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ABSTRACT 
While design is fundamental to engineering practice, modern training in engineering design has almost 
exclusively moved to the classroom, providing students little exposure to holistic, real-world design 
experiences that are well-integrated with the rest of the academic curriculum. In this paper, we perform 
a short review of how the model of engineering education in Canada has evolved over the last two 
centuries, identify the current deficiencies in teaching design in engineering curricula, and review how 
Chairs in Design Engineering at various Canadian engineering schools have tackled this identified need. 
We then describe in detail how this problem is being addressed at the University of Waterloo through 
Engineering Design Days. This approach is presented as a design “lattice” around which other 
curriculum threads (math, natural sciences, engineering science, design etc.) can grow in an integrated 
way. Different Design Days examples from various engineering programs are described to illustrate the 
general structure. We conclude by assessing the program’s impact and identifying opportunities for 
future development and assessment of the program’s effectiveness. 
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1 INTRODUCTION 

Over the last two centuries, engineering education has been radically transformed from an 

apprenticeship-based model that was steeped in practice, to a highly academic classroom-based model 

that can struggle to find meaningful connections to the real world. This transformation has been driven 

by accelerating technological advances, which require engineering students to spend more and more 

time studying the fundamental concepts in math, and natural and engineering science. Without this 

ever-expanding foundation, they cannot engineer solutions to modern engineering problems. 

Unfortunately, this overly “scholarly” educational model provides students limited connections to, and 

experience in, the actual practice of engineering and engineering design. Since 2001, engineering 

educators at many universities across Canada have sought to develop pedagogical innovations that can 

provide more meaningful and realistic engineering design education to students, within the context and 

constraints of modern professional higher-education.  

These efforts have been particularly welcome at the University of Waterloo, which houses Canada’s 

largest engineering school: 14 Engineering programs with almost 8000 undergraduates within the 

Faculty of Engineering. While all Waterloo engineering students participate in meaningful and 

frequent co-op experiences in industry (that add up to two years in total length), the practical 

experiences earned in industry have not been traditionally well-integrated with the academic 

curriculum. As such, new opportunities are sought to provide students with practical design 

experiences within the classroom. The purpose of this paper is to introduce a new paradigm - that of 

the “design lattice”, and its embodiment in the form of Engineering Design Days. We begin by 

providing a brief history of the development of engineering education in Canada and by identifying 

some of its emerging challenges (Section 2). We then review how Canadian universities, including the 

University of Waterloo have sought to address these challenges (Section 3). In Section 4, we describe 

the design lattice paradigm and its implementation through the Engineering Design Days, and provide 

examples of how they manifest in different disciplines. We conclude by summarizing the overall 

impact of this initiative and identifying opportunities for future work. 

2 A BRIEF HISTORY OF CANADIAN ENGINEERING DESIGN EDUCATION 

Over the years, as the environment in which we live has changed, so has the profile of the engineer 

and engineering education. Three models of engineering education are discussed below, coinciding 

with the evolution of the marketplace from local to national to global.  

2.1 The apprenticeship model  

Until the 19th century, engineers met the needs of a local market economy; small-volume and highly-

customized products were made and sold locally. In this environment, the apprenticeship model of 

engineering education emerged (Britton, 2017, p. 196). One became an engineer through a “hands-on 

apprenticeship in a machine shop, at a drawing board, behind a transit, or on a construction site” 

(Seely, 2005, p. 115). A practicing engineer (master) took on a prospective practitioner (apprentice) 

and over time taught them skills pertinent to the engineering practice. The master focused on teaching 

not only design but also other necessary skills within the scope of the practice: economics, 

communication, interacting with customers, resilience, and problem solving. The quality of this 

training was therefore singularly dependent on the master. The apprentice learned in a holistic real-

world setting, following and internalizing the steps taught by the master, with little to no theoretical 

knowledge. The abstraction of the design process was not part of this training, but its practical 

implementation was learned and experienced.  

2.2 The practising-engineer-as-a-teacher model  

It was not until the second half of the 19th century that some portion of engineering training came to 

the classroom. As local economies expanded, increased demand drove the increase in production 

volumes and with it, increased standardization. Batch production required larger numbers of 

apprentices with a broader set of skills. By 1860, Canada had well-organized two-year engineering 

programs in three universities (Harris, 1976). While this model provided less hands-on experience to 

trainees, it exposed them to a broader skill-set. The new training combined preparatory math, arts, and 

science courses with engineering courses taught by practicing engineers, who had achieved their 
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expertise through experience (Harris, 1976). Still, at this time, engineering was considered a form of 

trade, lacking prestige. To some extent, the training provided was more suitable to developing 

technicians or technologists than professional engineers (Harris, 1976, p. 164). As economies grew 

even larger in scale, the need for engineers grew further. By the early 20th century, engineering 

programs grew in size and reputation, and by 1920, Canada had a number of well-established 

engineering programs and engineering faculties (Harris, 1976). At the same time, the seven provinces 

in Canada passed the first provincial acts designating engineering as a profession on the same level as 

law and medicine (DeVita, 2012). Still, the persisting educational model was such that while 

fundamental and preparatory courses were taught by professors, engineering courses were taught by 

practitioners, who alternated their time between university teaching and professional practice (Britton, 

2017). Until the mid-20th century, engineering programs continued to have a very practical focus and 

were providing graduates with significant hands-on training (Tryggvason and Apelian, 2006); this was 

due in part to the scarcity of schools meant to train technologists as distinct from professional 

engineers (Harris, 1976). 

2.3 The professional-teacher model  

In the mid-20th century, with the beginning of the space age, the emphasis of engineering programs on 

fundamental training in math and science increased significantly (Tryggvason & Apelian, 2006). The 

typical engineering curricula were such that students only took engineering courses after they had 

gained a solid basis in those subjects in their first 2-3 years of studies (Dym et al., 2005). By 1960, the 

demand for engineering training began to increase quickly, necessitating the creation of new schools 

of engineering, and four-year programs became the norm. Canadian universities also began offering 

advanced degrees in engineering, with seven faculties offering doctoral programs. A majority of 

undergraduate programs offered specializations in different engineering disciplines (Harris, 1976). 

This development removed engineering trainees further from the practical context, tying them almost 

exclusively to the academic context. The responsibility of teaching of engineering courses shifted from 

practicing engineers to academics who were highly specialized in their domains. The education model 

became more theory-based, and exposure to practical skills was reduced.  

In parallel to these changes, the Canadian Engineering Accreditation Board (CEAB) was created in 

1965 and began evaluating engineering programs offered by institutions to ensure that they met the 

educational standards needed for their graduates to register as professional engineers (Angeles et al., 

2004). Recognizing that practicing engineers were no longer regularly teaching engineering courses, 

accreditation requirements were put in place such that engineering science and engineering design 

courses must be taught by licensed professional engineers.  

In 1959, the University of Waterloo (Waterloo) started its five-year engineering program, in which 

students would study “everything from mathematics and economics to technical drawing and 

electronics”, in addition to “semantics” (i.e., communication) (Redmond, 1998). The extended 

duration of the program also allowed students to alternate between four-month periods of in-classroom 

study and practical experience in industry (co-op). The mandatory co-op program was intended to 

place engineering students in engineering practice early and frequently, alongside engineering 

technologists and practicing engineers. This effort signified an early awareness that modern 

engineering education was not preparing engineers well for the needs of engineering practice outside 

of academia, and that engineering programs needed to include more practical experience.  

3 ENGINEERING EDUCATION TODAY 

Today the marketplace has evolved further into a truly global system. With increasing local and global 

competitiveness and a rapidly increasing rate of innovation, engineers in design teams are faced with 

new challenges and require a new set of design skills and competencies. As many of the products and 

services engineers design today are multi-disciplinary, they require the engineer to work in multi-

disciplinary teams, communicate effectively, be resilient in the face of failure, and be confident when 

stretched into new domains. 

Certainly, at the end of the 20th century, engineering education in Canada was not well-suited to 

address this new reality. To help address this problem, in 2001, the National Science and Engineering 

Research Council (NSERC) launched the Chairs in Design Engineering program, with the mandate of 

advancing engineering design education in Canada. In 2004, the eleven original Chairs in Design 

Engineering (CDE) jointly sought to develop a definition of the engineering design competency. 
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Through this process they identified some strategic issues that engineering programs needed to 

consider, including: 

Over-siloed engineering programs contrasted to multidisciplinary reality of engineering practice 

Limited and book-end approach to teaching design  

Lack of hands-on design experience, specifically in the use of tools and processes relevant to 

engineering practice 

Lack of exposure to and training in teamwork and communication (Angeles et al., 2004) 

The different CDE programs across the country responded to this need in different ways depending on 

the specific needs and contexts of their institutions. Some typical initiatives included the expansion of 

design and prototyping facilities (e.g., University of Ottawa); enhancement of engineering design 

curricula through development of design “continua” or “spines” with new engineering design courses 

at all program levels (e.g., Dalhousie University); support for multidisciplinary engineering training, 

including through (client-based) multidisciplinary capstone design projects (e.g., University of 

Toronto), integration of engineering design with entrepreneurship training (e.g., University of Ottawa), 

increased student exposure to practicing engineers (e.g., University of New Brunswick); development 

of professional skills, for example through a “professional spine” (e.g., University of Calgary), 

increased training in sustainable design and Indigenous perspectives (e.g., University of Manitoba), 

and expanding engineering design training at the graduate level (e.g., University of Calgary). 

(Government of Canada, 2016) 

The first Chair in Design Engineering at the University of Waterloo was established in 2005 in the 

form of Waterloo Cases in Design Engineering (WCDE). While all students at the University of 

Waterloo were taking advantage of the co-op program to gain practical experience in industry, that 

practical experience remained firmly outside the classroom and was not systematically integrated with 

the academic curriculum. Taking advantage of the distinct opportunities that the co-op program 

offered, the WCDE took the approach of exposing students to the complexities of real-life engineering 

practice through the creation of case studies that were co-written by students based on their specific 

co-op experiences (Lambert, Newton, & Effa, 2016). In addition to creating a significant database of 

engineering design cases, in its ten years WCDE also supported instructors in bringing these cases to 

the classroom through development of teaching resources, including presentations and other 

multimedia materials and case-teaching workshops.  

4 DESIGN LATTICE: A NEW PARADIGM FOR ENGINEERING DESIGN 

EDUCATION  

While the case studies developed by WCDE converted some of the real-world experiences into 

practical learning conduits that could be brought to a large class, they were not able to address larger 

structural problems in the curricula, including highly siloed courses, lack of hands-on exposure, and 

lack of training in teamwork and communication skills. Engineering programs at Waterloo remained 

heavily siloed, the problem compounded by a cohort system that assigns students to their discipline-

specific classes immediately upon first-year entry. Moreover, design teaching was confined to the 

book-ends, with most programs offering two-term capstone design sequences in fourth year and 

introductory design courses in first year. Relatively few programs had any dedicated design courses at 

the intermediate levels, though small embedded design experiences in course projects were not 

uncommon. Unfortunately, course-based projects are limited in size and scope and tend to only use 

content and skills taught in that specific course. Thus, design experiences were limited and fragmented 

between courses and program threads. 

Yet, real-world design practice is multidisciplinary by nature. This mismatch is one of the main 

reasons why past attempts to bring in design experiences into singular courses have suffered. Any 

solution to this problem must live outside of the courses, yet be integrated with the curriculum. Our 

proposed paradigm addresses these deficiencies by adding a design experience, which, while situated 

outside regular courses, has meaningful links to the academic content taught in those courses. We 

liken this paradigm to a “design lattice”, separate from the traditional curriculum, upon which the 

different knowledge domains of a department can be supported, and where students can build their 

core engineering and engineering design skills - both technical and professional.  

An embodiment of this vision - given the name of Engineering Design Days (Design Days) - is an 

activity that occurs partway through an academic term where students pause their academic studies, 
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and work in teams to solve an authentic design problem. The problem shows students the context of 

the material they are learning in class, and integrates the knowledge they are learning from their 

various courses. As the activity takes place outside of the main curriculum thread, it is not limited by 

the bounds of a specific course, and so is positioned to support all knowledge domains equally. As the 

activity is ill-structured and authentic in nature, it also provides support for students’ professional 

skills development. This model is similar to the integration activities described by Maciejewski et al. 

(2018), but extended to all programs, and without the full curriculum integration that Colorado State 

University is implementing. 

5 ENGINEERING DESIGN DAYS 

5.1 History 

In 2014, the Dean of Engineering launched the Engineering Ideas Clinic (EIC) to implement the 

design lattice vision - and with it Design Days - across the faculty. At the onset, the EIC was 

comprised of a group of instructors and staff in the Mechatronics Engineering program who had been 

successfully implementing integrative, hands-on projects for several years (see Hulls et al. (2014), 

Hulls et al. (2015) and Bedi et al. (2017) for more details on these early initiatives). After two years of 

successful growth, in 2016 Waterloo was awarded a new Chair in Design Engineering: the NSERC 

Chair in Immersive Design Engineering Activities (IDEAs) to continue spreading the concept to all 

years of all programs. This initiative was strongly influenced by the pioneering project-based design 

approach used by Harvey Mudd College (Dym et al., 2012), with the significant added challenge of 

scaling that approach from a school of approximately 200 students to the nearly 8000 in 14 

engineering programs at Waterloo. 

5.2 Engineering design days 

Hackathons have been shown to promote engagement, innovation, teamwork, and problem-solving in 

engineers both while they are at university (Byrne, O’Sullivan and Sullivan, 2017; Tandon et al., 2017), 

as well as once in industry (Komssi et al., 2015); however, examples of hackathons used as classroom-

based instructional activities are very uncommon (see Calco and Veek (2015) as one exception). 

Integrative curricula on the other hand - listed as the third anticipated trend in engineering education 

(Graham, 2018) - are no longer uncommon in engineering programs worldwide. They are widely 

recognized as a means of promoting inter-disciplinarity, knowledge retention, and collaboration, and are 

well-positioned to demonstrate the relevance of different subjects to the practice of engineering (Al-

Holou et al., 1999). Worldwide, Olin College (Somerville et al., 2005) and the Singapore University of 

Technology and Design (Graham, 2018), are prominent examples to use integrated curricula throughout 

their engineering programs. The only such example in Canada is the Mech 2 program at the University of 

British Columbia (University of British Columbia, 2019). Despite their promise and potential, 

hackathons and integrative curricula come with their own set of challenges and limitations. For example, 

hackathons have been found to ostracize under-represented populations in STEM fields (Johnson, 2014), 

while integrated curricula have been typically only implemented in units with small student populations 

(Olin College has only a total of 350 undergraduate students across all programs, for example).  

Design Days at the University of Waterloo were conceived as integrative, hackathon-like activities that act 

as anchors for various courses and take place during regularly scheduled class hours. This new activity 

format, much like a lattice, provides support to the various courses that term. In addition, the format would 

seek to capture the engagement and creativity present at hackathons with the powerful student learning 

present in integrating course concepts. Design Days would provide just enough structure to ensure all 

students had a positive experience, without becoming overly prescriptive. Most importantly, the concept 

would have to work for class sizes of up to 240 students, while being flexible enough to be implemented in 

a wide range of engineering programs. Informed by the success of a similar classroom activity in the 

Management Engineering program (McKay et al., 2016), the first Design Days activity in Mechatronics 

Engineering presented students with assigned problems that were designed to integrate topics taught in 

chemistry, algebra, calculus, design, and programming in the first semester of the program (Li et al., 2017). 

This first Design Days activity demonstrated the value of the concept, but was lacking in hands-on design, 

and was overly prescriptive. While some of the early pioneers implemented Design Days in unique ways 

that better fit their specific needs and departmental culture (Ivkovic et al., 2017), a common structure began 

to develop as the concept was refined.  
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Presently, Design Days activities are typically completed by teams of 4-5 students, and take place over 

two days with 12-16 hours of student contact time. During the first half day of the activity (typically 

the morning of the first day) students work to solve some warm-up problems (Stage 1). These are 

typically simpler problems that are designed to require students to connect the material from multiple 

courses in which they are enrolled. These warm-up problems serve two main purposes: to show how 

the material in multiple courses connect to engineering problems, and to reactivate the domain 

knowledge the students will need to solve the discipline-specific design problem they are later 

assigned in Stage 2. Once the detailed design has been completed in Stage 2, students receive feedback 

on their design from the course teaching team. During Stage 3 of the activity (which is typically the 

morning of day two), students begin building their proposed solution. Finally, in Stage 4, students 

perform design verification, typically through testing and demonstration. Table 1 summarizes this 

schedule, providing specific details from Design Days activities in three different disciplines. The 

rows of the table outline the program, level, design challenge, and content in each stage of the activity 

for each of the three different implementations. 

Table 1. Summary of Design Days activities in Mechatronics, Mechanical and Civil 
Engineering 

Program Mechatronics Engineering 

(Rennick et al., 2018) 

Mechanical Engineering 

(Rennick et al., 2018) 

Civil Engineering  

(Philips et al., 2018) 

Level Year 1, Semester 1 Year 1, Semester 2 Year 2, Semester 1 

Challenge Design tele-operated “pick 

and place” robotic arm 

that lifts 3D printed 

components from the 

ground and place them in 

holders on a vertical wall. 

Design water-powered 

mechanical clock that 

counts 3 seconds with 

high repeatability. Modify 

clock to accurately time 3 

minutes. 

Design highway 

bridge over a river. 

Make cost trade-offs 

between the highway 

design and the bridge 

location. 

Stage 1:  

Warm-up 

Model forward and 

inverse kinematics of 

simplified system (limited 

to 2 degrees of freedom) 

using knowledge from 

calculus and algebra 

courses. 

Analyse available energy 

in water source, explore 

simple electric circuits 

which include a tilt 

sensor. Apply knowledge 

from circuits and physics. 

Plan highway route, 

select river crossing 

location on a 

topographic map 

using knowledge 

from transportation 

and materials courses 

Stage 2:  

Design  

Explore available 

equipment and complete a 

hand sketch of detailed 

system design using skills 

from engineering graphics 

course 

Perform conceptual 

design and determine 

system specifications 

using knowledge from 

mechanical engineering 

design course 

Design scale model 

of bridge required to 

cross river, complete 

structural analysis 

using real material 

data and knowledge 

from mechanics and 

materials courses 

Stage 3:  

Build 

Construct solution using 

small pneumatic cylinders, 

Tetrix Prime kits, and 

common crafting materials 

Construct solution using 

custom laser cut parts, 

Tetrix Prime kits, and 

common crafting 

materials 

Construct bridge as 

designed out of rigid 

foam insulation 

Stage 4:  

Verification 

Demonstrate working 

design to course teaching 

team 

Demonstrate working 

design to course teaching 

team 

Perform destructive 

testing and verify 

design parameters 
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The design challenges that students solve during Design Days are discipline-specific, ill-structured, 

and open-ended. Students are given as little information as possible during the event to force them to 

be creative, to investigate the resources available, and to pool their collective experience. The 

challenges are designed so that 75% or more of the class are expected to finish designing their solution 

within the allotted time, and typically have space for the exceptional students to push their designs 

beyond the minimum requirements. In addition to those described in Table 1, other design challenges 

have included the design and construction of full-scale furniture made of plaster and honeycomb 

cardboard in Architectural Engineering, earthen dams built with real materials including small hydro-

electric generators in Environmental Engineering, a cross-section of a landfill in Geological 

Engineering, and a video game focussing on collaborative software development in Software 

Engineering (see Rennick et al. (2017), Phillips et al. (2018) and Rennick and McKay (2018) for more 

details on these and other activities). Figure 1 shows some of the projects students have completed in 

the Design Days activities in Architectural, Environmental, and Geological Engineering. 

6 IMPACT, CHALLENGES, AND FUTURE WORK 

Design Days have been very successful in first and second years of various engineering programs at 

Waterloo. The EIC continues to be engaged in a number of initiatives to improve and extend the 

delivery and assessment of Design Days to upper years, with the vision of extending the design lattice 

across all years in the near future. Development of new activities has been proceeding steadily since 

the first activities were launched in fall of 2016. By the end of the winter 2019 semester, student 

cohorts in 12 out of 14 programs will have participated in a Design Days activity in first year, and 

three will have had one in second year. Most importantly, the success of this model at Waterloo has 

shown that it can scale to both large student cohorts (typical class sizes are 100-120 students), and to a 

diversity of engineering disciplines. 

Figure 1. Students working on Design Days (top, Architectural Engineering students 
constructing a bench; bottom, Environmental Engineering students constructing an earthen 

dam and an example of a landfill from a Geological Engineering activity) 

6.1 (Multi-disciplinary) teamwork 

In addition to design skills, Design Days also help students develop professional skills, including 

teamwork, reflection, and communication. Students develop teamwork skills explicitly through EIC-

developed teamwork training workshops (see Hurst et al. (2016), Al-Hammoud et al. (2017), Hurst et 

al. (2018) and Jobidon et al. (2018) for details on these); and also implicitly, by being required to 

work on demanding projects in teams that require them to rely on their classmates to be successful. 

Most of the activities are followed by guided reflection that prompt students to take notice and make 

sense of their design experience. These reflections also provide an opportunity to practice 

communications skills on a meaningful personal experience.  
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While Design Days have successfully integrated concepts and skills from different courses within a 

program, the siloed and cohort-based nature of our engineering programs have so far constrained most 

of these activities to be discipline specific. There have been, however, some Design Days activities 

that have joined students from “adjacent” disciplines, such as electrical and computer, and biomedical 

and systems design. These have set a positive precedent for the EIC, which is looking to improve 

future offerings of Design Days in ways that give students more opportunities to work in 

multidisciplinary teams that better mimic engineering practice.  

6.2 Measuring effectiveness 

The effectiveness of Design Days has so far been assessed for each activity individually, typically by 

instructors measuring learning outcomes as they pertain to their own course/program. This assessment 

is most commonly conducted as pre-/post- surveys, as well as through interviews, focus groups, and/or 

open text survey questions. Student surveys have shown that a majority enjoy these activities and want 

them to continue in future years. For example, over half of the surveyed Mechatronics Engineering 

students believe that Design Days are very or extremely important for future students. In addition, an 

overwhelming majority think Design Days are a good context in which to practice teamwork and other 

professional skills. Across all surveys, about two thirds of students express that Design Days linked 

content between courses. (Rennick et al., 2018; Philips et al., 2017; Ivkovic et al., 2017) 

Design Days provide an opportunity for students to solve difficult, open-ended and ill-structured 

problems. While existing assessment instruments have proven Design Days are capable of achieving 

course-level learning outcomes and of improving skills like teamwork, due in part to their 

decentralized nature, they have provided little understanding of if and how the activities are improving 

student design skills. Yet, given their design and reach, Design Days provide an opportune 

environment to systematically observe students in authentic problem-solving situations, measure 

student outcomes, and improve how we design future activities to target these skills. As such, we have 

recently sought and secured funding to develop a comprehensive framework for systematically 

measuring the effectiveness of Design Days activities at improving student design skills. Using an 

adapted framework based on Jonassen (2000) we will assess the combined effect of the characteristics 

of the design problems as well as the individual students on student design outcomes. 

A final area of interest is improving student skills in the need identification stage of the design 

process. While Design Days provide students with the practical experience of designing solutions to 

real(istic) problems early and frequently, the problems that are presented to students are already fully 

or partially formulated for them. In most engineering programs at Waterloo, students may not be given 

a chance to identify their own problem to solve until the capstone design project. We believe that this 

deficiency significantly impacts the quality of the completed capstone projects, and limits their 

chances for future commercialization. Therefore, future work will concern the development of Design 

Days with a focus on need identification and problem formulation.  

7 CONCLUSION 

We began this paper by outlining the historical context that transformed the teaching of engineering 

design from one that was steeped in practice and under the apprenticeship of a practicing engineer to 

one that moved almost completely to the classroom under the instruction of academics with little 

practical engineering experience. While we have focused on the Canadian context, this progression 

was far from unique to Canada. This profound shift created significant gaps in student opportunities to 

partake in and learn from authentic design experiences. To address this, initiatives in the 21st century 

in many Canadian universities, including at Waterloo, were varied in philosophy and scope. In the 

end, what has emerged at Waterloo is the recognition that for design teaching to be effective, it must 

be taught in an authentic and hands-on context, and outside the confines of a singular course. Design 

Days, are being used to build a design lattice that exposes students to design experiences early, 

frequently, and in a way that integrates knowledge from different courses. We believe this teaching 

innovation already has and will continue to impact engineering design teaching in a meaningful way. 

Future systematic assessment of the activities will help drive continuous improvement. 
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