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Introduction 

Given the wealth of design practices, it is worth examining that engineering design educators 

often lack methodologies for students that provide sufficiently broad perspectives and robust 

approaches to anticipate the dynamic complexity of engineering design challenges of the 21st 

century. This deficiency is partly rooted in undefined or shifting boundaries around design 

practices and educational responsibilities between engineering educational curriculum and 

industry [1]. Many postsecondary engineering education programs do not offer four-year 

sequential design courses and face challenges in developing pedagogies to assist students in 

learning and establishing complex and meaningful design relationships [2], [3].  

Research suggests that these relationships entail expanding knowledge bases and triggering 

fundamental paradigm shifts in current design methodologies [3], [4] - [9]. These findings 

advocate for increased flexibility in thinking and an enhanced ability to comprehend needs in 

relation to ecology, the environment, and providing agency and transparency in interactions with 

technology, particularly in an age of complex artificial intelligence (AI) systems. This 

necessitates a deeper understanding and application of empathy and knowledge of global 

complexities. It emphasizes flexible thinking to anticipate and access the ethical, economic, 

political, and health impacts of the proposed designs, technology, and solutions that students will 

engineer. These implications also encompass the broader health and addiction impacts of 

technology, as well as its effects on the social and the ecological fabric [10].  

The challenges confronting engineering include concurrently stabilizing existing infrastructure 

while fostering the creation of new infrastructure and addressing global crises exacerbated by 

technology. Additionally, evaluating technological impacts on quality-of-all-life and non-life 

issues aims to enhance the diversity of human, organismal, environmental, and more-than-human 

voices in design methodologies [11] - [13]. Educating the next generation of engineers in design 

theories and methodologies that transcend common paradigms is essential to their understanding 

of the impacts of proposed innovative technologies and reducing unforeseen consequences. This 

will depend on broadening their knowledge base, which can significantly influence their 

comprehension of design in today’s era of expanding system complexities, transcending 

traditional interdisciplinary boundaries in engineering.  

A challenge facing engineering colleges is determining the significance they should assign to 

broad transdisciplinary knowledge and design within their curriculum. Engineering design 

educators grapple with integrating substantial knowledge content, transcending industry and 

user-centered design approaches, and addressing design as a practice in an age of complex 

systems of interaction. Additionally, they continue to seek ways to incorporate real-world 



problems and dynamics into the classroom setting. While human-centered design thinking 

approaches, alongside experiential learning practices found in Kolb’s Experiential Learning, are 

beneficial, there is still more that engineering design education can accomplish [14] - [17]. 

Providing students with deeper knowledge and holistic design methodologies that foster 

emotional and cognitive development, challenge beliefs, and encourage different perspectives, 

and leverage their curiosity, creativity, and interpersonal and soft skills in the advancement of 

economic, social, and environmental justice remains a challenge. Although various teaching 

approaches to engineering design exist—such as specification-driven, sequential processes, 

industrial production, user-centered, or human-centered—their focus typically lacks the 

comprehensive transdisciplinary knowledge necessary to address these challenges. These 

abilities include understanding nature, flexibility in thinking modes, psychology, development of 

intellectual curiosity, effective communication, and leveraging knowledge from humanities, 

social sciences, neuroscience, and ecological sciences. This breadth is crucial in overcoming 

design thinking limitations and promoting more effective knowledge and synergism in teams.  

Many engineering curricula limit student learning of transdisciplinary knowledge and 

understanding of diversity of needs in design practices, potentially due to an overemphasis on 

mathematical and analytical-based reasoning and problem-solving centered around fundamental 

scientific principles and concepts geared towards theoretical research [18], [19]. This limitation 

is also attributed to the emphasis on computational algorithms, software instruction, end-user 

focus, and lack of holistic design methodologies and interdisciplinary collaboration. Additional 

there is a deficiency in the incorporation of design history, theory, and related design courses. 

What is missing is a way to make the design education more encompassing of the in-depth 

knowledge and skills needed to prepare students for a view of engineering design that goes 

beyond human-centered perspectives. The investigated pedagogical philosophy links the 

student’s ability to see the practice of design, the tools, devices, and systems as impacting all life 

and the environment. It encourages students to consider humans and the environment as more 

than just economic commodities. Their capacity to envision these alternative possibilities is 

fostered by an approach that emphasizes expanding their knowledge beyond traditional 

engineering discipline and integrating love, compassion, empathy, ethics, and abstract thinking 

into their understanding. This enables them to pose and evaluate questions of future impacts in 

the consideration of a diversity of needs. Furthermore, this paper theorizes that understanding the 

interconnections among nature, empathy, ethics, reason, imagination, design, and technology in 

being human leads to the development of a holistic engineering approach and holistic design 

thinking practice. Such an approach should be flexible and mindful enough to adapt to many 

problems. The pivotal role of flexible thinking modes, particularly emphasizing visual, critical, 

causal, associative, and abstract thinking skills, further bolsters this methodology in engineering 

design. Moreover, ethics will play a crucial role in establishing contemporary design 

methodologies that prioritize transparency and agency between humans, nature, and complex 

artificial intelligence systems.  

In 2023, qualitative results spanning an eight-year period were examined to evaluate the impact 

of teaching a Holistic Engineering (HE) pedagogy. This pedagogy encompasses a Holistic 



Design Thinking (HDT) methodology enriched with extensive transdisciplinary knowledge [17]. 

The investigation included instruction at both the postsecondary and secondary levels. 

Specifically, feedback was obtained from undergraduate and graduate students who were 

enrolled in separate HE postsecondary design courses starting in 2015. The findings highlighted 

the limitations of postsecondary course content due to time constraints, prompting a focus on 

developing a yearlong college preparatory secondary HE education program for fourth-year 

students. Implementing this, observational data and feedback were collected from three cohorts 

of fourth-year secondary students before and after graduation. This data collection spanned a 

four-year period between 2019 and 2023 [17]. The aim was to discern which knowledge 

components and learning practices of their yearlong secondary HE program significantly 

contributed to their success at the postsecondary level. The findings revealed that students who 

receive comprehensive instruction and practice across a diverse spectrum of knowledge, 

including fostering flexible modes of thinking, qualitatively demonstrated enhanced creativity 

and collaboration within design teams. Additionally, they reported developing a deeper 

understanding of themselves and cultivating more profound purposes.  

Building on this trajectory, this paper explores the implications of the HE pedagogy on 

engineering design education, examining its role in preparing students for engagement in design 

practices, and considering what may motivate their deeper understanding of design. It provides 

historical context underscoring the pivotal role of design in engineering education and advocates 

for a more holistic approach to design methodologies. The research also investigates whether 

expanding upfront transdisciplinary knowledge to engineering students supports the adoption of 

an HDT methodology and whether it is a viable approach in engineering design education. 

Additionally, it examines the impact of adopting holistic emotional, cognitive, and mentoring 

learning practices on students. It also assesses their perceptions of various skills and practices 

such as critical reading, flexibility in modes of thinking, communication, analog practices, 

empathy, ethics, time management, and team dynamics. Furthermore, it explores how these 

practices influence academic success in college and students’ ability to recall knowledge when 

needed.  

Moreover, it continues the longitudinal study into its fifth year, tracking four cohorts of 

secondary students who graduated from the HE program. It incorporates qualitative interview 

data collected into 2024 from thirty-nine of these former secondary students. These students 

were surveyed about the knowledge content and learning practices in their HE secondary 

program that contributed to their success at the postsecondary level. Notably, the first graduating 

cohorts are now in their final year of college. The research contends that students equipped with 

upfront transdisciplinary knowledge supporting design thinking and an understanding of both the 

intellectual and emotional concepts of self, love, and compassion are adept at employing both 

emotional and cognitive empathy skills to uncover diverse needs and collaborating effectively in 

design practices.  

Additionally, this paper examines the pedagogical influences on an integrated transdisciplinary 

knowledge approach and an HDT methodology. It provides an overview of the relationship 

between design and engineering, advocating for its more dominant inclusion in engineering 

curriculums. Furthermore, it argues for the inclusion of more transdisciplinary knowledge and an 



expansion of design methodologies beyond human-centered approaches in engineering 

education.  

Design Background  

Design and engineering are integrally linked, with numerous definitions of “engineering” 

incorporating the word design [20]. Engineering establishes creative and causal relationships that 

imbue design with significance. There is a rich history of design within engineering education, 

acknowledging its vital importance as a strand woven throughout centuries of engineering 

thinking [21]. Exploring the background of design theory and development in engineering 

education could help elucidate its importance and leading role in engineering. This connects to 

the necessity for further research into broadening views on how engineering design education 

can adapt to benefit students.  

Design is not only at the heart of engineering but also serves as a crucial determining factor in 

the life of every organism on the planet. Perhaps due to confusion about its value in engineering 

education, as evidenced by its lack of prominence in curricula, there are no fixed laws or agreed 

upon ubiquitous design methodologies to provide to students [22]. Design occupies a space of 

ambiguity, which engineering educators often find uncomfortable [23]. 

Is design academically important, a means to an end, implicitly understood, just a matter of 

choice? Is it practical, collaborative, focused on user-friendliness, human-centered, holistic, 

economically feasible, about creating profit, or ethical? Or is it existent only in speculation, 

something learned and done after graduation, leaving room for it to be executed poorly in 

engineering? This lack of clear definition, boundaries, educational practices, and agreed-upon 

properties is not surprising given its history [24]. One might even ask: does it have an 

overarching theory or practice? Is there recognition of the shift from individual designer to 

collaborative or team design, especially amidst the increasing development of complex 

technological systems and impacts on the environment over time? And what implications does 

this shift have on fundamental engineering education?  

Acknowledging that engineering education struggles with this knowledge base is crucial because 

it relies not only on technical skills but interpersonal and soft skills, and importantly 

transdisciplinary knowledge across many disciplines that have, for years, resided outside the 

realm of engineering education. Alongside higher order reasoning, love and empathy, 

imagination, and the ability to design are basic attributes of what it means to be human. It is a 

ubiquitous aspect of human nature, remaining an untapped potential in engineering education.  

While representations of design can be found in nature, such as the nests of the Bower birds or 

the complex structures created by wasps and bees, human design is transcendental. A moment 

spent looking around you as you read this will confirm it is at the center of human existence. 

Without it, humans would not be the most adaptable, fast, and dangerous creatures on the planet. 

From spears to gunpowder to nuclear weapons, the designs we create aim to maintain our 

dominance over nature and each other in a complex interaction for passing on of genes, comfort, 

pleasure, and moral subjectivity. This status has only become possible through our flexible 

adaptability and diverse design practices, which partly serve to overcome nature. However, 



nature itself remains the dominant force in the universe, and even on Earth we see that displayed 

in global warming responses and diseases caused by viruses. 

Since design does not exclusively reside within engineering, the question in educational 

institutions is whose purgative is it: industry and the business world, the students, the 

professional engineers, the educators, or the professional ‘designers’? What role does 

engineering education play in ensuring fortitude and practice in this crucial aspect of engineering 

and of being human.  

The history of design is one of evolutionary dynamic knowledge transference and innovative 

unexpected connections [25]. Design is the unique human ability to change our environment and 

create objects with non-natural usage and meanings to reorder nature. This reordering of the 

world is consequential, driven by imperfect human ambitions and choices subject to subjective 

aesthetic, ethical, and moral scrutiny of their impacts. It is of infinite variability based on culture, 

discipline, resources, environment, reasoning, imagination, and reflection, but rooted in human 

niche for rapid adaptability. Human design began with a cognitive ability tied to visual neural 

pathways and ability to think visually—visual thinking and the hand to abstract and manipulate 

matter for practical applications [26]. This functionality came through the power of observation, 

curiosity, imagination, abstraction, and goal-directed deliberation. It also came with 

understanding form and aesthetics and development of judgment of beauty. While form has been 

influenced by various disciplines including art, architecture, and cultural practices, today’s 

design function is created by engineering, incorporating applied sciences and social trends to 

enhance cultural and psychological impacts. Given the inherent importance of design within 

engineering, it is logical for it to be integrated into engineering education. A brief overview of its 

historical relationship with engineering can provide context for its prominent inclusion.  

When considering design as a human process, its roots can be traced back to human's connection 

with stone tool making and technology 1.4 million years ago, as well as the earliest human art 

30,000 years ago [27], [28]. The history presented here is incomplete and changes with each new 

archaeological find [29]. Early human tool design was centered on human needs and 

evolutionarily tied to the development of empathy, tied to extensions of the hand and mind, and 

based in part on felt responses and bodily thinking. There is compelling evidence of trial and 

error in design processes before the development of formalized analytical thinking and scientific 

principles [30]. The design of the headstay and backstay ropes shown in the Egyptian sailing ship 

frieze from the Tomb of Vines (1,400 BCE) appears to resemble a truss from a 21st-century 

perspective, but it is unclear how much was based on prior reasoning versus trial and error [31]. 

Early human artifacts, such as cave paintings and sculptures, also provide insight into early 

human design practices and the role of form and aesthetics in design. However, the written 

historical record of evidence of early humanoids' cognitive awareness of design as a formal 

process is weak, or nonexistent. Even the way we think about design, whether as a linear process, 

cyclical, or continuous can impact how we embody it in the world of objects, plans, devices, 

technology, human, or more-than-human concerns [32]. These more-than-human concepts 

include ecological agency and systems, biocentrism, Anthropocene, non-life entities, and AI and 

robotic systems.  



The English word ‘design’ has its origin in the 1540s, meaning “to plan or outline or a scheme or 

plan in mind” derived from the French ‘desseign’ which was itself derived for the Latin 

‘designare’ [33]. From the renaissance into the eighteenth century, artisans and craftsmen saw the 

emergence of a new discipline—engineering designers—who went beyond planning and 

building bridges, roads, and fortifications [21]. They were actively involved in constructing and 

studying machines, mechanical systems, and manufacturing processes. By the mid-1800s the 

term ‘design’ had broadened to encompass concepts of original ideas, planning, drawing, and the 

arts. In Western culture, design education also experienced growth throughout the 1800s, with 

institutions such as the National College of Art and Design in Norway (1818) and the Rhode 

Island School of Design in the United States (1877) [34]. Concurrently, the first three colleges 

offering engineering education opened in the United States between 1817 and 1824 and included 

design as part of their curriculum [35]. During the period from the 1800s through the 1930s, 

engineering educational incorporated robust hands-on engineering ‘design’ practices, focused on 

learning about machinery, mechanical inventions, applied science and industrial methods 

[21],[36], [37].  

In the early 20th century, the initial theories on the cognitive process of design and designing 

primarily focused on creativity [38], [39]. As interest in and formal teaching of design grew, it 

remained outside the realm of any single discipline, existing as neither a separate branch of 

knowledge nor a discipline of its own. By the 1930s, these design processes expanded to 

encompass engineering and architecture [40]. As an industrial designer, Henry Dreyfuss worked 

on human factors and ergonomics, publishing two works in 1955 and 1960 that included specific 

anthropometric charts for industrial designers to use [41]. However, this approach was devoid of 

consideration of human-centered needs. During this period, and extending through the 1960s, 

there was ongoing debate around what disciplines (arts, engineering, industry, architecture, etc.) 

could be deemed to encompass design. Engineering, adopting a textbook-based approach that 

emphasized scientific analysis and mathematical modeling, saw a decline in hands-on design, 

build, and test engineering education [42]. This post World War II standard pedagogical model of 

engineering education resulted in an increase in lectures and a passive role for students in 

courses. This emphasis on narration led to students who felt alienated from the learning process 

[43]. 

Starting in 1954, Bruce Archer conducted research on design, examining the distinctions between 

artists and engineers. He developed a rigorous and systematic approach to the practice of 

industrial and engineering design [44] - [47]. His contributions to design methodologies and 

practices aimed to establish a science of design, considering design as linear and algorithmic 

process, and emphasizing the cognitive aspects in design thinking. Additionally, he played a 

pivotal role in establishing design research to investigate methods of design as a discipline. His 

work extended across various fields, including ergonomics, system analysis, and cybernetics. He 

positioned design as a third triad of knowledge, alongside the humanities and the sciences, 

contributing significantly to the development of current design theory and practices.  

By the late 1950s, there was a recognition that engineering graduates were facing challenges in 

executing design projects [21]. In 1959, mechanical engineering professor John Arnold 

developed seminar engineering courses at Massachusetts Institute of Technology and Stanford 



University titled ‘Creative Engineering’ [48]. These engineering courses focused on the 

philosophy of engineering design, emphasizing the creative potential in design engineers [49], 

[50]. They present a perspective on how emotion and feeling can influence creativity and 

consequently the design process. Arnold’s work advocated for the awareness of designers’ 

emotional and thinking process, along with the reformulation of design processes to better 

comprehend the broader concepts of human thought and behavior, considering both implied and 

expressed needs. Differing from Archer, he did not view the design process as merely a series of 

programable steps in a linear progression. Arnold’s pivotal design methodology encompasses 

many of the attributes currently associated with design thinking and human-centered design.  

In his 1959 lecture at Stanford University in Arnold’s engineering seminar, the mechanical 

engineering professor Robert McKim discussed human centered design and the role of designers 

responding to the needs of the whole person, considering both reasoned and felt responses [51]. 

He emphasized the importance for designers to comprehend the physical, emotional, intellectual, 

and visual needs of the organism for which they are designing. McKim’s contribution to design 

thinking, particularly utilizing visual thinking, is captured in his 1973 work Experiences in 

Visual Thinking [52]. His perspective on ‘designerly’ thinking argues that process is not 

everything in design; there is an element akin to psychology, the mind’s eye, and creativity, 

intuition, or gestalt involvement. This work serves as a crucial link in developing the visual, 

creative, ideation, and psychological abilities of engineering designers, contributing to the 

methodologies of design as a human centered continual learning process.  

From a broader historical engineering perspective, design had moved away from being at the 

center of engineering education, being replaced by more formal, analytical and research 

engineering-based practices by 1952 [21]. With the onset of the Cold War, engineering education 

practices in the United States underwent further shifts towards a theoretical research-based 

approach, emphasizing scientific analysis and mathematical modeling [53], [54]. Starting with 

Arnold in the late 1950s and continuing into the 1960s, several engineering educators and 

colleges attempted to reintroduce design back into the engineering curriculum, although this 

revival did not gain widespread traction [55], [56]. A four-year engineering design education 

curriculum is still not widely adopted in engineering colleges in the United States and is often 

limited to an introductory first-year engineering class and a fourth-year capstone project [57].  

In 1969, Simon published the work Science of the Artificial extending the cognitive and 

psychological aspect of creative design thinking, central to the work of Arnold, and the 

systematic design thinking of Archer, to AI [58]. Simon’s work further developed the science of 

design in cybernetics and AI, positing it as distinct from the natural sciences and as a design 

theory for engineering. His contributions are pivotal in the development of design theory 

research, fostering understanding of the human-machine interface and integration, which is 

central to the ethical issues faced in engineering design today, especially with trends observed by 

transhumanists philosophies.  

These trends in technology design are not merely esoteric; rather, they are central to the evolving 

landscape of engineering education. They shed light on how engineering colleges currently offer 

learning opportunities and will continue to do so in the future, whether through online platforms 



driven by AI or other means. Additionally, they prompt questions about the extent to which 

hands-on learning and mentorship, crucial for engineering design, will be integrated into 

educational programs. This thematic exploration delves into the overarching objectives of 

universities, encompassing education, research, and preparation of graduates for the workforce, a 

subject that has long been topic of debate and evolution [59]. 

Building on the shifts that occurred in engineering education through the 1970s, the focus at 

engineering colleges remained primarily theoretical and predominantly mathematical and 

analytical during the 1980s. Despite this focus, industry continued to heavily rely on engineering 

graduates engaged in design, build, and test cycles [60]. Considerable collaboration occurred 

between industry and engineering departments at colleges to develop computational algorithms 

for computer simulation tools aimed at reducing cost and developmental design cycles [61]. With 

an emphasis on theoretical and computational simulation, both engineering colleges and industry 

began to see benefits in the 1990s in predicting the performance of complex systems to 

potentially decrease the cost of prototype design and test cycles [62], [63]. This period marked a 

paradigm shift from reliance on prototyping and testing to an overreliance on computational 

simulation [64]. In 2014, Povinelli argued as to the correct balancing between prototyping and 

testing, and simulation, in the mapping to and accurate assessment of reality, as illustrated in 

Figure 1 [65].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Shifting Balances Between Desing, Build, and Test, and Algorithmic Simulation   

With the advent of available computer simulation software for numerous aspects of electrical, 

mechanical, chemical, civil, and other engineering disciplines’ performance calculations and 

predications through the 2000s, another shift occurred within engineering industry. This shift 

placed value on the heuristic capabilities of engineering graduates rather than solely theoretical 

and algorithmic ones and emphasized their abilities to work in collaborative design teams that 

prioritized design, interpersonal, and soft skills alongside technical expertise [66] - [68].  



In the 2000s, David and Tom Kelly at design firm IDEO popularized design thinking and human-

centered design, drawing from the work of McKim and Arnold [69]. Jonathan Cagan and Craig 

Vogel, in 2001, introduced a more systematic approach to consumers product designs using a 

cycle of social, technological, and economic factors [70]. The diverse currents of work on design 

theory and processes across different disciplines have led us to a moment where phrase like 

‘design thinking’ and ‘human-centered design’ have taken on diverse meanings and practices, 

evolving into distinct design methodological frameworks in engineering education. However, 

engineering design methodologies need to evolve further into more transdisciplinary knowledge 

bases, incorporating philosophies that can establish holistic and more-than-human design 

practices. These perspectives encompass transparency not just in machine human interface but in 

algorithms and agency between humans, complex AI systems, and ecology.  

While these design theories have begun to acknowledge the transdisciplinary nature of design, 

they have yet to fully embrace the concept and philosophy that a design that exists outside of any 

one discipline must encompass them all. Traditionally, there has been a lag time between the 

needs of industry, or society as a whole, and the balance struck by engineering education, whose 

role should include fundamental research into these design practice concerns.  

However, in the field of engineering education, multiple challenges persist, including the level of 

design taught and the integration of evolving design theories, methodologies, and beliefs into 

courses [71]. This is particularly challenging within the mandatory curriculum of each 

engineering discipline, necessitating tradeoffs in course offerings to accommodate a rigorous 

sequence of design courses across all years. This paper argues that these courses must also 

incorporate the teaching of rigorous transdisciplinary knowledge integrated to support holistic 

design methodologies, placing them on par with the technical, theoretical, and analytical courses 

taught within engineering curricula.  

Curriculum Argument  

In general, undergraduate engineering curriculum approaches typically place a strong emphasis 

on core theoretical subjects such as Calculus, Chemistry, Physics, among others, alongside 

applied analytical and computational science-based technical courses [72]. These foundational 

courses play a pivotal role in shaping the technical knowledge and cognitive development of 

engineering students. However, an increasing disparity has emerged between the necessity to 

maintain the quantity and rigor of these technical courses and the evolving demands of industries 

and business propelled by technological advancements that emphasize heuristic abilities and 

interpersonal and soft (IS) skills [73]. The growing reliance on computer simulation algorithms 

and AI in society and industry has diminished the demand for a deep understanding of analytical 

theory formulation and increased the demand for IS skills and a broader range of competencies. 

Notably this includes multiple thinking skills, along with communication skills, creativity, 

understanding of design team dynamics, and project experience [74]. 

Over time, another notable shift has occurred, marked by the rising complexity and precision of 

technological systems, coupled with the concentration of diverse knowledge specialization [75]. 

This evolution emphasizes a transition from individual design to a more prominent focus on 

collaborative or team design. Consequently, there is a growing need for engineering colleges to 



impart knowledge, instruction, and practical experiences in interpersonal and team skills. This 

goes beyond the traditional capstone fourth-year design project, where instructors group students 

into teams with the expectation of navigating complex team dynamics without rigorous 

knowledge or guidance [76].  

Access to design knowledge and practice within the undergraduate curriculum is often confined 

to a segment of introductory courses and a fourth-year capstone project, occasionally touched 

upon in fragments within other engineering courses [22]. Regrettably, engineering colleges do 

not all structure design as a comprehensive technical sequence of knowledge and competencies, 

and design is usually presented with a limited understanding of historical context, theoretical 

foundation, best practices, and practical experience [23]. Essential transdisciplinary knowledge 

crucial for success in practical design and collaborative work within design teams is generally 

considered extraneous to the traditional engineering curriculum. 

These ongoing questions pertain to the fundamental role of engineering colleges in adequately 

providing knowledge access and preparing students for the workforce [77], [78]. Notably, in the 

last decade there has been a discernable trend within ABET curriculum requirements, 

emphasizing IS skills and broader knowledge acquisition driven by societal, economic, and 

environmental imperatives [79].  

The fundamental structure of an undergraduate engineering curriculum should integrate a 

comprehensive sequence of four-year design courses infused with transdisciplinary knowledge 

[17]. These courses should serve as the cornerstone and framework, fostering a holistic 

understanding that transcends disciplinary boundaries and provides access to knowledge that 

includes theory of design as well as experiential collaborative practices across diverse fields.  

Design, at the core of human existence and the heart of engineering, presents a paradox due to its 

underrepresentation in engineering education [22]. Understanding this anomaly requires 

exploring the history of human design, the evolution of engineering disciplines, and their 

teaching methodologies. Despite its fundamental role, design comfortably resides outside of 

traditional engineering education, necessitating the courage to take ownership of it. Being at the 

existential core of engineering necessitates educators to embrace it at the center of their 

curriculum [80]. This ownership comes with significant ethical, economic, social, political, and 

environmental considerations and risks. However, design is driven by function, a domain where 

engineering, through the applied sciences, plays a dominant and pivotal role.  

The planet we inhabit is rapidly becoming a byproduct and outcome of human design. This 

evolution prompts an examination of why design, despite its centrality, is not the backbone of 

engineering education today. This understanding must be coupled with a recognition that our 

increasing reliance on technology often leads to a loss of interpersonal, empathy, ethics, and 

communication skills. Thus, engineering design education must also involve understanding the 

significant impact of technology on human behavior. The fate of our planet hinges on 

engineering design, underscoring the critical need to comprehend its significance. The absence of 

a robust design curriculum in traditional engineering education necessitates a paradigm shift. 

Recognizing that the entirety of the technical engineering curriculum supports real-world design 

upon graduation, it becomes imperative to impart comprehensive design knowledge within the 



educational system. Engineering students stand to benefit from learning and practicing design 

thinking skills in a classroom setting that extends into experiential learning. 

The profound influence of design on engineering problem-solving and its role in promoting 

social equity, economic prosperity, and ecological resilience are pivotal aspects. Engineering has 

had a significant role in fostering economic growth and creating opportunities for others. 

Engineers are uniquely positioned to address these existential design challenges and must 

possess transdisciplinary knowledge and design skills to ensure success. Ultimately, engineering 

colleges bear the responsibility of imparting design education [3]. Design not only forms the 

ethical core of engineering but also its framework and dictates its implications and beneficiaries. 

To safeguard existence, it is imperative to integrate design thinking into the core fabric of 

engineering education.  

At the same time, advocating for increased design education at the postsecondary level 

necessitates a profound rethinking of design methodologies. In a world undergoing rapid 

transformation under the Anthropocene, we witness the emergence of AI and overall system 

complexities that deeply influence design in pivotal shifts across societal connections, 

governance, in the rapid integration of humans with technology [81], [82]. Pushing for expanded 

design education in engineering necessitates a paradigmatic overhaul of curriculum. This shift 

demands not just a methodological change but a comprehensive reorientation, embracing the 

integration of transdisciplinary knowledge involving human behavior, environmental, and a 

more-than-human philosophical outlook, as well as a holistic approach to student learning. Such 

knowledge, inherently non-linear, defies traditional sequential programming, urging a radical 

shift in engineering and design education principles. 

Pedagogical Influences  

The paper elaborates on a transdisciplinary knowledge pedagogical approach, rooted in 

constructionist teaching principles and inductive practices that emphasize student-centered, 

active, and cooperative learning strategies [83], [84]. This approach has evolved over three 

decades of experience as a research and design engineer, teaching engineering design at 

secondary and postsecondary levels, and within industry [16], [17], [85]. Refined based on 

observations and student feedback indicating a desire for more fundamental knowledge, this 

holistic emotional and cognitive approach begins with addressing individual challenges and 

growth. It incorporates social-emotional and active learning through individual and experiential 

team-based design projects, grounded in analog practices. 

The HE pedagogy emphasizes the use of transdisciplinary knowledge integration, leveraging 

emotions and metacognition to enhance students’ agency and abilities. Initially, the focus is on 

establishing proficiency in flexibility in modes of thinking, the scientific method, critical 

reading, sketching, communication practices, and reflective and analytical writing. It underscores 

the interplay between reasoning, imagination, creativity, abstraction, ideas, and design as 

essential thinking skills in problem-solving, alongside ethical thinking and deliberation in 

anticipating design consequences. 



Drawing upon the foundational theories and experience-based learning models of Piaget, which 

focus on action, reflection, and construction, as well as Dewey’s exploration of the vital 

connection between education and experience through observation, knowledge, judgement, and 

purpose [86], [87], this pedagogy extends into Kolb’s work on experiential learning. Kolb's 

cyclical model of learning, which incorporates the integration of abstract cognitive frameworks 

with experience, provides relevance to design practices through experience, reflection, 

abstraction, and testing [88], [89]. Their collective work emphasizes experiential learning beyond 

the classroom and into everyday life settings, serving as a useful framework for this approach. 

Additionally, the HE pedagogy, utilizes Zull's work on whole-brain transformational learning 

rooted in a neurobiology, highlighting the importance of emotions, sensory experiences, and 

spatial relationships in connection to previous knowledge and the learning process [90], [91]. 

This research, along with studies from Mind, Brain, and Education researchers, establishes a link 

between emotions, cognition, reflection, and creativity as principal factors that facilitate learning 

[92].  

HE emphasizes the integration of mind, body, and spirit in the learning process, advocating for 

small learning communities with educators holding engineering degrees and design work 

experience, known to positively impact on teacher-student engagement, student learning and 

motivation, and future academic outcomes [93] - [95]. Experienced educators are crucial in 

employing episodic memories to create personalized examples aiding students in recognizing 

and integrating details, leading to connections with previous knowledge, deeper understanding, 

and formation of new and actionable concepts [91], [96], [97]. The HE pedagogy aims to connect 

the students’ emotional, cognitive, and bodily abilities in learning from a cognitive science 

perspective, introducing various learning mechanisms from an evolutionary and behavioral 

perspective [98], [99].  

The approach explores the impacts of emotions and brain chemical responses (dopamine, 

serotonin, noradrenaline, etc.) on habit changes, fostering agency in goal-directed deliberative 

and cognitive learning practices crucial for higher education. It incorporates deliberative practice 

methods for knowledge acquisition and transference, emphasizing the formation of episodic 

memories through mindfulness of experiences and reason coupled with imagination, essential for 

creativity in engineering design, problem solving, and executive awareness [100]. Ambiguity and 

ill-defined problems are used to provide motivating doubt to spur students’ discovery. This 

approach underscores the importance of integrating psychology, neuroscience, and experiential 

learning findings into engineering educational practices. 

The HE pedagogical approach outlined in this section integrates a transdisciplinary framework 

with constructivist teaching principles and inductive practices to promote student-centered, 

active, and cooperative learning strategies. Figure 2 illustrates the transdisciplinary knowledge 

and holistic pedagogical influences on HDT. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Pedagogical Influences  

Rooted in foundational theories of Piaget, Dewey, Kolb, and Zull, the pedagogy emphasizes 

experiential learning and whole-brain transformational learning, drawing on insights from 

physiology, neurobiology, cognitive science, and psychology. By integrating emotions, 

metacognition, and small learning communities led by experienced educators, it aims to 

holistically address individual and community cognitive, emotional, and bodily aspects of 

learning. Deliberate practice methods, along with the incorporation of psychology and 

neuroscience findings, enhance student agency, creativity, and flexibility in thinking, particularly 

in the context of engineering design education. The HE pedagogy endeavors to establish a more 

universal design curriculum integrating these pedagogies and practices with the work of Arnold 

and McKim. This integration involves adopting transdisciplinary knowledge without boundaries, 

as a fundamental component of a holistic approach to education and the creation of new 

knowledge and design. Overall, this approach offers a comprehensive framework for fostering 

broader and deep learning and student engagement in ethical engineering design and practices.  

Transdisciplinary Knowledge and Application to Design  

The integration of transdisciplinary knowledge lies at the core of the HE pedagogy and approach 

to engineering design education. Before embarking on advanced collaborative design projects, 

students are expected to gain proficiency in this knowledge. The pedagogy emphasizes the 

intrinsic human capacity for design and fosters students’ awareness of their daily design 

engagement from the onset.  As they progress from structured individual tactile and social 

learning community design projects to those with broader, interwoven transdisciplinary 

knowledge, they acquire a deeper understanding of the aspects of design. Paramount attributes 

cultivated through this pedagogy include curiosity, imagination, introspection, self-awareness, 



reflection, analog practices, design acumen, and collaboration skills. This approach addresses the 

comprehensive knowledge necessary to achieve synergy within the evolving demands of 

engineering design roles, encompassing concepts relevant to the world, life, and non-life. In 

today’s era marked by system complexity and the Anthropocene, it is imperative that engineering 

education embrace a diverse knowledge base. 

Expanding upon this comprehensive approach, it is important to note that transdisciplinary 

knowledge extends beyond mathematics, science (physics, chemistry, biology, and 

environmental science), and engineering. It also encompasses classical branches such as the 

humanities (philosophy, history, art, cultural studies, etc.) and social sciences (psychology, 

sociology, anthropology, economics, political science, etc.), as well as neuroscience and 

ecological sciences. Specific areas covered include modes of thinking (critical, causal, visual, 

inductive, design, system, categorical, imaginative, abstract, associative, emotional, tactile, 

bodily, etc.); communication theory; psychology; love; empathy; ethics; character; history of 

design, science, engineering, and technology; neuroscience; political science; economics; art; 

and beauty. Moreover, it entails a detailed examination and reflection on the origins, history, and 

practice of design, design thinking, and design theory.  

Design thinking, a pivotal aspect, is defined as encompassing a mode of thought intrinsic to 

human beings, enabling them to adapt to their surroundings. It engages in various processes, 

including reasoning, imagination, curiosity, and play, leading to the creation of novel solutions. 

There is a particular emphasis on individual thinking modes and fluid transitioning between 

them, particularly highlighting critical, causal, associative, and visual thinking. Visual thinking, 

closely intertwined with various attributes of engineering design capabilities, plays a pivotal role. 

It fosters creativity through iterative cycles of observing, sketching, and envisioning, facilitating 

the development and utilization of the mind’s eye, which is crucial in design thinking.  

Building upon the broader knowledge base and the foundational aspects of design thinking, the 

curriculum also explores psychology and neuroscience to comprehend human and machine 

behavior, memory, emotional regulation, and emotional intelligence and how these factors 

influence design outcomes. Additionally, students explore the role of love in fostering 

compassion and empathy, aiming to mitigate indifference across the spectrum of design 

engagement. They learn about the evolutionary connection between empathy and design in 

human beings and the importance of preserving this bond, guarding it against the influences of 

ego and power. Through exercises focused on empathic listening and dialogue skills, students 

cultivate both emotional and cognitive empathy [101], [102]. These attributes along with ethical 

thinking serve as the bedrock of designerly thinking in HDT, underscoring the significance of 

understanding oneself and cultivating purpose through emotional and intrinsic motivation. 

Creativity is a vital component in transdisciplinary learning, involving imagination, 

experiencing, play, observation, curiosity, open-mindedness, information exposure, questioning, 

and exploration. Activities like imagination, role-playing, reading, reflection, writing, and 

sketching are instrumental in nurturing creativity [103]. The integration and application of 

imagination and play not only enhances creativity but also fosters empathy, ethics, design, and 

problem-solving within the transdisciplinary pedagogy. This holistic approach creates 



connections among various transdisciplinary knowledge areas, strengthening knowledge 

scaffolding. Figure 3 illustrates the outwardly spiraling integration of transdisciplinary 

knowledge in the holistic pedagogical approach.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Transdisciplinary Knowledge in the Holistic Pedagogical Approach 

The approach aligns with the requirements of engineering design education outlined by ABET 

and the expectations set by industry for engineering graduates [73]. These include addressing the 

requirements and expectations that encompass heuristic abilities and ethical considerations, 

fostering inclusive environments, promoting experiential learning, the capacity to make informed 

judgments, and acquiring and applying new knowledge through diverse learning strategies. 

Moreover, the approach not only addresses societal and ecological needs, but also is tailored to 

handle enrollment pressures and adapt to evolving the societal-technological landscape, which 

includes the imperative for engineering colleges to meet students’ remedial education needs. 

Research underscores the importance of initially focusing on developing critical reading, 

effective communication, analytical and reflective writing, flexibility in modes of thinking, and 

time-management skills, as they lay the groundwork for students’ future agency in learning [17]. 

These skills have been identified as underdeveloped in secondary and postsecondary students. 

Addressing this foundational knowledge and any underdeveloped skills in students sets the stage 

for their more advanced learning strategies. They engage in a dynamic process of practicing and 

creating knowledge through iterative cycles of observation, curiosity, imagination, and creativity. 

Furthermore, the approach is aligned with transdisciplinary education and determination theory, 



promoting a dialogical and student-centered learning environment where students play an active 

role in shaping their knowledge, beliefs, and behaviors. The introduction of transdisciplinary 

knowledge before engagement in design teams enriches students’ capacity for empathy, ethical 

decision-making, understanding of diverse needs, management of team dynamics, and 

application of knowledge [16], [17]. Establishing connections between transdisciplinary 

knowledge and scientific and engineering concepts is paramount, serving as a bridge between IS 

and technical skills and closing gaps between transdisciplinary and interdisciplinary domains. As 

students’ progress, they concurrently enhance their individual, social, and team design 

capabilities, supported by the introduction, practice, and agency of broader knowledge and skills. 

With the integration of more entwined transdisciplinary content, students actively engage in self-

directed and collaborative practices with peers to construct their understanding.  

This integration is facilitated through the continuous exchange of observational feedback and 

constructive learning experiences, aimed at nurturing students' holistic comprehension of the 

world and the interconnectedness of knowledge. Consequently, students develop the capacity to 

construct and apply new knowledge both within and beyond the confines of the classroom, 

equipping them to actively participate in intricate, dynamic, collaborative team environments and 

experiential hands -on projects. The overarching learning objective is to provide students with 

many opportunities to practice, model, receive feedback, reflect upon, and enhance all facets of 

the HDT methodology before undertaking significant team design projects. This includes the 

practice and application of design thinking tailored to each student’s individual abilities. As 

students refine their knowledge and individual design competencies, they gain a heightened 

awareness of the complex, interrelated, and ethical challenges confronting the world. 

Additionally, they recognize the collaborative dynamics necessary to navigate within design 

teams to address these challenges effectively. Upon achieving mastery, engineering students 

engage in real-world collaborative design endeavors, collaborating with peers, the environment, 

professionals from diverse disciplines, end-users, potential users, investors, stakeholders, and 

companies, fostering a multidimensional approach to problem-solving and innovation.  

As the educational approach emphasizes the integration of transdisciplinary knowledge, 

empirical studies provide valuable insights into its practical outcome. Findings from a study 

involving an HE pilot course consisting of first-year engineering undergraduate honors students, 

engaging in an experiential team project focusing on a city’s failing infrastructure and exposed to 

transdisciplinary knowledge encompassing empathy, ethics, communication, design thinking, 

collaboration, and reflective writing, reveal formative outcomes [16]. The fifty-one students 

appreciated the collaborative teamwork, hands-on nature of the course, and the opportunity to 

contribute to real-world challenges with environmental implications. They particularly valued 

learning a design thinking process, which included empathizing with end users, ethics, ideation, 

prototyping, testing, and iteration. 

The course effectively instilled limited IS skills, such as effective communication and empathy, 

as well as an understanding of ethical obligations, such as preventing property damage and 

saving lives. Students reported benefits in data collection, analysis, and effective communication. 

The research suggests that early exposure to real-world problem-solving is crucial for 

engineering students, providing a foundation for applying theoretical education. 



Overall, the study demonstrated the effectiveness of integrating transdisciplinary knowledge with 

experiential learning into the first-year college engineering curriculum. This integration equipped 

students with some valuable skills and enhanced their understanding of the engineer's role in 

addressing contemporary infrastructure problems. However, it also highlighted some challenges; 

students expressed the need for adequate time to explore issues in depth, feeling that one course 

was insufficient and left them feeling overtaxed. Additionally, they felt there was a need for 

exposure to more knowledge and autonomy in project selection. Observations and surveys 

indicated that first-year students may not be ready to undertake such a large project and may lack 

a universal understanding of the design and other skill sets they were learning.  

Building on these findings, another study was initiated to investigate the impact of increased 

time dedicated to transdisciplinary knowledge and a holistic design methodology on fourth-year 

secondary students, and how this affects their future abilities in college. These students spent 

their last year of secondary education immersed in the HE pedagogy. This secondary college 

preparatory program provided multiple cohorts of students with approximately eight times more 

exposure to the HE pedagogy compared to a typical postsecondary three-credit-hour course. This 

study aimed to understand the pedagogy’s impact and effects as students graduated from the 

secondary program and progressed through engineering college, faced challenges, and 

participated in team design projects [17]. The study highlights the significance of dedicated time 

and exposure to various categories of transdisciplinary knowledge including visual, critical, and 

design thinking; leadership; HDT; team dynamics and teamwork; reflective and analytical 

writing; empathy; ethics; communication; ideation; and experiential learning.  

Students articulate the enduring relevance of acquired transdisciplinary knowledge and 

emphasize the program's role in self-discovery and shaping their worldview and broader life 

purpose within the field of engineering. The findings indicate that students in the program, 

influenced by transdisciplinary knowledge, develop a more comprehensive understanding of the 

interconnectedness of the world around them when approaching design problems.  

The holistic approach, blending emotional engagement with transdisciplinary knowledge, 

emerges as a pivotal factor contributing to students' success and sense of purpose. The research 

underscores that the HE pedagogy, with its focus on transdisciplinary skills embedded in HDT, 

equips students with the necessary competencies to collaborate effectively and creatively teams 

and tackle complex design challenges in real-world scenarios. 

The goal is to foster a holistic understanding of the world, promoting the integration of 

knowledge and facilitating the creation and application of new insights both within and beyond 

the confines of traditional classrooms. The emphasis on transdisciplinary knowledge, ingrained 

into their cognitive processes and memory, confers lasting benefits as students express their 

intention to apply this knowledge in academia, professional contexts, and future pursuits. 

Holistic Design Thinking Methodology  

The design thinking methodology employed in this study builds upon previous research that 

introduced broad transdisciplinary knowledge and its application to shape the practice within the 

HDT methodology [17]. The pedagogy of knowledge acquisition and practice in the classroom, 



including cycles of experience, reflection, abstraction, and evaluation, mirrors the cycles the 

observed in the design relationship of love, empathy and ethics; curiosity, research, and need 

finding; ideation and prototyping: and iterative evaluation.  

At the core of the HDT pedagogy is the goal to improve students’ overall actionable knowledge 

in design practices and ability in creating and collaborating in effective design teams both inside 

and outside the classroom. By fostering experiential design practice that engages with human 

behavioral and environmental needs, students learn to collaborate and co-design in a learning 

environment where failures are more valuable. They engage in empathizing, innovating, and 

developing ethical solutions that consider the broader interconnectedness of technology, 

humanity, and the environment. They also cultivate the ability to weigh ethical decisions and 

understand the growing conflict between empathy, the environment, ecology, and technology, 

driven by the rapid pace of technological innovation. 

Proficiency in various transdisciplinary knowledge domains is essential before engaging in HDT 

and participating in design teams. This is because knowledge topics are integrated, with each 

aspect interconnected, leading to a deeper and broader synergistic understanding and 

relationship, viewed from a design perspective. The term ‘relationship’ is utilized in HDT as 

there is not a universal ‘design process’ but rather a design relationship between modes of 

thinking, behaviors, humans, and the world. It is the relationship between these things that 

generates design. Figure 4 illustrates the HDT methodology. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Holistic Design Thinking Relationship   

The methodology is distinguished by its cyclical and iterative relationship, comprising three 

main cycles that progress through understanding, observing, and resolving needs. The term 

‘resolving needs’ is used here to convey that not all perceived human or machine needs must be 



met, and furthermore, not all needs necessitate the introduction of new technology. The ability to 

anticipate short- and long-term unintentional and detrimental consequences of possible new 

technological designs and discontinue their development is foundational to this methodology.  

The initial cycle involves love, empathy, and ethics in need finding. This is followed by the 

second cycle of curiosity, research, and defining needs. The progression continues into the third 

cycle of ideation, prototyping, and evaluation. Throughout the iterative relationship, designers 

navigate between analysis and synthesis to arrive at solutions or resolutions that promote love, 

empathy, and ethics in their engagement with people, concepts, the environment, and things.  

This continuous and iterative process involves the first cycle, where experience and observation 

overlap, flowing into the second cycle of reflection and hypothesis. Finally, it evolves into the 

third cycle of abstraction and evaluation.  

Within each cycle, there are several micro cycles. Figure 5 illustrates the micro cycle of love, 

which involves understanding, and is expanded out of the first cycle depicted in Figure 4.  

 

 

 

 

 

 

Figure 5. Micro Cycle within Love  

This expanded view of love constitutes a cyclical understanding through love, compassion, and 

the discovery of needs. Central to HDT is the endeavor to identify needs through collaboration 

among designers, people, nature, and the environment. Love for oneself and others arises from 

understanding and absence of indifference, while compassion is acknowledged as a natural state 

of the mind closely tied to empathy.  

The roles of imagination and curiosity are fundamental aspects of human cognition. Our 

perceptions enter the free play of cognition in a cycle that involves reasoning and imagination, 

further promoting empathy and ethical development [104], [105]. Imagination and curiosity are 

interconnected. Imagination can be fueled by curiosity, and curiosity can lead us to imagine 

different perspectives and possibilities of what could be. Figure 6 illustrates the micro view of 

curiosity from the second cycle of Figure 4. It represents a continuous cycle of curiosity, 

imagination, and creativity, intertwined with observation.  

 

 

 



 

 

 

 

 

 

Figure 6. Micro Cycle within Curiosity  

Similarly, creativity holds a leading role in design, and curiosity emerges from observation 

fueled by feelings and emotions of interest. Imagination is an important bridge between curiosity, 

reason, and creativity. Although represented as cycles, the attributes of feelings, emotions, and 

cognitions are not confined within a linear cycle but are continually accessed in HDT.  

For example, during the ideation phase in the third cycle, after ideas are generated and before 

prototyping, they are re-valuated for ethical impacts, beginning with considerations of love and 

empathy. In HDT, the transition from each proceeding cycle to the next allows for flexibility, 

enabling movement back again as the designer advances in the syntheses process. Figure 7 

illustrates this synthesis across cycles with dashed lines.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Continual Access to Cycles of Assessment within the Nonlinear Process 

In this relationship, the cycles of feelings, emotions, cognitions, and actions can be engaged non-

linearly over the sphere of understanding, observation, and resolution. They exist within the 

context of leadership, collaboration, team dynamics, work, time management, organization, and 

assessment. Figure 8 illustrates how the attributes of the methodology relationships can be 

engaged at any point or time and do not need to follow a specific order or process.  



 

 

 

 

 

 

 

 

 

 

 

Figure 8. Nonlinear Attributes of the Holistic Design Thinking Relationship  

Research Methodology 

This research investigated the impact of a holistic transdisciplinary knowledge pedagogy and 

HDT methodology approach to engineering education, examining outcomes at both the 

secondary and postsecondary levels. The secondary longitudinal study focused on several key 

areas: 1) the introduction of integrated transdisciplinary knowledge and its influences on students 

as they advanced through college, 2) evidence linking student learning at the secondary level to 

success in engineering college, 3) student responses to love, empathy, and ethics as core 

knowledge subjects in an engineering design course, 4) the attributes of transdisciplinary 

knowledge valued as secondary students progressed through college, and 5) factors contributing 

to life’s purpose, success, and college retention rates.  

Specific outcomes to be assessed include student development in personal, social, and academic 

preparedness, as well as design thinking and IS skills. Specific transdisciplinary learning 

outcomes include self-reflection, intrinsic motivation, time management, communication 

practices, modes of thinking, love, empathy, ethics, team dynamics/teamwork, and homework 

practices. The study also examined the effectiveness of analog practice in critical reading; 

annotation and marginalia; reflective and analytical writing, as well as notebook methods. 

Furthermore, it investigates the promotion of holistic thinking and the ability to navigate 

complex real-world problems, alongside demonstration of retention and the utilization of diverse 

knowledge throughout college. Embedded within this framework are environmental factors such 

as time in course, teacher experience, small class size, and mentoring.  

The specific goals of this research include answering eight questions: 1. Is expanding upfront 

transdisciplinary knowledge to engineering students in support of the adoption of an HDT 

methodology a viable approach for engineering design education? 2. What are students’ 



perceptions of valued transdisciplinary knowledge, and were there shifts from the secondary 

program upon entering college? If so, did these shifts change over the course of their college 

years, and why? 3. Were students able to retrieve transdisciplinary knowledge flexibly over the 

college years? 4. What knowledge components and learning practices of the secondary program 

did students perceive as contributing most significantly to their success at the postsecondary 

level? 5. Do students develop a deeper understanding of their personal identities and cultivate 

more profound purposes through the HE pedagogy? 6. What connections to historical and 

evolving design methodologies can tell us about engineering design pedagogies? 7) What is the 

impact of holistic emotional and cognitive learning practices in engineering design courses? and 

8) How does spending more time in a design course with a smaller class size impact students? 

To address these inquiries, twenty-one courses were conducted utilizing this pedagogy and the 

HDT methodology. Eight courses were taught at the upper secondary level, and one at the lower 

level. Additionally, twelve courses were taught at the postsecondary undergraduate and graduate 

levels. The data presented here includes outcomes from four separate school years of a half-day 

year-long fourth-year high school (secondary) HE program, followed by the students’ subsequent 

years in college, covering the period from 2019 through early 2024. Each year, two separate 

class cohorts of secondary fourth-year students participated, with an average of eight students per 

class. Students were selected through an application process across fifteen school districts. The 

program involved a total of sixty-four students, with fifty-eight successfully completing it. 

Further details about the experiential nature of this program can be found in a prior publication 

[17]. Course surveys were administered, and follow-up interviews with secondary students 

occurred after graduation and during their college years. Additionally, the data discussed here 

includes examples from two undergraduate postsecondary engineering courses in 2017. 

The postsecondary data collection of former secondary students involved conducting telephone 

interviews in December of each year. These interviews used a standardized set of seven 

questions, with recorded responses. These questions included: 1) What university or college are 

you attending, and what is your major? 2) How many credit hours are you taking per semester, 

and what is your GPA? 3) What was your most difficult and easiest class, and why? 4) What 

were the most challenging aspects of the transition to college in terms of social, emotional, and 

academic factors? 5) What high school course content from the HE program do you find valuable 

in college, and why? 6) What changes do you think could be made to the high school portion of 

the HE program to increase its benefit to first-year college students, and why? and 7) What are 

your next plans for college? Additional data were collected through phone calls, text messages, 

and in-person meetings, often initiated by the students.  

This qualitative data was utilized to gather a nuanced understanding of learning outcomes, 

offering insight into student perceptions and motivation [106]. Postsecondary survey interview 

responses underwent content, thematic, qualitative coding, narrative, and word frequency 

analyses to generate tabular data. These responses were analyzed based on key categories of 

transdisciplinary knowledge and practices stated in the interviews, which were associated with 

the pedagogical outcomes, focus areas, and research questions. Subsequently, the data were 

scrutinized by examining the student-provided responses, identifying trends, patterns, and 

retention rates. Comparative, contextual, and theory-building approaches were employed to 



facilitate perception, interpretation, and explore relationships within the data, aiming to either 

support or challenge pedagogical strategies. 

This information is then used to address broader questions, such as whether expanding upfront 

transdisciplinary knowledge to engineering students, as illustrated in Figure 3, in support of the 

adoption of an HDT methodology, is a viable approach for engineering design education.  

The research also incorporated observational data, weekly individual student conferences during 

the secondary program, and pre- and post-surveys. The outcomes of the first three years of 

secondary graduates have been previously discussed in another publication [17]. This paper 

extends the analysis into its ninth year to include outcomes of surveys conducted from December 

2023 to January 2024, covering four graduating cohort years of the program and five years of the 

longitudinal study. Thirty-nine former secondary students participated in these interviews. Out of 

the fifty-eight students who completed the secondary course as of June 2023, thirty-eight were 

still enrolled in engineering colleges, pursuing various engineering disciplines. Ten students had 

chosen fields other than engineering. Additionally, four students had discontinued their college 

attendance, and the status of the remaining six students was unknown.  

Application 

The application of providing broad transdisciplinary knowledge to inform an HDT methodology 

in engineering education has been implemented in secondary and postsecondary courses. It has 

been applied across various engineering courses, including seven undergraduate, five graduate, 

and eight secondary courses. Additionally, it has been utilized in capstone projects, independent 

studies, and junior high school engineering design courses. Undergraduate and graduate courses 

were typically conducted within a single semester, with some design projects extending over two 

semesters. Upper secondary courses, on the other hand, spanned the full fourth year of high 

school. Attributes of this pedagogy were imparted in several other courses as the design 

methodology underwent continuous research and refinement. The application of the HDT 

methodology to real-world projects occurs after students have mastered the specific knowledge 

contained within each cycle. 

For example, in developing prototyping skills needed in HDT, students participate in a series of 

smaller object prototype projects. Through these projects, students acquire proficiency in 

utilizing the mind’s eye, conceptualization, hand eye coordination, sketching, drawing, building, 

evaluation, feedback, and iteration, as well as working with materials and tools.  

Among these projects is a ‘pierced holes’ exercise, where students work individually and 

iteratively, transitioning from verbal, visual, imaginative, inductive, associative, sketch, tactile, 

emotional, and bodily thinking to create a tactile object solution. It entails moving back and forth 

between using the mind’s eye; sketching; scissors, tape, and paper; scissors, tape, and cardboard; 

and culminating in the use of a template and clay. Moving between these methods allows most 

students to solve the problem in the allotted time, reinforcing the link between reason, 

imagination, curiosity, empathy, design, and technology. Some students become frustrated when 

unable to find a cognitive solution with their mind’s eye or sketching, fostering motivating doubt. 

However, when they work with clay, they unconsciously utilize embodied and bodily thinking to 



shape it. They channel their emotional energy through the material, squeezing it through the 

holes, multiple times until the right shape emerges. This exercise enables students to cultivate 

flexibility in their modes of thought, allowing them to transition between different thinking 

modes thereby becoming more creative and adaptable problem solvers.  

Additional prototyping projects incorporate aspects of HDT to develop both individual 

conceptual understanding and team dynamics knowledge. These projects include designing, 

building, and testing an individual kinetic/potential energy device to perform work, as well as 

designing, building, and evaluating a team pendulum clock and a team prototype Mars landing 

vehicle, in addition to exploring student-generated design project ideas. These projects also 

connect scientific and engineering concepts of physics, chemistry, and biology to 

transdisciplinary knowledge. The key to success lies in fostering patient learning communities of 

belonging as transdisciplinary knowledge and practice are introduced. This process allows 

students to fail and then succeed, taking agency and fostering self-motivation and enthusiasm in 

eventually cultivating their own design project ideas. The gradual introduction of design 

complexity enables them to practice team dynamics on smaller projects while being monitored 

by the teacher and receive assessment and feedback. Upon completion and application of 

transdisciplinary learning, students organize into optimal three-person experiential project design 

teams. 

As they progress through this pedagogy, students first engage with design teams in role-playing 

as end-users, stakeholders, and environmental entities. This allows students to learn when the 

stakes are lower, honing and practicing their design thinking, IS, communication, management, 

presentation, and other team skills. Subsequently, they advance to real-world team design 

projects, addressing actual users, stakeholders, and environmental concerns.  

Over a nine-year period, diverse student design projects involving actual end-users,  

stakeholders, and environmental issues included an adaptive mobility vehicle, climate-adapted 

recycling bins, text-to-Braille decoder, a portable ramp for people with disabilities, a high-tech 

bus stop, a city park redesign, an economic impact analysis of how engineering innovation can 

reduce systemic poverty, suitcase reimaging, a touch-free airplane receptacle lid, horizontal 

motion adaptation of wheelchairs, adaptive design for people with disabilities, recycling trash 

receptacles, a no-lift wheel barrow, and  lighting design and implementation in a public park. 

An example of an undergraduate design team project, spanning two courses, which utilized the 

transdisciplinary knowledge pedagogy and HDT methodology involved an idea generated by the 

professor’s observation of trash receptacles in airplane bathrooms during international flights. 

Through usage and observations, it was noted that the trash receptacle lids had to be touched to 

dispose of waste products, potentially leading to waste touching the lid or getting stuck between 

the lid and the receptacle. Given the class was comprised of students who had flown 

internationally, several of them had observed this same phenomenon. Ethical issues raised 

included concerns about health and safety regarding the potential transmission of disease through 

viruses and bacteria. Anticipatory ethical issues included these and overall mechanism safety 

requirements on airlines. The design problem assigned to the team was well-framed: to create an 



anticipatory, ethical touch-free lid for a bathroom trash receptacle on a Boeing 737 airplane. This 

team implemented the cyclical and iterative HDT methodology approach.  

This project commenced with the cycle of love, empathy, and ethics by investigating the needs of 

international flight travelers who used the bathroom. The team also engaged two engineering 

stakeholders from Boeing, and Eastern China Airlines. Balancing the passenger health, ease, and 

comfort with airplane weight, power consumption, and safety concerns was a crucial trade-off. 

The team researched the design and specifications of the airplane, considering the environmental, 

safety, and space constraints. 

Using the HDT methodology, the teams iterated through several prototypes of a hand touch-free 

system. Throughout the cycles of the HDT, students met with users and stakeholders impacted by 

the design to gain an understanding of expressed needs through a perspective of love, empathy, 

ethics, and design constraints. Feedback was collected from these perspectives as part of an 

iterative HDT relationship. Figure 9 shows the touch-free airplane trash receptacle lid prototype 

system.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Touch-Free Airplane Receptacle Lid  

The students expressed a sense of joy at engaging the public by having potential users evaluate 

the device in a public space frequented by international travelers. They heard direct feedback on 

how their design made international travelers feel a sense of comfort and safety. The feedback 

from stakeholders aided in their understanding of parameters of allowable design. They spoke of 

the deeper connection to their ideas and the value of feedback as a motivator for improvement.  

Through the practice of transdisciplinary knowledge and HDT, students feel the importance of 

their skills in tackling practical world challenges. They recognize how ethical engagement and 



prototyping iteration can enhance intuition and create valuable episodic memories in problem-

solving, and they see the necessity of embracing failure as a part of the learning process. This, in 

turn, fosters self-confidence, self-learning, and personal growth.  

By emphasizing love, empathy, and ethics as intersections with design, students internalize how 

what they are learning connects to their ability to achieve design outcomes. The moment when 

students see their engineering design work in the world with people, they can experience a 

transformation of learning as the higher purpose of transdisciplinary knowledge and the HDT 

methodology. In practice, helping teams become intrinsically motivated and reach a 

transformative learning experience is central to HDT experiential learning projects.  

According to one postsecondary student, “we delved into our identities as individuals and human 

beings in order to unearth the deeper meaning behind why we decided to become engineers, who 

we were, and how to shape our futures” and “how to relate to others better, how to understand 

them, and [it] completely changed my preconceptions of what it means to be human.” 

Additionally, these undergraduate course projects illustrate the need to expand the number of 

design courses to fully engage in the HDT methodology, as students expressed their concerns 

about covering the amount of transdisciplinary material and completing an experiential project in 

one course. 

Feedback was gathered from students in the courses, including on the HE pedagogy, HDT 

methodologies, classroom learning methodologies, and knowledge content using direct oral 

feedback, surveys, and end-of-course reflection writings. Previously reported data spanning eight 

years included specific examples of individual and team projects using this pedagogy, such as 

city water infrastructure, transitional vehicle for students with neurodevelopmental delays, 

recycling-adapted trash receptacles, wearable blankets, and car trash receptacles [16], [17]. Over 

this period, the amount of course time and the breadth and depth of transdisciplinary knowledge 

and student practice has increased. Based on the results of this research more upfront knowledge 

and practice on critical, causal, and visual thinking have been added, as well as focus on 

demonstrating critical reading, effective communication, analytical and reflective writing, habit 

formation, and time-management. 

Results and Discussion  

The results of surveys conducted from December 2023 to January 2024 with thirty-nine former 

secondary students who graduated from the HE program were analyzed and compared to 

transdisciplinary knowledge associated with the pedagogical outcomes and focus areas. The first 

two graduating classes of secondary students were in their fourth year of college.  

These survey results, along with previous reported data, were analyzed in the context of specific 

questions tied to the goals of the research. A set of seven standardized questions, as described in 

the Research Methodology section, were used in the interview surveys. In particular, the analysis 

of survey results aimed to understand and assess students’ perceptions of valued transdisciplinary 

knowledge and HDT relationships, while also determining whether there were any shifts over the 

course of their college years and the reasons behind any changes.  



The qualitative responses of the postsecondary students provide valuable insight into the 

subtilities of their perceptions and motivations, offering a clearer individual picture than 

quantitative information. Several respondents have continued to mention that the course helped 

them “figure out what to do in life,” emphasizing the importance of mentoring in the program. 

Another fourth-year student described the course as teaching the “principles of life,” noting that 

the small “learning community helped—and was not worried that everything wasn’t a straight 

path but one that encourage exploring thoughts and imagination,” fostering a sense of belonging.  

They mentioned looking back grateful for the morning circle, where they shared thoughts and 

feelings, along with various genres of short readings that helped introduce new knowledge. Two 

fourth-year college students, majoring in fields other than engineering, stated that the program 

provided a unique and valuable experience, significantly contributing to their overall college 

success.  

Numerous students reported that they continue to gather with their cohort learning communities 

during college breaks or maintain ongoing communication through digital platforms. They also 

emphasized the value of written self-assessment reflections completed for the weekly individual 

conferences and mentoring sessions with the teacher, describing it as powerful for fostering self-

agency in learning.  

Another aspect mentioned almost universally was how the course facilitated a smooth transition 

to college. In terms of the social adjustment, students reported that being in the course, where a 

learning community was fostered through broad knowledge, diverse small class size, and active 

and experiential learning helped them quickly adapt and make new friends in college. A fourth-

year student recalled how eye opening the course was and noted that the material covered 

remained useful in college.  

A second-year student mentioned the practice of inviting former students, in college and recent 

college graduates, to share their experiences and perspectives, as being extremely helpful in 

thinking about their life’s path and goals. Another fourth-year student remarked on how the 

course’s structure resembled that of college, providing valuable preparation for the real world. 

Additionally, two first-year students and several third-year students described how the rigorous 

homework practices in the course helped them manage the workload in their college programs.  

As previously reported, some secondary students continue to have intense negative responses to 

homework, although many recognize its future benefits [17]. Overall, throughout the four years 

of the secondary program, there has been a growing societal and institutionalized negativity 

towards rigorous homework practices, with the impact in the 2022-2023 school year being 

particularly significant.  

A third-year student described how the general method of approaching a problem to solve using 

critical, causal, and visual thinking has been extremely useful in college, even applied to math 

problems. Students continued to speak of the knowledge gained and power of self-reflection in 

being able to monitor themselves and adjust. There were also numerous comments regarding the 

benefits of fixing attention span, ability to focus, and study habits prior to college. It was also 

interesting to note that one second-year student described that when they were in a slump at 



college, they were able to recognize what was going on—being unable to critically read— 

because they remembered the way it felt like when they could from the course.  

Students continue to emphasize the importance of learning how to critically read, noting its 

usefulness from a transdisciplinary perspective due to the nightly analog homework practice and 

wide variety of genres covered in the course. This practice and exposure expanded their abilities 

and perspectives, aiding in managing the diversity of readings in college. A third-year student 

described using these critical reading methodologies to understand a textbook when they had 

trouble following the professor’s lectures.  

Teaching critical reading is foundational to the HE pedagogy, with the analog pedagogical 

approach previously highlighted in a paper [17]. Students are provided with paper copies of all 

readings and expected to demonstrate critical reading through annotation, marginalia, and 

writing. Annotation and marginalia aid in developing critical reading skills by connecting 

comprehension to active notation, facilitating identification of author’s thesis and main point, 

and linking reading to previous knowledge and experiences. Reading begins with identification 

of genre, relevance, and evaluation of the author’s credibility. Analytical, critical, and reflective 

writing analysis consists of four handwritten paragraphs in the notebook, cycling between 

comprehension at the macro to the micro level. The first analytical writing paragraph is used to 

show comprehension of the authors’ thesis and main points. 

Responses during these recent interviews, also linked to the course pedagogy but not previously 

categorized, included mentions of causal thinking, abstract thinking, and the ability to accept 

failure as a valued attribute. Although not listed in the previous study, these attributes are 

important aspects of the HE pedagogy and learning outcomes and are now included in Table 1. A 

second-year student in a past interview reflecting on the previous high school course said it 

“taught me so many valuable skills about empathy, love, ethics, and creativity that I would have 

not obtained anywhere else.” A third-year student, in this current survey, reported continuing to 

grow in their understanding of how empathy is tied to character. Several students described how 

the exposure to ethics in the program helped them in college including being more 

knowledgeable and aware of ethical philosophies, constructs, cases, and applicability to real life 

and engineering problems. 

Another commonly mentioned attribute on the transdisciplinary table is communication practice. 

Students mentioned the ability to recognize what type of speech act (conversation, discussion, 

dialogue, debate, diatribe, etc.) was being engaged in with peers and professors and respond 

accordingly. A sophomore described using this knowledge, empathy, and understanding others 

when working in teams at college and being able to “see differences as a strength within our 

group” and “diffusing likely hostile discussions when the group disagreed.” They spoke of the 

power of the course, which gave them more opportunities to practice speaking and presenting 

than any other secondary course they had, which was extremely beneficial in college.  

Table 1 presents the total response data for the four secondary graduating cohorts, comprising 

individuals transitioning from high school, current college students, and cumulative totals.  

 



Table 1. Totals of Student Self-Identified Valued Knowledge High School and College 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is important to note that the transdisciplinary category of “communication practices,” listed in 

Table 1, encompasses student responses related to concepts of communication theory and 

practice, Theory of Mind, conflict resolution, and empathetical listening. This category also 

overlaps with the “psychology/interpersonal skills” category.  Previous work’s category 

“psychology/interpersonal skills” has been revised to ‘psychology/interpersonal and soft skills’ 

or “psychology/IS skills” to better reflect the grouping of knowledge and interview responses.  

Regarding the quantitative results presented in Table 1, several categories have been added, and 

two additional labels have been slightly adjusted to better reflect the actual transdisciplinary 

knowledge and student-reported benefits. Two new categories—causal thinking and abstract 

thinking—have been introduced. Slight changes were made to two existing category names to 

better reflect the pedagogy. ‘Critical reading’ was changed to “critical reading (across genres)” to 

transdisciplinary knowledge topic 

total student- identified 

values exiting high 

school  

total student-identified 

values during college 

through 2023  

total student-identified 

values during college 

through 2024   

total of values student- 

identified in high school 

and college 

critical reading (across genres) 7 21 40 47

reflective and analytical writing 0 12 16 16

self-reflection 11 7 12 23

intrinsic motivation 2 8 13 15

time management 6 20 34 40

organizational skills 0 2 2 2

modes of thought 5 4 7 12

critical thinking 6 10 21 27

causal thinking 6 6

visual thinking 14 5 13 27

creative thinking 2 0 2 4

abstract thinking 1 1

love 3 1 3 6

empathy 17 12 17 34

ethics 12 12 22 34

communication practices 10 11 27 37

ideation 2 6 9 11

team dynamics/teamwork 7 19 32 39

psychology/IS skills 0 7 13 13

leadership skills 0 1 3 3

diversity 0 2 3 3

voluntary focus 0 1 5 5

patience 1 1 1 2

candor/trust 0 1 2 2

Holistic Design Thinking 17 20 36 53

emotions 1 1 1 2

episodic memories 2 0 0 2

rigorous homework practices 0 23 31 31

lectures 0 3 5 5

notetaking 0 8 11 11

overcoming adversity/fear of failure 0 1 3 3

notebook method 0 6 18 18

engineering principals 1 0 0 1

engineering careers 1 0 1 2

internships 0 1 5 5



better reflect actual course practices, which included the use of analog annotation and marginalia. 

Similarly, the sketchbook method, which implicitly implied that the pages were blank and not 

lined and that analog practices were used to capture all information and for writing, was changed 

to “notebook method,” where the practices remained unchanged. In the most recent interviews, a 

second-year student and two third-year students mention how important it was to have been 

introduced to and utilize the notebook method in the course, specifically using a blank-page 

notebook that encouraged nonlinear, abstract, and visual thinking in the capturing ideas, 

diagrams, notes, and sketches. They stated it was a powerful tool for their thinking practice.  

While not specifically referenced in the table, numerous students reported aspects of the program 

that helped them in determining life’s purpose. Students expressed that they felt “The lessons I 

learned from the class, I feel that I will be capable of making a positive impact on the world 

through engineering.” Another student stated, “I plan to take the new knowledge from the class 

and apply it to my future [and] implement it into my life, college, and the workplace. Finally, a 

student summed up the experience by saying, “This class has made me think about how I can use 

my career path as not just a fulfillment for me, but for the world around me.” 

Qualitative data indicate that secondary students may not initially respond positively to 

transdisciplinary knowledge in an engineering class. There is eagerness to dive into the “fun 

part” of team building and testing, suggesting a preference for hands-on activities. Moreover, 

feedback collected suggests a common experience where previous teachers assigned projects 

with little guidance on team dynamics, design thinking, or communication skills. In feedback 

from college students, the data suggests that they are more welcoming of transdisciplinary 

knowledge and found it useful in design teams.  

Many students spoke of the importance of HDT methodology to their college experience and 

having a much greater understanding of design, team dynamics and teamwork, and the overall 

design process than their peers. Two second-year students and third-year student spoke about 

being able to lead the ideation practices for their teams based on what they had learned in the 

course as part of the HDT methodology. Another student spoke of using it in their summer 

internship, where they led all the other interns in an ideation session and producing a solution for 

management that ended up remarkably close to what was ultimately used. A fourth-year student 

spoke of the concepts learned in the class, including the use of HDT in an experiential design 

team project, highlighting their benefits in both the business world and real-world applications. 

Several other postsecondary students also spoke of the experiential team design project of 

continuing foundational impact in how they approach design projects in college and internships.   

Numerous students expressed being ahead of the curve from their peers in design thinking and in 

understanding the psychology of working with others based on the wide variety of knowledge 

they received in the course. One student said of the transdisciplinary knowledge they learned, “it 

just comes up all the time in dealings with my classmates, and working on teams, and even with 

the people I live with.” Students have expressed that learning through the transdisciplinary 

knowledge pedagogy and using the HDT provided them with “skill sets that I didn’t know I 

struggled with as well as ways to improve those skills.” In working with the HDT methodology, 

students said it “reshaped my understanding of the missing intricacies of my concepts about 



being an engineer” and “the better you can interact and connect with others the more of a 

positive impact you can have on each other’s lives.” Students also stated the value of this 

knowledge when working in internships and the importance of internships during the program.  

An important aspect of the HDT methodology, as illustrated in Figure 7, is its grouping of 

relational competencies in human behavioral interactions. This arrangement creates a useful flow 

based on its cyclical nature and flexibility in transitioning among competencies. Observational 

data and feedback collected through interviews suggest that this model provides students with a 

valuable collaborative system for both contemplating and practicing aspects of love, empathy, 

ethics, and design.  

Secondary students have shared, “The first super surprising thing I learned from the class is just 

how involved love is in engineering. To be able to help others and fulfill their needs you need a 

base of love that then leads into empathy.” They emphasized “the importance of learning to love 

yourself. Once you trust yourself and can properly self-reflect on mistakes you can learn how to 

love yourself and then empathize with others.” Another student remarked, “We learned just how 

connected we are to each other and how connected love is to everything we do, even 

engineering. For us to fully understand how empathy can be used in the design process.” A 

secondary student expressed, “I think that being able to think about ethics and empathy while 

designing will get me closer to my goal of positively impacting people as it will decrease the 

chances of me creating things that will hurt people.” Another student noted understanding “the 

importance of ethics and morals, and how they play a part in engineering.” 

It is important to note that although the HE and HDT pedagogies include transdisciplinary 

knowledge instruction on self-reflection, leadership, time management, organization, 

psychological safety, team dynamics, management, and assessment that has not been detailed in 

this paper. They are inherent components of the transdisciplinary knowledge that students 

acquire prior to working in experiential design teams. Evaluation and resolution are specifically 

part of the HDT design methodology cycle.  

The cumulative results of the knowledge areas valued by all college students in Table 1 

demonstrated a distinct clustering in order of importance of knowledge. Specifically, students 

self-identified critical reading, HDT, time management, team dynamics/teamwork, rigorous 

homework practices, and communication practices in the top responses. There is a shift in order 

of valued knowledge in this top grouping from the previous year; critical reading, HDT, time 

management, and team dynamics/teamwork were valued slightly above rigorous homework 

practices. There is a substantial increase in the valued responses of communication practices in 

this latest survey, which moved from a mid-response to a top grouping response.  

Ethics, critical thinking, notebook methods, empathy, and reflective and analytical writing were 

clustered in mid-responses. Again, a slight shift in valued knowledge occurred in this mid-tier; 

critical thinking and notebook methods were valued slightly above reflective and analytical 

writing.  

The next clustering included visual thinking, intrinsic motivation, psychology/IS skills, self-

reflection, and notetaking. Again, slight shifts occurred, with most categories changing by less 



than two, except for ideation, which moved to the next lower clustering from previous years. 

Ideation, modes of thought, causal thinking, voluntary focus, internships, and lecture practices 

were clustered next, followed by love, leadership, diversity, and overcoming adversity/fear of 

failure. The largest increase from the previous years was in the value placed on critical reading, 

followed by HDT, communication practices, time management, team dynamics/teamwork, 

notebook method, critical thinking, ethics, visual thinking, and rigorous homework practices.  

It is interesting to note that; reflective and analytical writing, rigorous homework practice, 

notetaking, psychology/IS skills, notebook methods, lecture practice, diversity, organizational 

skills, voluntary attention, leadership, internship, and overcoming adversity did not show up in 

any of the previous high school student exiting polls even though they were important aspects of 

the program and included in the transdisciplinary knowledge they received. The findings support 

the benefit in secondary education in critical reading, engagement in the HDT methodology, time 

management skills, rigorous homework practice, and knowledge of team dynamics/teamwork in 

subsequent college success. It also demonstrates the advantages of transdisciplinary knowledge 

in communication practices, critical thinking, ethics, notebook methods, reflective and analytical 

writing, empathy, visual thinking, intrinsic motivation, self-reflection, and psychology/IS skills. 

The shift identified in the data over the cohort’s college year responses is of importance. Students 

reported changes in the transdisciplinary knowledge they valued and found useful from when 

they exited the secondary program to when they were in engineering college. Significant shifts 

occurred in the increased value they placed on rigorous homework practices, time management, 

critical reading, reflective and analytical writing, and the analog notebook method. The two 

highest-ranked values reported by college students were critical reading, HDT, time 

management, and rigorous homework practice.  

Even more significant is the combination of categories including modes of thinking, critical 

thinking, visual thinking, causal thinking, and abstract thinking, which emerge as the most 

valued skillset. Students consistently emphasize and importance of accessing these modes and 

moving flexibly between them in navigating relationships and problem-solving, crucial for their 

college success. The interviews also reveal an overlap in categories, such as team 

dynamics/teamwork, psychology, interpersonal skills, and soft skills, making them challenging to 

distinguish. However, the combination of these categories is highly valued by college students. 

This trend suggests that college students increasingly value the transdisciplinary knowledge and 

practice acquired during their secondary program, even though it was not as highly valued in the 

secondary school exit polls. Importantly, it shows that students retained this 

knowledge—particularly in IS skills, empathy, ethics, design thinking, and team dynamics—and 

continue to draw upon it throughout their advanced college years. Their adeptness at accessing 

transdisciplinary knowledge further underscores the effectiveness of the pedagogy. Although not 

conclusive, the actionable access to this broad knowledge base has anecdotal evidence in the 

form of student responses regarding its perceived relevance to their abilities in college.  

Furthermore, this research contends that the fundamental structure of an undergraduate 

engineering curriculum should be enriched with transdisciplinary knowledge and integrated in a 

cohesive sequence of design courses spanning four years. This should be structured to coincide 



with the student’s emotional and cognitive development. Similar to the approach taken in the 

secondary program described here, these courses should be seen as the developmental 

cornerstone, fostering comprehensive understanding beyond individual disciplines, with the aim 

of nurturing exceptional skilled design practices of engineers. A notable distinction between the 

secondary program discussed here and engineering college practices lies in the dedicated time 

within a course specifically focused on transdisciplinary knowledge and design. This broad 

transdisciplinary knowledge is typically not part of traditional engineering curriculums. While 

typical engineering colleges provide an introductory class in the first semester and capstone 

classes for fourth-year students partially focus on some of these transdisciplinary knowledge 

topics and design, the secondary program emphasizes the consistent and sustainable development 

of transdisciplinary knowledge and understanding essential for engaging in design practices 

throughout its half-day, year-long curriculum. The secondary high school fourth-year program 

extended over a full year, comprising approximately 180 days or 540 hours. During this period, 

students spent 162 of those hours working directly with engineers and 100 hours in college 

English courses, resulting in about 278 hours of transdisciplinary knowledge and engineering 

design course time. In contrast, a typical college course of three credits hours totals 

approximately thirty-seven classroom hours.  

The argument put forth is that engineering colleges should offer a design course every semester, 

totaling 296 hours. The course sequence should begin with a broad transdisciplinary knowledge 

base and continually expand it into design thinking practices. These courses should build upon 

previous knowledge in a holistically sequential manner. This would match the amount of class 

time from the secondary program courses, indicating that a similar amount of material could be 

covered. This approach supports the implementation of the same transdisciplinary and HDT 

pedagogical approach used in the secondary program coupled with an experiential design team 

project. The study suggests that through adopting a more comprehensive knowledge approach, a 

more universal design methodology could emerge, balancing the integration of broad, analytical, 

and practical knowledge.  

An important limitation of this research is that it does not establish full causation; rather, it relies 

in part on evidence based on human behavioral observations and qualitative data. While the 

research included quantitative data and analysis to support many aspects of the secondary 

program outcomes, such as comprehension and practices of critical reading, writing, engagement 

in various modes of thought, analog practices (writing, sketching, notetaking, etc.) , design 

practices, problem solving, leadership skills, time management, habit formation, communication 

abilities, empathetic practices, ethical reasoning and evaluation skills, establishing more causal 

relationships of knowledge comprehension and integration beyond the secondary program is 

elusive due to lack of detailed quantitative data and observations.  

Regarding the specific goal questions of whether the HE pedagogy leads to a deeper 

understanding of oneself and the cultivation of more profound purposes, the data remains 

inconclusive beyond the secondary program and postsecondary interviews. Among the fifty-eight 

former secondary program students examined, thirty-eight were still attending engineering 

colleges, pursuing degrees in various disciplines such as Electrical, Mechanical, Aerospace, 

Chemical, Civil, Bio, Industrial Systems, Material Science, and Computer engineering. 



Additionally, ten students pursued fields other than engineering, including Computer Information 

Technology, Architecture, Fine Arts, Biology, Business, Industrial Design, Construction 

Management, and Advertising and Public Relations. Four students had stopped attending college, 

and the status of six students was unknown.  

Regarding the inquiry into the impact of holistic emotional and cognitive learning practices in 

engineering design courses, the qualitative data lacks causal relationships. While correlation 

exists among the qualitative responses of former students of their perception of various aspects 

of emotional and cognitive learning connections fostered through the classroom environment and 

practices, it is not universal. Instances where students did not perceive immediate benefits, 

especially among those lacking intrinsic motivation in the program, are notable. It is common for 

students to recognize the benefit of knowledge retrospectively, as was reported by several 

students in this study. Pedagogical practices such as individual weekly student conferences 

provide opportunities to observe and monitor the impact of reflective practices, feedback, 

knowledge integration, and prototyping and testing behavioral strategies in habit formation 

linked to improvement. These practices occur on a student-by-student mentoring basis, requiring 

emotionally and cognitively attuned to adjustments in what works for each specific student. The 

building of trust in a kind, caring, and mentoring environment was noted by students as a 

contributing factor to their successful implementation of learning strategies. Therefore, the 

individual stories of how students apply this knowledge vary, introducing complexities that defy 

objective measures of success. Therefore, the results or impact of this research should be 

interpreted with caution. While they hold significance on an individual student basis and have 

some general applicability, they may not offer provable conclusions in all cases.  

Most students involved in this secondary study were selected through an application process 

during their third year of high school, suggesting an above-normal interest in engineering. While 

it is not assumed that additional years immersed in the pedagogy would not be beneficial, the 

established framework of the program only allowed fourth-year students to participate. 

Furthermore, it is worth noting that not all the same graduating secondary students responded to 

surveys each year of their college education. Limitations also arise in the codification of 

interview response and overlaps in transdisciplinary knowledge. Additionally, the analysis 

provided here lacks consideration of such factors as GPA’s, internships, and employer feedback, 

which could further elucidate any discriminating factors of pedagogy. 

Several limitations are apparent in the research’s applicability, including the need for a sufficient 

number of dedicated design college courses and challenges related to class size. While small 

class sizes are significant in the secondary program, their universal implementation at the college 

level presents hurdles. Another critical limitation stems from the nontraditional aspects of this 

engineering pedagogy and curriculum, which necessitates a reliance on specific political, 

economic, and social contexts, as well as particular institutional settings. For secondary 

education, it requires the support of parents, administrators, and other collaborative partners. In 

postsecondary education, it relies on the support of faculty, administrations, engineering 

departments, and the college as a whole.  



Questions persist about the economic practicality of implementing this pedagogy and holistic 

philosophy, particularly concerning class size. While there are broader benefits, even in larger 

class sizes, for engineering education to adopt a more holistic philosophy and transdisciplinary 

knowledge approach to curriculum and design, widespread implementation has not yet been 

attempted. The postsecondary courses reported here were pilot design courses and not integrated 

into the larger engineering college curriculum. This poses a significant problem for 

postsecondary education, as economics and other factors, including online courses and AI 

algorithms, exert pressures on mentored experiential learning and traditional lecture-based 

learning, both aiming to disseminate knowledge and achieve learning objectives. It is crucial to 

note that this work, grounded in analog classroom practices, intentionally diverges from techno-

optimist or transhumanist solutions, such as replacing professors with individual learning stations 

that track students’ eye movements and engagement with the material. Instead, it emphasizes a 

different direction—a return to smaller learning communities that foster individualized attention, 

creativity, and mentoring relationships between students and multifaceted experienced 

instructors.  

Conclusions 

The primary objective of this research is to describe and analyze a distinctive pedagogy of 

engineering design education. This pedagogy is characterized by extensive integrated 

transdisciplinary knowledge and a holistic design methodology rooted in principles of love, 

empathy, and ethics. Pedagogically, the cycles of design are attuned with the cycles of 

experiential learning. Structurally, the secondary Holistic Engineering program comprises course 

hours equivalent to eight three-credit-hour college courses, along with an experiential design 

project component, and class sizes of around eight students. Foundationally, this structure 

appears to address deficiencies in knowledge and abilities, enabling students to explore life’s 

purposes, preparing them for engineering college, and initiating the acquisition of in-depth 

knowledge of design thinking. The pedagogy emphasizes student self-assessment and agency, as 

well as reflective, active, and experiential learning. This research reports that implementing this 

approach has been shown to benefit students academically, professionally, and personally, 

fostering continuous learning relationships with people and ecosystems.  

A secondary objective is to assess how students, exposed to this pedagogy during secondary 

education, perceive its utility as they advance through college. The study also explores questions 

related to students’ finding unique abilities and motivations, including one’s sense of purpose and 

direction in life. It emphasizes the impacts of a secondary education program rooted in a learning 

community that embraces emotional expression, sharing, analog practices, flexibility in modes of 

thought, curiosity, and cognition, fostering free play between reason and imagination from which 

creativity, empathy, and ethics can emerge.  

Results from applying the HE pedagogy in postsecondary courses of up to three-credit hours 

suggest that the allocated time is insufficient for adequately covering and transferring 

transdisciplinary knowledge including design thinking, as well as conducting an experiential 

team design project. This underscores the need for more comprehensive time allocation to 

accommodate a more universal design methodology. Conversely, results from the secondary 



program, where course time was increased by approximately eight times, led to deeper 

comprehension of knowledge and agency in design practices. Therefore, the research advocates 

for a dedicated core curriculum of design courses to support students’ development throughout 

each year of postsecondary engineering education. 

The findings indicate a benefit in the number of hours students are immersed in learning and 

practicing transdisciplinary knowledge and a Holistic Design Thinking methodology. The results 

suggest that more universal knowledge coupled with an HDT methodology provided students 

with competencies in human behavioral interactions and flexibility in transitioning among 

relational competencies. 

The findings also indicate that students can access transdisciplinary knowledge acquired in the 

secondary program as they progress through college, utilizing it effectively in various contexts. 

Additionally, the research reveals the value of developing skills in critical, visual, and design 

thinking, critical reading, time management, communication, and teamwork, as well as fostering 

self-awareness and agency in learning. Practical benefits reported by students also include 

understanding and practicing of empathy, taking initiative, increasing focus, managing time 

effectively, improving homework practices, and engaging in more deliberate self-reflection. 

The implications of these findings suggest that engineering educators and administrators should 

consider a significant shift in design pedagogies, leading to enhanced designerly thinking 

through design as a core curriculum. This shift emphasizes the integration of emotional learning, 

psychology, and neuroscience findings into engineering educational practices. However, 

successful integration may face challenges related to class size, traditional pedagogical 

approaches, and economic pressures.  

Future work should focus on delving into interview data with finer granularity to further explore 

the connections between transdisciplinary knowledge and postsecondary success. More data and 

information should be collected as the remainder of the four cohorts complete engineering 

college to improve conclusions and refinement of the pedagogy. There is also a need to explore 

practical implementation of this pedagogy in engineering college structures, which may require 

reformatting of curricula and design courses.  

As awareness of the harms and risks associated with social media and AI technology increases, it 

prompts a critical examination of their correlation with limitations of current design paradigms 

and practices. Concurrently, the integration of the study of the complexities of love and ethics 

into the curriculum of engineering education offers a unique opportunity to deepen our 

understanding of human existence and the holistic nature of the world. Furthermore, 

incorporating love as a formal part of an engineering design methodology is unique and 

empowers its attributes of compassion and empathy, allowing for a comprehensive consideration 

of diverse human and non-human needs. Similarly, the formal inclusion of ethics in engineering 

design methodology positions this transdisciplinary knowledge approach and Holistic Desing 

Thinking practice at the forefront of design philosophy and thinking.  

As society evolves and machine intelligence approaches or moves beyond human intelligence 

and accelerates the merger of humans with machines and robotics with AI, the incorporation of 



love and ethics into our design practices becomes paramount. Navigating the complexity of 

emerging technologies like gene prime editing, cybernetics, brain-computer interfaces, and AI 

robotics, requires an understanding, integration, and use of love and ethics in our engineering 

design methodologies. This is crucial for anticipating unintended consequences, ensuring agency, 

and promoting transparency in ecology, the environment, and more-than-human interactions. A 

fundamental question remains: What level of comprehensive knowledge is most suitable for 

design education, especially in a rapidly advancing and increasingly technologically 

deterministic society? Exploring potential universalities in engineering design education 

methodologies may offer insights into alternative possibilities and directions.  

To be human is, in part, to create ever-increasing technology, while also encompassing our 

ability to empathize, love, create poetry and art, and social structures of caring. As we venture 

forth as a species to explore the stars, it is a hope that we develop a symbiotic design relationship 

with technology and nature, enabling us to progress while preserving our intrinsic humanity and 

profound connection with nature.  This relationship should value nature as distinct, invaluable 

entity separate from technology, yet intertwined in a manner that practices ethical consideration 

for everything.  

Overall, this research advances a holistic and transdisciplinary pedagogy that cultivates a broader 

more universal understanding of knowledge and engineering design and its practices. It 

advocates for a sustained sequence of holistic design courses enriched with transdisciplinary 

knowledge as a fundamental component of undergraduate engineering education. It does this by 

first focusing on the relational aspects of love, empathy, and ethics in being human designers. 

References 

[1] T. J. Siller and G. R. Johnson, "Constituent Influences on Engineering Curricula," 

Proceedings of the 2004 American Society for Engineering Education, June 2004, Paper number: 

1680. 

[2] B. Frank, P. Eng, D. Strong, P. Strong, R. Eng, and Ph. Sellens, "The Professional Spine: 

Creation of a Four-year Engineering Design and Practice Sequence," Proceedings of the 

Canadian Engineering Education Association, 2011. doi: 10.24908/pceea.v0i0.3586. 

[3] C. L. Dym, A. M. Agogino, O. Eris, D. D. Frey, and L. J. Leifer, “Engineering Design 

Thinking, Teaching, and Learning,” J. Eng. Educ., vol. 94, no. 1, pp. 103–120, 2005, doi: 

https://doi.org/10.1002/j.2168-9830.2005.tb00832.x. 

[4] J. E. Froyd, P. C. Wankat and K. A. Smith, "Five Major Shifts in 100 Years of Engineering 

Education," in Proceedings of the IEEE, vol. 100, no. Special Centennial Issue, pp. 1344-1360, 

13 May 2012, doi: 10.1109/JPROC.2012.2190167. 

[5] Richard M. Felder, “Engineering education: A tale of two paradigms,” J Food Sci 

Educ. 2021; 20: pp. 8–15. https://doi.org/10.1111/1541-4329.12219 

[6] E. Giaccardi, C. Speed, N. Cila, and M. Caldwell, "Things as Co-Ethnographers: Implications 

of a Thing Perspective for Design and Anthropology," in Design Anthropological Futures, R. C. 

Smith et al., Eds. London: Bloomsbury, 2016, pp. 235–248. 

https://doi.org/10.1002/j.2168-9830.2005.tb00832.x
https://doi.org/10.1111/1541-4329.12219


[7] E. Fritsch, I. Shklovskii, and R. Douglas-Jones, "Calling for a Revolution: An Analysis of IoT 

Manifestos," in Proceedings of the 2018 CHI Conference on Human Factors in Computing 

Systems, New York, ACM Press, 2018, Paper No. 302. 

[8] M. Heidegger, "The Question Concerning Technology," in The Question Concerning 

Technology and Other Essays, New York: Harper & Row, 1993. 

[9] R. Clarke et al., "More Than-Human Participation: Design for Sustainable Smart City 

Futures," Interactions, vol. 26, no. 3, pp. 60–63, 2019. 

[10] I. Hartogsohn and A. Vudka, "Technology and addiction: What drugs can teach us about 

digital media," Transcultural Psychiatry, vol. 60, no. 4, pp. 651-661, Aug. 2023. doi: 

10.1177/13634615221105116. 

[11] D. Abram, The Spell of the Sensuous: Perception and Language in a More-Than-Human, 

Vintage, February 25, 1997. 

[12] J. Bridle, Ways of Being, 2023. 

[13] E. Giaccardi and J. Redström, "Technology and More-Than-Human Design," Design Issues, 

vol. 36, no. 4, pp. 33-44, 2020. 

[14] IDEO.org, The Field Guide to Human-Centered Design., IDEO.org, 1st Edition, 2015. 

[15] D. A. Kolb, Experiential Learning Experience as the Source of Learning and Development, 

2nd ed., Pearson Education, Inc., 2012.  

[16] M. J. Povinelli and J. A. Robinson, "Integrating Design Thinking into an Experiential 

Learning Course for Freshman Engineering Students," in American Society for Engineering 

Education Annual Conference, Salt Lake City, Utah, pp. 1-21, 2018. 10.18260/1-2—30681 

[17] M. Povinelli, "A Longitudinal Engineering Education Study of a Holistic Engineering 

Pedagogy and Holistic Design Thinking Methodology on Postsecondary Student Academic 

Success and Retention," presented at the 2023 ASEE Annual Conference & Exposition, 

Baltimore, MD, June 2023. DOI: 10.18260/1-2--42416. 

[18] J. Cowan, "Are We Neglecting Real Analytical Skills in Engineering Education," European 

Journal of Engineering Education, vol. 11, no. 1, pp. 67-73, Dec. 1985. 

[19] K. Anderson et al., "Special Session: Moving Towards the Intended, Explicit, and Authentic: 

Addressing Misalignments in Engineering Learning Within Secondary and University 

Education," in Proceedings of the American Society for Engineering Education Annual 

Conference, Vancouver, BC, Canada, June 14-17, 2011. 

[20] "engineering, n1," Oxford English Dictionary Online, March 2024. [Online]. Available: 

https://www.google.com/search?q=how+do+i+site+the+oxford+dictionary+on+goolge&oq=how

+do+i+site+the+oxford+dictionary+on+goolge+&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIJCA

EQIRgKGKABMgkIAhAhGAoYoAHSAQoxNDU2OWowajE1qAIAsAIA&sourceid=chrome&

ie=UTF-8. Accessed: Mar. 11, 2024. 



[21] E. S. Ferguson, "Engineering and the Mind's Eye," MIT Press, 1992. 

[22] D. L. Evans, B. W. McNeill, and G. C. Beakley, "Design in Engineering Education: Past 

Views of Future Directions," Journal of Engineering Education, vol. 79, no. 4, pp. 517-522, 

1990. 

[23] R. H. Todd and S. P. Magleby, "Evaluation and Rewards for Faculty Involved in 

Engineering Design Education," International Journal of Engineering Education, vol. 20, no. 3, 

pp. 333-340, 2004. 

[24] C. L. Dym, A. M. Agogino, O. Eris, D. D. Frey, and L. J. Leifer, "Engineering Design 

Thinking, Teaching, and Learning," Journal of Engineering Education, vol. 94, pp. 103-120, 

2005. [Online]. Available: https://doi.org/10.1002/j.2168-9830.2005.tb00832.x. 

[25] J. Burke, Connections, 1978. 

[26] P. Jacob and M. Jeannerod, "Introduction: What is human visual cognition?" in Ways of 

Seeing: The scope and limits of visual cognition, Oxford University Press, 2003, doi: 

10.1093/acprof:oso/9780198509219.002.0007. Accessed: Mar. 17, 2024. 

[27] M. Morriss-Kay, "The evolution of human artistic creativity," J. Anat., vol. 216, no. 2, pp. 

158-176, Feb. 2010, doi: 10.1111/j.1469-7580.2009.01160.x. 

[28] R. White, "Visual Thinking in the Ice Age," Scientific American, vol. 261, no. 1, pp. 92-99, 

Jul. 1989. 

[29] D. Graeber and D. Wengrow, The Dawn of Everything, a New History of Humanity, Picador, 

2021.  

[30] R. L. Baskerville et al., "Genres of Inquiry in Design-Science Research: Justification and 

Evaluation of Knowledge Production," MIS Quarterly, vol. 39, no. 3, pp. 541–564, 2015. 

[31] T. Benderitter, "Osirisnet, TT96, the Tomb Complex of Sennefer, Mayor of the 'Southern 

City', Thebes," Osirisnet, 1996. [Online]. Available: 

https://www.osirisnet.net/tombes/nobles/sennefer/e_sennefer_07.htm. [Accessed Feb. 1, 2023]. 

[32]    E. Giaccardi and J. Redström, “Technology and More-Than-Human Design,” Design 

Issues: Volume 36, Number 4, MIT Press, Autumn 2020. 

[33] D. Harper, "Etymology of design," Online Etymology Dictionary. [Online]. Available: 

https://www.etymonline.com/word/design. [Accessed Jan. 25, 2023]. 

[34] G. Naylor, The Bauhaus Reassessed, Herbert Press, 1985. 

[35] T. S. Reynolds, "The Education of Engineers in America before the Morrill Act of 1862," 

History of Education Quarterly, vol. 32, no. 4, pp. 459-482, Winter 1992. 

[36] C. R. Mann, A Study of Engineering Education, Bulletin Number Eleven, The Carnegie 

Foundation for the Advancement of Teaching, 1918. 

https://doi.org/10.1002/j.2168-9830.2005.tb00832.x
https://www.osirisnet.net/tombes/nobles/sennefer/e_sennefer_07.htm
https://www.etymonline.com/word/design


[37] H. G. Good, "New Data on Early Engineering Education," The Journal of Educational 

Research, vol. 29, no. 1, pp. 37–46, 1935. 

[38] S. Freud, "Creative Writers and Daydreaming," in "The Standard Edition of the Complete 

Psychological Works of Sigmund Freud," J. Strachey, Ed. London, UK: Hogarth Press, 1959, pp. 

141-153. 

[39] G. Wallas, "The Art of Thought," J. Cape, London, 1926. 

[40] H. Bayer, I. Gropius, and W. Gropius, Eds., "The Bauhaus: Masters and Students by 

Themselves," 1971. 

[41] H. Dreyfuss, "Designing for People," Simon and Schuster, New York, 1955. 

[42] P. Freire, Pedagogy of the Oppressed, Bloomsbury, 1970. 

[43] L. B. Archer, "Artist Versus Engineer," Design 67, pp. 13-16, Jul. 1954. 

[44] L. B. Archer, "Systematic Method for Designers," Council of Industrial Design, H.M.S.O., 

1965. 

[45] L. B. Archer, "Design Management," Management Decision, vol. 1, no. 4, pp. 47-51, 1967. 

[46] L. B. Archer, "The Structure of Design Processes," Ph.D. dissertation, Royal College of Art, 

London, 1968. 

[47] L. B. Archer, "Time for a Revolution in Art and Design Education," RCA Papers No. 6, 

Royal College of Art, London, 1978. 

[48] J. E. Arnold, "Creative Engineering: Promoting Innovation by Thinking Differently," Edited 

with an Introduction and Biographical Essay by W. J. Clancey. [Online]. Available: 

https://purl.stanford.edu/yk408qn6518 (accessed September 23, 2018). 

[49] J. E. Arnold, "Creative Engineering," Creative Engineering Laboratory, Mechanical 

Engineering Department, Massachusetts Institute of Technology, 1955. 

[50] J. E. Arnold, "Arcturus IV Case Study," n.d. 

[51] R. H. McKim, "Designing for the Whole Man," presented at Special Lecturer Stanford 

University, 1959. 

[52] R. McKim, "Experiences in Visual Thinking," Brooks/Cole Publishing Co., 1973. 

[53] "Interim Report of the Committee on Evaluation of Engineering Education," Journal of 

Engineering Education, vol. 44, pp. 257-272, Dec. 1953. 

[54] M. Issapour and K. Sheppard, "Evolution of American Engineering Education," in 

Conference for Industry and Education Collaboration, American Society for Engineering 

Education, 2015. 

[55] M. Asimow, Introduction to Design. Englewood Cliffs, NJ: Prentice-Hall, 1962. 

https://purl.stanford.edu/yk408qn6518


[56] H. R. Buhl, Creative engineering design. Ames: Iowa State University Press, 1962. 

[57] S. A. Ambrose, “Undergraduate Engineering Curriculum, The Ultimate Design Challenge,” 

The Bridge, National Academy of Engineering, 2013. 

[58] H. Simon, The Sciences of the Artificial, 1st ed. Cambridge, MA: MIT Press, 1969. 

[59] D.J. Povinelli and M.J. Povinelli, "Where ideas fail best," in Teaching and Research in the 

University, L. Pyenson, Ed., pp. 39-49, Lafayette, LA: Center for Louisiana Studies, University 

of Southwestern Louisiana, 1996. 

[60] M. J. Povinelli, “A Planar Broad-band Flared Microstrip Slot Antenna”, IEEE Transactions 

on Antennas and Propagation, Vol. AP-35, No. 8, pp. 968-972, 1987. 

[61] M. J. Povinelli and J. D’Angelo, “Design Performance Characterization and Hybrid Finite 

Element Boundary Element Analysis of Linearly Polarized Printed Circuit Tapered Notch 

Array”, Proceedings of the 1989 Antenna Applications Symposium, Robert Allerton Park, 

University of Illinois, pp. 1-32, 1989. 

[62] M. J. Povinelli, and R. F. Harrington, “A Volume and Surface Integral Formulation for 

Electromagnetic Scattering from Printed Circuit Antennas”, IEEE Transactions on Magnetics, 

Vol. 27, No. 5: pp. 4271-4274, 1991. 

[63] M. J. Povinelli and J. D’Angelo, “Finite Element Analysis of Large Wavelength Antenna 

Radome Problems for Leading Edge and Radar Phased Arrays”, IEEE Transactions on 

Magnetics, Vol. 27, No. 5: pp 4299-4302, 1991. 

[64] W. L. Oberkampf, T. G. Trucano, and C. Hirsch, "Verification, validation, and predictive 

capability in computational engineering and physics," SAND Report, SAND2003-3769, Sandia 

National Laboratories, Albuquerque, NM, USA, and Livermore, CA, USA, Feb. 2003. 

[65] M. J. Povinelli, "Thoughts on Finite Phased Array Characterization," presented at the IEEE 

AP/MTT/EMC Societies Event Lecture, Syracuse University, February 21, 2014. 

[66] R. M. Felder and R. Brent, "Designing and Teaching Courses to Satisfy the ABET 

Engineering Criteria," Journal of Engineering Education, vol. 92, no. 1, pp. 7-25, Jan. 2003, doi: 

10.1002/j.2168-9830.2003.tb00734.x. 

[67] R. M. Felder and R. Brent, "Random Thoughts ... HARD ASSESSMENT OF SOFT 

SKILLS," Chemical Engineering Education, vol. 44, no. 1, Winter 2010. 

[68] R. Felder, D. Woods, J. Stice, and A. Rugarcia, "The Future of Engineering Education II: 

Teaching Methods That Work," Chemical Engineering Education, vol. 34, 2000. 

[69] T. Kelley, The Art of Innovation: Lessons in Creativity from IDEO, America's Leading 

Design Firm. New York: Doubleday, 2001. 

[70] J. Cagen and C.M. Vogel, Creating Breakthrough Products, FT Press, 2013.  



[71] S. A. Ambrose, "Undergraduate Engineering Curriculum, The Ultimate Design Challenge," 

in The Bridge National Academy of Engineering, vol. 43, no. 2, pp. 16-23, Summer 2013. 

[72] N. Rosenberg and R. R. Nelson, "American universities and technical advance in industry," 

Research Policy, vol. 23, no. 3, pp. 323–348, 1994. [Online]. Available: 

https://doi.org/10.1016/0048-7333(94)90042-6. 

[73] "Engineering Change: Lessons from Leaders on Modernizing Higher Education 

Engineering Curriculum," ABET Issue Brief, Fall 2017. 

[74] Y. Xu et al., "Artificial intelligence: A powerful paradigm for scientific research," 

Innovation (Camb), vol. 2, no. 4, Oct. 28, 2021, Art. no. 100179. [Online]. Available: 

https://doi.org/10.1016/j.xinn.2021.100179. 

[75] G. Carnabuci and J. Bruggeman, "Knowledge Specialization, Knowledge Brokerage and the 

Uneven Growth of Technology Domains," Social Forces, vol. 88, no. 2, pp. 607–641, 2009. 

[Online]. Available: http://www.jstor.org/stable/40645818. 

[76] R. Felder and R. Brent, "Cooperative Learning," ACS Symposium Series, vol. 970, 2007, 

doi: 10.1021/bk-2007-0970.ch004. 

[77] R. Stephens, "Aligning Engineering Education and Experience to Meet the Needs of 

Industry and Society," in The Bridge National Academy of Engineering, vol. 43, no. 2, pp. 31-34, 

Summer 2013. 

[78] G. Heitmann, "Project-oriented Study and Project-organized Curricula: A Brief Review of 

Intentions and Solutions," European Journal of Engineering Education, vol. 21, no. 2, pp. 121-

131, 1996, doi: 10.1080/03043799608923395. 

[79] R. Felder, "A whole new mind for a flat world," Journal of Engineering Education, vol. 40, 

pp. 96-97, Mar. 2006 

[80] S. Florman, "The Existential Pleasures of Engineering," New York: St. Martin's Press, 1976. 

[81] J. W. Moore, Ed., Anthropocene or Capitalocene?: Nature, History, and the Crisis of 

Capitalism. PM Press, 2016. 

[82] T. Winograd, "Shifting viewpoints: Artificial intelligence and human-computer interaction," 

Artificial Intelligence, vol. 170, pp. 1256–1258, 2006. 

[83] J. Biggs, "Enhancing Teaching through Constructive Alignment," Higher Education, vol. 

32, pp. 1–18, 1996. 

[84] M. Prince and R. Felder, "Inductive Teaching and Learning Methods: Definitions, 

Comparisons, and Research Bases," Journal of Engineering Education, vol. 95, pp. 123-137, 

2006, doi: 10.1002/j.2168-9830.2006.tb00884.x. 

[85] M. J. Povinelli and C. E. Grove, "Wideband Apertures for Active Planar Multifunction 

Phased Arrays," in Proceedings of the 1989 IEEE AESS National Radar Conference, Dallas, TX, 

pp. 125-128, 1989. 



[86] J. Piaget, The Origins of Intelligence in Children, International Universities Press, 1952. 

[87] J. Dewey, Experience and education, Kappa Delta Pi, 1938. 

[88] D. Kolb, Experiential Learning: Experience as the Source of Learning and Development, 

Prentice-Hall, Inc., Englewood Cliffs, NJ, 1985. 

[89] D. A. Kolb, Experiential Learning Experience as the Source of Learning and Development, 

2nd ed., Pearson Education, Inc., 2012. 

[90] J. E. Zull, The Art of Changing the Brain: Enriching Teaching by Exploring the Biology of 

Learning, Sterling, VA: Stylus Publishing, 2002. 

[91] J. E. Zull, From Brain to Mind: Using Neuroscience to Guide Change in Education, 

Sterling, VA: Stylus Publishing, 2011. 

[92] M. S. Schwartz and E. J. Paré-Blagoev, Eds., Research in Mind, Brain, and Education, 1st 

ed. American Psychological Association, 2017. 

[93] J. D. Finn, S. B. Gerber, and J. Boyd-Zaharias, "Small classes in the early grades, academic 

achievement, and graduating from high school," J. Educ. Psychol., vol. 97, no. 2, pp. 214-223, 

May 2005. 

[94] J. Hattie, "The paradox of reducing class size and improving learning outcomes," 

International Journal of Educational Research, vol. 43, no. 6, pp. 387-425, 2005. 

[95] G. V. Glass and M. L. Smith, "Meta-analysis of research on class size and achievement," 

Educational Evaluation and Policy Analysis, vol. 1, no. 1, pp. 2-16, 1979. 

[96] M. A. Baker and J. S. Robinson, "The Effects of an Experiential Approach to Learning on 

Student Motivation," Journal of Agricultural Education, vol. 58, no. 3, pp. 150-167, 2017. 

[97] M. Wang and M. J. Hannafin, "Design-based research and technology-enhanced learning 

environments," Educ. Technol. Res. Dev., vol. 53, no. 4, pp. 5-23, Aug. 2005. 

[98] J. LeDoux and N. D. Daw, “Surviving threats: neural circuit and computational implications 

of a new taxonomy of defensive behavior," Nat. Rev. Neurosci., vol. 19, pp. 269-282, Apr. 2018. 

[99] E. L. MacLean, "Unraveling the evolution of uniquely human cognition," Proc. Natl. Acad. 

Sci. U. S. A., vol. 113, no. 23, pp. 6348-6354, Jun. 2016. 

[100] G. Campitelli and F. Gobet, "Deliberate Practice: Necessary but Not Sufficient," Current 

Directions in Psychological Science, vol. 20, pp. 280-285, Oct. 2011. 

[101] A. Smith, "Cognitive Empathy and Emotional Empathy in Human Behavior and 

Evolution," The Psychological Record, vol. 56, pp. 3-21, 2006. 

[102] S. D. Hodges and M. W. Myers, "Empathy," in R. F. Baumeister and K. D. Vohs (Eds.), 

Encyclopedia of Social Psychology, pp. 296-298, Thousand Oaks, CA: Sage, 2007. 

[103] D. Winnicott, Playing and Reality, Tavistock, 1971. 



[104] I. Kant, Critique of Pure Reason, Marcus Weigelt (Ed., Trans., Introduction), and Max 

Muller (Trans.), Penguin Classics, 2008. 

[105] F. Schiller, On the Aesthetic Education of Man, translated by R. Snell, Dover Publications, 

New York, NY, USA, 2004. 

[106] J. A. Leydens, et. al., “Qualitative Methods Used in the Assessment of Engineering 

Education,” Journal of Engineering Education, pp. 65-72, 2004. 


