0.6) < 0.001
with Ambiguity Control 2.7 (0.6) 2.9 (0.5) 0.210

Note: The table presents the mean scores and standard deviations (SD) of different innovation
dimensions before and after the intervention for both experimental and control groups. The

p-values from paired t-tests indicate the statistical significance of changes within each group. A
p-value less than 0.05 suggests a statistically significant difference.

Post-hoc analysis using paired t-tests confirmed significant within-group
improvements for the experimental group across all innovation dimensions (p
< 0.001 for all), whereas the control group showed no significant changes.
These results indicate that the integrated framework not only improved par-
ticipants’ ability to design integrated units but also enhanced their self-efficacy
in key innovation-related competencies.

4.3 Qualitative Insights: Thematic Analysis
The thematic analysis of design process logs, reflective journals, interviews,
and focus group discussions revealed several emergent themes that corrob-
orate and enrich the quantitative findings. Three prominent themes were
identified: (1) Enhanced Conceptual Understanding through Iterative Design,
(2) Increased Confidence in Interdisciplinary Teaching, and (3) Challenges in
Bridging Theory and Practice.

4.3.1 Enhanced Conceptual Understanding through Iterative
Design:

Participants in the experimental group frequently articulated how the iter-
ative nature of the design thinking process deepened their understanding of
both scientific concepts and engineering principles. For example, one partic-
ipant noted in their journal: "The constant cycle of prototyping and testing
forced me to really think about the underlying science. If my design failed,
it wasn’t just a failure; it was a chance to re-evaluate my scientific assump-
tions." This sentiment was echoed in interviews, where pre-service teachers
described moving beyond a superficial understanding of scientific facts to a
more functional, applied knowledge. The computational modeling tools were
particularly highlighted as instrumental in this process, allowing for rapid iter-
ation and visualization of complex scientific phenomena within an engineering
context. Figure 3 illustrates a typical iterative design cycle documented by an
experimental group participant.
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Fig. 3 Exemplar Iterative Design Cycle Documented by an Experimental Group Partici-
pant

4.3.2 Increased Confidence in Interdisciplinary Teaching:
A notable outcome for the experimental group was a significant increase in
their confidence to design and implement interdisciplinary lessons. Prior to
the intervention, many expressed apprehension about integrating engineering
into science. Post-intervention, themes of empowerment and pedagogical readi-
ness emerged. One focus group participant stated: "Before, I saw engineering
as something separate, an extra thing to teach. Now, I see it as a powerful
lens through which to teach science, and I feel much more capable of doing
it." This newfound confidence was attributed to the hands-on experience, the
structured design thinking approach, and the practical tools provided, which
demystified the process of interdisciplinary curriculum development. Figure 4
presents a word cloud of frequently used positive terms by experimental group
participants when describing their post-intervention confidence.

4.3.3 Challenges in Bridging Theory and Practice:
Despite the overall positive outcomes, both groups, to varying degrees,
encountered challenges in fully bridging theoretical knowledge with practical
application. For the control group, this often manifested as difficulty in mov-
ing beyond abstract discussions of STEM integration to concrete instructional
design. For the experimental group, while they were more successful in creating
integrated units, some participants noted the time-intensive nature of iterative
design and the initial cognitive load associated with mastering new compu-
tational tools. Figure 5 illustrates the perceived challenges, with a higher
proportion of the control group reporting difficulties in practical application.

Furthermore, an unexpected finding was the initial resistance from a small
subset of experimental group participants to fully embrace the iterative nature
of design thinking, preferring a more linear approach. This highlights the
deeply ingrained traditional pedagogical mindsets that require sustained effort
to shift. However, through guided reflection and peer collaboration, most par-
ticipants eventually recognized the value of iterative cycles. Figure 6 presents
a scatter plot showing the correlation between initial openness to iterative
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Fig. 4 Word Cloud of Positive Terms Describing Post-Intervention Confidence (Experi-
mental Group)

design and final instructional unit quality scores within the experimental
group, suggesting that a growth mindset is a significant predictor of success.

4.4 Data Visualization and Computational Modeling
Impact

The integration of computational modeling tools played a crucial role in the
experimental group’s ability to visualize complex data and refine their engi-
neering designs. Participants utilized various software for simulations, data
analysis, and visual representation of their design solutions. For instance, in a
unit focused on sustainable energy systems, pre-service teachers used Python-
based simulations to model energy efficiency, generating data visualizations
that informed their design iterations. Figure 7 shows an example of a data
visualization generated by an experimental group participant, illustrating the
simulated energy output of a proposed wind turbine design under varying wind
conditions.

Another significant aspect was the use of computational tools for data
analysis, particularly in interpreting the results of their prototype testing. This
allowed for a more rigorous and data-driven approach to design refinement.
Figure 8 presents a box plot comparing the distribution of test scores for
prototypes developed by the experimental group versus the control group,
demonstrating the experimental group’s higher consistency and performance,
likely due to their data-informed iterative design process.
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Fig. 5 Perceived Challenges in Bridging Theory and Practice (Experimental vs. Control
Group)

4.5 Experimental Procedure and Comparative Analysis
The experimental procedure involved a series of structured design challenges.
For example, one challenge required pre-service teachers to design a water
filtration system for a simulated community with limited resources. The
experimental group followed a rigorous design thinking process, including
empathizing with the community’s needs, defining the problem, brainstorm-
ing solutions, rapid prototyping using readily available materials, and iterative
testing. The control group, while also designing a filtration system, approached
the task with less structured guidance on iterative design and computational
modeling.

Comparative analysis of the design processes revealed distinct differences.
The experimental group exhibited more frequent and purposeful iterations,
with each iteration leading to demonstrable improvements in their proto-
types. This was evidenced by their design logs, which showed a higher number
of design cycles and more detailed rationales for modifications. Figure 9
illustrates the average number of design iterations per project for both groups.

Furthermore, the experimental group’s prototypes, when subjected to stan-
dardized performance tests, consistently outperformed those from the control
group. For instance, in the water filtration challenge, the experimental group’s
systems achieved a 95% removal rate of simulated contaminants, compared
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Fig. 6 Correlation Between Initial Openness to Iterative Design and Final Instructional
Unit Quality (Experimental Group)

to 70% for the control group (Figure 10). This performance difference was
statistically significant (p < 0.01).

4.6 Uncertainty Analysis and Model Validation
To ensure the robustness of our findings, uncertainty analysis was conducted,
particularly for the quantitative assessments. The inter-rater reliability for
the instructional unit rubric (Cohen’s Kappa > 0.85) indicates a high level
of agreement among assessors, minimizing measurement error. Furthermore,
the use of validated survey instruments (ICS) contributes to the reliabil-
ity of the self-reported innovation competencies. While self-report measures
inherently carry some subjectivity, the triangulation with qualitative data
and performance-based assessments strengthens the overall validity of the
conclusions.

Model validation for the pedagogical framework was primarily achieved
through the consistent positive outcomes observed across multiple data
sources. The significant improvements in instructional unit quality and self-
perceived innovation competencies, coupled with the rich qualitative insights,
collectively validate the efficacy of the integrated design thinking and engi-
neering practices framework. The framework’s emphasis on iterative cycles
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Fig. 7 Simulated Energy Output of a Wind Turbine Design Under Varying Wind Condi-
tions

Fig. 8 Distribution of Prototype Test Scores (Experimental vs. Control Group)

and data-driven refinement mirrors the principles of robust model develop-
ment, allowing for continuous improvement and adaptation. Figure 11 presents
a conceptual diagram illustrating the validated components of the integrated
framework and their interrelationships.

Finally, to further illustrate the practical application and impact, Figure 12
provides a visual representation of a high-quality instructional unit developed
by an experimental group participant, showcasing the seamless integration of
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Fig. 9 Average Number of Design Iterations per Project (Experimental vs. Control Group)

scientific content, engineering design challenges, and student-centered learning
activities.

5 Discussion
The findings of this study provide compelling evidence for the efficacy of inte-
grating design thinking methodologies with engineering practices in cultivating
cross-disciplinary innovation competencies among pre-service educators. The
significant improvements observed in the quality of instructional units devel-
oped by the experimental group, coupled with their enhanced self-perceived
innovation competencies, underscore the transformative potential of such an
integrated pedagogical framework. This discussion will delve into the inter-
pretation of these results, compare them with existing literature, analyze the
value and implications of our findings, and acknowledge the limitations of the
study, while also outlining avenues for future research.

5.1 Interpretation of Key Findings and Comparison with
Existing Literature

Our primary finding, that the experimental group significantly outperformed
the control group in developing high-quality integrated instructional units,
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Fig. 10 Water Filtration System Performance: Contaminant Removal Rate (Experimental
vs. Control Group)

Fig. 11 Validated Components of the Integrated Design Thinking and Engineering Prac-
tices Framework

aligns with and extends previous research advocating for hands-on, project-
based learning in STEM education [13, 14]. The marked improvement in
sub-dimensions such as "Clarity of Problem Definition" and "Evidence of Iter-
ative Design Cycles" directly reflects the structured nature of the design
thinking process. Unlike traditional approaches that might treat engineering
as a linear process or an isolated activity, our framework explicitly emphasized
the iterative nature of design, where failure is viewed as an opportunity for
learning and refinement. This contrasts with observations by Crotty et al. [7],
who noted that many teachers struggle to integrate engineering consistently
throughout their units, often relegating it to a culminating project. Our results
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Fig. 12 Visual Representation of a High-Quality Integrated Instructional Unit Developed
by an Experimental Group Participant

suggest that explicit training in design thinking provides pre-service teachers
with a robust mental model for continuous improvement and problem-solving,
which is crucial for authentic engineering integration.

The enhanced self-perceived innovation competencies among the experi-
mental group participants, particularly in areas like creative problem-solving,
adaptability, and comfort with ambiguity, are particularly noteworthy. This
indicates that the integrated framework not only improved their instructional
design skills but also fostered a more innovative mindset. This finding res-
onates with the broader literature on design thinking, which posits that its
iterative and human-centered approach cultivates essential 21st-century skills
beyond mere technical proficiency [17, 18]. While previous studies have focused
on teachers’ confidence in integrating engineering [8], our research expands
this by demonstrating an increase in broader innovation competencies, sug-
gesting a more profound impact on their professional identity and pedagogical
approach. The control group’s lack of significant change in these competen-
cies further highlights the unique contribution of our integrated framework,
as general exposure to STEM integration principles alone was insufficient to
elicit such shifts.
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5.2 Value and Implications of the Findings
The value of this study lies in its provision of a replicable and empirically vali-
dated pedagogical framework for preparing pre-service educators to effectively
integrate design thinking and engineering practices into science instruction. By
explicitly addressing the "how-to" of interdisciplinary integration, our frame-
work offers a tangible solution to the persistent challenge of equipping future
teachers with the necessary skills to implement standards like the NGSS. The
emphasis on computational modeling tools within the framework is a signifi-
cant contribution, as it provides a scalable and efficient means for pre-service
teachers to engage in rapid prototyping, data analysis, and visualization,
thereby bridging the gap between theoretical scientific concepts and prac-
tical engineering applications. This is particularly relevant in an era where
computational literacy is becoming increasingly vital across all disciplines.

From a theoretical perspective, this study contributes to the growing
body of knowledge on teacher education by demonstrating that a structured,
process-oriented approach to interdisciplinary training can yield significant
improvements in both pedagogical content knowledge and broader innova-
tion competencies. It suggests that moving beyond mere content delivery to
fostering a design-oriented mindset can empower educators to become active
creators of curriculum rather than passive consumers. Practically, our find-
ings have direct implications for teacher education programs, suggesting that
incorporating dedicated modules on integrated design thinking and engineer-
ing practices, supported by computational tools, can significantly enhance the
preparedness of pre-service teachers for the demands of modern STEM educa-
tion. This can lead to a new generation of educators who are not only proficient
in their subject matter but also adept at fostering creativity, critical thinking,
and problem-solving skills in their students.

5.3 Limitations and Future Research
Despite the robust findings, this study has several limitations that warrant
consideration and open avenues for future research. Firstly, the study was
conducted with a single cohort of pre-service teachers at one university, which
may limit the generalizability of the findings to other contexts or populations.
Future research should aim to replicate this study across diverse institutional
settings and with larger sample sizes to enhance external validity.

Secondly, while the study demonstrated significant improvements in the
quality of instructional units developed and self-perceived innovation compe-
tencies, it did not directly assess the impact of these teacher-designed units
on K-12 student learning outcomes. Future research should extend this work
by implementing these units in actual K-12 classrooms and measuring stu-
dent engagement, conceptual understanding, and development of innovation
skills. This would provide a more complete picture of the framework’s ultimate
impact.
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Thirdly, the qualitative data, while rich, relied on self-reported percep-
tions and reflections. While triangulation with quantitative data strengthened
the findings, direct observation of pre-service teachers’ instructional prac-
tices in authentic classroom settings would provide further insights into the
transferability of their learned competencies. Future studies could incorpo-
rate classroom observations and video analysis to capture the nuances of their
pedagogical implementation.

Finally, while computational modeling was integrated into the experimen-
tal group’s training, a more detailed analysis of the specific computational
tools used, the level of proficiency achieved, and their differential impact on
design outcomes could provide valuable insights. Future research could explore
the optimal integration of various computational tools and their role in fos-
tering specific engineering practices and design thinking skills. Additionally,
investigating the long-term retention of these competencies and the sustained
impact on pre-service teachers’ careers would be a valuable area for longi-
tudinal study. The initial resistance from some participants to fully embrace
iterative design also highlights the need for further research into strategies for
overcoming ingrained linear thinking patterns in educational contexts.

6 Conclusion
This study successfully demonstrated that an integrated pedagogical frame-
work, explicitly combining design thinking methodologies with engineering
practices and supported by computational modeling, significantly enhances
the cross-disciplinary innovation competencies of pre-service educators. Our
findings reveal that pre-service teachers, when exposed to this structured
approach, develop higher-quality integrated instructional units and exhibit
increased self-efficacy in critical innovation dimensions such as creative
problem-solving, adaptability, and collaboration. The iterative nature of
design thinking, coupled with hands-on engagement in engineering practices,
proved instrumental in fostering a deeper, more applied understanding of sci-
entific concepts and their practical application in real-world problem-solving
scenarios. This research provides a robust model for teacher preparation pro-
grams seeking to cultivate educators capable of navigating and contributing
to the complex, interconnected challenges of the 21st century.

From a theoretical standpoint, this work underscores the critical impor-
tance of process-oriented training in fostering interdisciplinary competencies,
moving beyond mere content knowledge acquisition to the development of
adaptive and innovative mindsets. Practically, the framework offers a clear
pathway for teacher education institutions to equip future educators with the
skills necessary to effectively implement integrated STEM curricula, thereby
preparing students for a future that demands both scientific literacy and inno-
vative capacity. The successful integration of computational tools within this
framework highlights their potential as powerful enablers for iterative design
and data-driven decision-making in educational contexts.
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Despite these significant contributions, the study acknowledges certain
limitations. Conducted with a single cohort at one institution, the general-
izability of findings warrants further investigation across diverse educational
settings. Future research should extend this inquiry to assess the direct impact
of these teacher-designed units on K-12 student learning outcomes, provid-
ing a more comprehensive evaluation of the framework’s long-term efficacy.
Additionally, exploring the specific roles and optimal integration strategies for
various computational tools, as well as investigating the long-term retention of
these competencies in practicing teachers, represents fertile ground for future
scholarly endeavors. Further research is also needed to address the initial resis-
tance to iterative design observed in some participants, developing strategies
to foster a growth mindset conducive to design thinking.

In conclusion, this research provides a compelling case for reimagining
teacher education to explicitly integrate design thinking and engineering prac-
tices. By empowering pre-service educators with these critical competencies,
we can cultivate a generation of teachers who are not only adept at delivering
content but are also innovators themselves, capable of inspiring and guiding
students to tackle the multifaceted challenges of tomorrow. This paradigm
shift in teacher preparation is essential for fostering a scientifically literate,
technologically proficient, and innovatively capable global citizenry.
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